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Abstract

Since the identification of carbon nanotubes (CNTs) by Ijima in 1991, this material has
become a subject of great interest and effort in science because of the outstanding phys-
ical properties it exhibits. CNTs can be thought of as graphene sheets rolled into seam-
less cylinders of various diameters and in principle infinite length. Depending on the
number of concentrically arranged tubes, CNTs are termed single-walled (SWCNT),
double-walled (DWCNT), and multi-walled (MWCNT) CNTs. Moreover SWCNTSs exist as
semiconducting or metallic types, depending on the orientation of the hexagonal lattice
relative to the tube axis, as classified by the chiral indices (n, m). Their extraordinary
mechanical, electrical, thermal, and optical properties render them very attractive for a
wide range of applications including advanced composite materials. However synthesis
of CNT-based composite materials still remains a big challenge. In particular it remains
to overcome the difficulties in achieving good nanotubes dispersion within the matrix
material. The fact that present synthesis routes produce SWCNTs in a bundled state due
to van der Waals intertube interaction is another serious hurdle, as SWCNT bundles do
not exhibit the excellent properties of their individual components. Thus special treat-
ment has to be applied in order to break these bundles. In an ideal composite material,
the individual SWCNTs would be homogeneously dispersed in the matrix. A second issue
is the interaction between the CNTs and the host: to improve the load transfer between
host and filler covalent linking between the two components is desirable. One approach
to solve these problems is functionalization of the CNT source material prior to its in-
corporation into the polymer matrix. Optimization is required to maximize the transfer
from the polymer to the CNTs but minimize the number of wall defects created by the
covalent grafting of the functional groups on the CNT sidewalls. Moreover appropriate
functional groups have to be chosen to assure compatibility with the polymer being
used.

Synthesis of the polymethyl methacrylate (PMMA) composite material used here, based
on functionalized SWCNTs, was reported recently and its study revealed inhomogenei-
ties in the CNT distribution within the polymer and associated degradation in the me-
chanical properties suggested as being attributed to the presence of CNT agglomerates.
Since Raman spectroscopy, as a mostly non-destructive analysis method, has proven to
be a powerful tool for studying both pure CNT materials and CNT-based composites, it
was used in this work along with supporting methods (scanning electron microscopy
(SEM) and focused ion beam (FIB)) for extended characterization of the composite ma-
terial, including analysis of the source SWCNT material before and after functionali-
zation. Employment of different laser excitation energies (1.96eV and 2.33eV) allowed
to separately probe metallic and semiconducting CNTs in the composite samples. The
CNT distribution in the samples was illustrated by Raman spectral mapping of the G*-
peak intensity as a function of position, thus elucidating the presence of CNT agglome-
rates of different size and shape. At both photon energies, spectral line scans across the
boundary regions were performed revealing a substantial drop in intensity of G* CNT
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Raman mode and an increase of the D/G*-intensity ratio. Examination of the D/G*-
intensity ratio of the SWCNT material before incorporation into the composite
showed a higher value for functionalized than for the raw SWCNTs. Furthermore,
the metallic nanotubes exhibited a higher degree of functionalization. Raman spec-
tral imaging revealed some inhomogeneities of the CNT distribution in the composite
material: the spectra of the areas with good CNT dispersion in the composite exhibit a
higher D/G*-intensity ratio than in areas with CNT agglomerates indicating that functio-
nalized CNTs are preferentially dispersed in the polymer matrix while non functiona-
lized ones tend to group together in agglomerates. Furthermore significant laser heating
of the SWCNTSs in composites has been revealed resulting in a downshift of the G*-peak
position which was much more pronounced in agglomerates than in the areas with dis-
persed CNTs and detected at the very lowest laser irradiances. SEM/FIB dual beam
technique was employed as a supplementary analysis tool. The composites microstruc-
ture in CNT agglomerates as well as in the dispersed area was investigated by acquisi-
tion of SEM crossectional images confirming the different local CNT concentrations.
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Introduction

1.INTRODUCTION

Carbon nanotubes are, besides fullerenes and graphene, one of the nano-structured
forms of carbon. First observations of multi-walled carbon nanotubes (MWCNT) date
back to 1952, although not noticed by most of the scientific community at that time [1].
Almost 40 years had to pass untill S. lijima published TEM images of the concentrically
aranged carbon layers in MWCNTs and two years later discovered the existence of
single-walled carbon nanotubes (SWCNTs) [2, 3]. The extraordinary structural and
physical properties of CNTs in general and SWCNTs in particular, caused a great interest
in scientific community and an “explosure” of research in the field worldwide.

SWCNTs were not only a perfect playground for fundamental science since they
constitute in principle a one dimensional electrical conductor but have also been
envisioned for a plethora of different applications. Due to their small diameters and
either metallic or semi-conducting behavior, they are good candidates for future
integrated circuits with molecule-sized components, field emission sources, molecular
sensors and/or probes.

Furthermore, they have been regarded as the perfect filler materials for composites
since they combine very good mechanical properties with high electrical and thermal
conductivity. Although nowadays composite materials routinely used on an industrial
scale and can be found in commercial products like hockey sticks or rotors of wind
power plants, the full potential of CNTs in this area is yet to be reached. One of the
biggest problems to overcome is poor dispersion of SWCNTSs in the composite’s matrix
material since the former tend to agglomerate and stick to each other. Furthermore,
once the CNTs are incorporated in the host material a strong interaction between the
two is desired to maximize the new material’s properties. One approach to address
these problems is functionalization of the CNT source material prior to its incorporation
to the composite. Thus the dispersion might be facilitated by attaching right functional
groups to the CNTs’ surface and, furthermore, the material can be strengthened via
formation of covalent bonds between the CNT filler and the matrix..

Unfortunately, making a material is not the only job to be done. In order to improve a
material step by step, structure - property relationships have to be investigated by the
available analytical tools. With respect to carbon nanotubes Raman spectroscopy is
nowadays maybe the most important technique since it is not only quick and requires
comparatively easy sample preparation but also provides invaluable information about
probed CNTs (for example, nanotube diameter) without need of expensive and more
complicated methods like TEM.

In this work a composite material based on functionalized SWCNTs in a polymethyl me-
thacrylate (PMMA) matrix has been investigated by Raman spectroscopy. Through our
study particulary important questions for composite materials research were addressed
- dispersion of the CNTs in PMMA and interaction between filler and matrix material.
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Introduction

1.1. THESIS OUTLINE

The first chapter of the thesis starts with a short overview of the structures of different
allotropic modifications of carbon, namely diamond, graphite (graphene), fullerenes and
carbon nanotubes with special emphasis on the latter. Physical properties of CNTs are
reviewed and compared to other functional materials. The chapter continues with de-
scription of CNT synthesis methods, a general introduction to Raman spectroscopy and
its application to CNTs and followed by presentation of composite materials based on
carbon nanotubes.

Chapter 3 presents the CNT materials used in this study, the synthesis process of the
composite material, and the Raman setup used for this work. The setup of a FIB/SEM
system which was used for complementary experiments is briefly described.

It follows by the chapter Results and discussion which starts with description of the Ra-
man investigation on the SWCNT source material followed by a comparison of Raman
spectra of the studied SWCNT systems, namely, the as-produced SWCNTs (source ma-
terial) before and after functionalization and different areas in the composite material.
This is followed by presentation of an investigation of the SWCNTSs’ dispersion in the
matrix and an analysis of the Ip/I¢+ ratio to elucidate the role of functionalization. In the
next part laser heating effects in the composite are discussed before concluding the
chapter with a complementary FIB/SEM study. Finally a summary, conclusions and sug-
gestions for future work are given.
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2. THEORY AND LITERATURE OVERVIEW

2.1. CARBON AND ITS MANY FACES

After today’s scientific knowledge carbon was not the first element formed after the big
bang, that was hydrogen. Nevertheless, compared to all other elements of the periodic
table, carbon occupies a special place in a sense that an entire subcategory of chemistry,
the organic chemistry, deals only with its reactions and compounds. As expressed by the
term “organic” chemistry, carbon is an elemental ingredient for all living species since it
builds up the skeletal structure. Furthermore, carbon exists as an element in various
allotropic modifications which exhibit completely different properties. Diamond is, for
example, the hardest natural material known to mankind and carbon in this form as an
electrical isolator and transparent for the visible light. Graphite, on the contrary, is a
very good electrical conductor, black and often used as a solid lubricant. This wide varie-
ty of different forms with different properties is the reason that today carbon is present
in all areas of everyday’s life. It can be in form of hydrocarbons, in fuels or polymers, as
graphite in pencils or as diamond in jewellery.

The following part will provide a short overview over the element carbon itself and its
allotropic modifications.

The element carbon

Carbon is after hydrogen, helium and oxygen the fourth common element in the milky
way and in our solar system where it can be found in stars, planets and stellar nebulae
[4-6]. It is formed in most stars by nuclear synthesis out of 3 helium nuclei during the
triple-alpha-process [7].

The earth consists of approximately 0.087 % of carbon. One can distinguish between
inorganically bound carbon in the lithosphere (mostly in form of carbonates), hydros-
phere (dissolved CO2) and atmosphere (COz) and organic carbon in the biosphere. The
relative ratios are as follows [8]:

Lithosphere > Hydrosphere > Atmosphere > Biosphere

100000 100 2 1

The modifications of carbon can be classified by the hybridization state of the carbon
atoms in sp3, sp? and sp (and hybridization states in between). Accordingly, the carbon
atoms can form four, three or two bonds thus leading to the allotropic modifications de-
scribed below.
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2.1.1. CARBON ALLOTROPES

Diamond

The 3D- representative is well-known Diamond which consists
of a 3D-network of sp3-bonded carbon atoms (figure 1) with
the result to be the hardest existing material. Besides, Di-
amond is highly heat conductive, a perfect isolator, transpa-
rent and because of its high optical density/refractive index
causing many inner reflections of light inside a polished crys-
tal the most wanted material for jewelry [4].

Figure 1. The unit cell of
diamond.

Graphene

Graphene is strictly speaking one single layer of carbon atoms
in a hexagonal honeycomb lattice and therefore the two di-
mensional form of carbon (figure 2). Thus every atom is
bonded to three partners which results in a sp2-hybridization.
Although well known as a theoretical model, it was only in
2004 that graphene entered widely the experimental science  Figure 2.The structure of
when A. Geim und K. Novoselov discovered a cheap and sim- ~ gapheme.

ple way for the sample preparation [9]. However, it should

also be mentioned that Boehm et al. synthesized graphene already in 1962 [10]. Several
types of graphene are commonly distinguished in literature, those are single layer gra-
phene (SGL), bilayer graphene (BLG) and few layer graphene (FLG, up to 9 graphene
layers). Due to its electronic structure and low dimensionality graphene has a huge po-
tential for future electronics [11].

Graphite

Graphite is quasi 2D-form of carbon with infinite number weakly
bound 2D- graphene sheets stacked one upon the other (figure 3).
Each planar graphene sheet is build out of hexagonally arranged
carbon atoms. This structure makes it a solid lubricant since the in-
dividual sheets are only weakly held together and can slide relative-
ly to each other in their plane. Furthermore that propriety and its
black color makes is a perfect material to produce pencils. Besides

Figure 3. The struc- . i . . .
ture of graphite. graphite is unlike diamond electrically conductive [4].
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Fullerenes

Buckminster Fullerenes, also called Buckyballs, are the 0D, mod-
ification of carbon. This molecular allotrope of carbon was expe-
rimentally discovered in the form of Ceo buckyball in 1985 by H.
W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl and R. E. Smalley
[12]. Fullerenes are hollow highly symmetric carbon-cage clus-
ters build up from hexagonal and pentagonal rings. Incorpora-
tion of the latter ones results in the needed curvature. The smal-
lest stable fullerene, Cso, exhibits the same arrangement of the polyhedra as a football
and is of less than one nanometer in diameter (figure 4). The carbon atoms in fullerenes
have a mixed between sp? and sp3 hybridization because each carbon atom on the “ball”
is involved in formation both single and double bonds with the neighbours. Fullerenes
can build a crystal and can even be polymerized under high pressure, excitation by elec-
trons or photons or in a plasma discharge [13, 14].

Figure 4. Buckyball Ceo.

Carbon nanotubes

The first proof for the existence of carbon nanotubes was probably found by the two
Russian scientists Radushkevich und Lukyanovich who published TEM images of
MWCNTSs in 1952 in the journal Physical Chemistry of Russia [1]. Over the next years
several other works incorporated similar images, i.e. the works of Boehm or Oberlin and
Endo [15, 16]. The latter ones described additionally the nowadays widely accepted
growth model of CNTs. It is to assume that CNTs were generated routinely during re-
search on carbon fibers but just not noted. Up to date the oldest CNTs were found in da-
mascene swords [17]. However, it was not until 1991 that CNTs came into the focus of
many scientists, initiated by a report of lijima. And although he was not the first to image
CNTs in general, he was the first showing single-walled CNTs [2, 3].

Those two works in combination with the anticipated possibilities for applications
started what one could term the “Carbon nanotube hype”. As a result a huge effort was
undertaken by numerous scientific groups to uncover the secrets of the CNTs and put
them into good use. Besides countless scientific articles CNTs reached nowadays the
stage of industrial production, e.g. by the Bayer AG. First commercial applications are at
the moment sports goods (snowboards, arrows, hockey sticks), AFM tips but also rotors
for wind power plants [18-20]. Despite these achievements there remain questions to be
answered and problems to be solved one of which is the chirality controlled synthesis of
CNTs and another one how to fully exploit their unique properties in novel materials like
composites.
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2.1.2. STRUCTURE AND PHYSICAL PROPERTIES OF CARBON NANOTUBES

The structure of CNTs [21]

Carbon nanotubes can be considered as graphene sheets rolled into cylinders with di-
ameter from less than one to some nanometers and caped at the ends with half-
fullerenes. There are two types of carbon nanotubes one has to distinguish. Single-wall
carbon nanotubes consist of only one tube whereas multi-wall carbon nanotubes consist
of several tubes which are packed concentrically in each other. A special kind of those
MWCNT is a double-wall carbon nanotube which is build of just two tubes (figure 5).

Single-walled Double-walled Multi-walled
carbon nanotube carbon nanotube carbon nanotube
(SWCNT) (DWCNT) (MWCNT)

Figure 5. Different types of carbon nanotubes.

A graphene sheet which is rolled together into a nanotube consists of hexagonal ar-
ranged, sp?-bonded carbon atoms. Figure 6 illustrates this idea.

Ty

oSGt oo

T/

Figure 6. Scheme of a graphene sheet (with chiral vector Ch and chiral angle 8) which is subsequently rolled up to
form a nanotubes.

The graphene sheet is rolled up along the chiral vector C, which is expressed in the real
space unit- vectors of the hexagonal lattice a; and az and completely defines the nano-
tube’s geometry (diameter, chirality).
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Ch =naq + maz(l)

The angle between the chiral vector and the unit-vector aj is called the chiral angle 6
and defined by the equation:

Ch-a1

o) =11
cos®) = 1z ]

)
The diameter of a CNT with chiral indices (n, m) can be calculated as follows:

d; = ayn? + m? + nm 3

Depending on their chiral indices (n, m) carbon nanotubes are classified in three sub-
groups. A (n, n) - nanotube is called an armchair tube. Its chiral angle, which is the angle
between Cy and ay, is 30°. The (n, 0)-configuration is called zigzag and exhibits an angle
of 0°. All tubes with an angle in between and so with Cn(n, m) are chiral nanotubes. This
nomenclature originates from the shape of a tubes’ cross- sectional ring (figure 7). Be-
cause of the hexagonal symmetry there are no angles higher than 30°.

Figure 7. Classification of carbon nanotubes: a) armchair nanotube (n,n); b) zig-zag nanotube (n,0); c) chiral nano-
tube (n,m).

Table 1. Classification of carbon nanotubes.

Typ 0 Ch shape of crossection
armchair 30° (n,n) /T N\__/ \ Ccis-type
zig-zag 0° (n,0) ANNNA trans-type
chiral 0°<0<30° (n,m) mix of cis & trans

Carbon nanotubes can be semi-conductive or metallic depending on their chirality
whereas metallic tubes obey the equation:

(2n+m)

3 = Integer 4

Therefore two thirds of all CNTs are semiconductive and the other third metallic. Multi-
wall carbon nanotubes are always metallic.
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To provide an overview for the different chiralities of SWCNTs, a chirality map is
commonly used (figure 8). Besides mapping the CNTs according their chiral indices (n,
m) and diameters, it also assigns them metallic or semi-conducting character.

armchair

@ metallic

@ semi-conducting

zig-zag

Figure 8. Chirality map of single-walled CNTs. Red lines serve as guide for the eye and cut CNTs of different chiral
indices but of almost the same diameter.

CNTs can be closed by so-called end-caps (in principle half-fullerenes) on one side. The
other side is often attached to either the catalyst particles or a substrate, unless special
purification treatments are performed.

Mechanical properties [22]

Carbon nanotubes exhibit extremely small diameters down to about 1nm and up to tens
of nm for multi-wall CNTs. Their length can be smaller than 1pm but CNTs with length of
several mm were reported. Therefore CNTs have possible aspect ratios over 10000 (a
human hair with that aspect ratio and a diameter of 70 um would have a length of 70
cm) which is one reason why they are so attractive for use of fillers in composite mate-
rials.

On the mechanical side carbon nanotubes exhibit extraordinary properties though they
can slightly change from SWNTs to MWNTSs. For example an elastic modulus in the order
of 1 TPa which is five times the value of steel which is around 210 GPa was both ob-
tained from numerical calculations and various experimental tests [22]. The tensile
strength of MWNT was tested to be up to 63 GPa but there are papers estimating even
values up to 150 GPa [22]. With a density of 1.3 - 1.4 g/cm3 [22] carbon nanotubes exhi-
bit a specific strength of 48,5kN m/kg. Thus carbon nanotubes are the only material

8
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which could for example be used for cables for an elevator from earth to space [13]. The
reason for these extraordinary mechanical properties is the atomic structure which is
build off covalent C-C bonds.

The following table gives some numbers of different CNT types and also of some com-
mercial fibers for comparison.

Table 2. Mechanical and structural properties of different CNT types and some functional materials [22].

SWNT DWNT MWNT  Carbon fiber Steel Kevlar
Young's modulus 190 -
[GPa] 640 1060 150-950 210 130
Tensile strength 23-63 63 47 0,5-2 3.4
[GPa]
Density 7,75 -
[g/cmi] 1,3-15 1,5 1,8-2 1,7-22 8.1 1,44
Diameter[nm] ca.l ca. 5 ca. 20 60 -100 >5000

Electrical properties

Because of their one- dimensional shape and their symmetry nanotubes exhibit a very
particular electronic structure. Dependent on their chiral vector Cu they can be semi-
conducting or metallic. If n-m is a multiple of 3 for an (n,m)- nanotube, this tube is
metallic, if not it is semi-conductive. Very high current densities of about 106 A/cm?
(even 6-10° for metallic tubes) were reached in carbon nanotubes due to nearly
ballistic (low scattering) propagation of charge in these quasi-one dimensional systems
[22].

The following table gives some numbers of CNTs and also of the two best metal conduc-
tors for comparison.

Table 3. Electrical conductivity of different CNT forms and other good electrical conductors [22].

Individual or CNT films or Silver Copper
bundled CNTs fibers pp
el. conductivity [S/m] 106 104-105 59.6 x 10¢ 63.01 x 10¢

Thermal properties

Due to their large aspect ratio and strong sp? carbon bonds carbon nanotubes are ex-
pected to be very good heat conductors along their axis due to “ballistic” phonon flow (in

analogy to the electric current/charge flow) but are insulators in their radial direction. It
9
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is estimated that nanotubes are able to transmit up to 6600 W/K/m at room tempera-
ture thus being even better heat conductors than diamond! Carbon nanotubes have an
estimated temperature stability up to 2800°C in vacuum and 750°C in air [22].

The following table contains data on thermal conductivity of CNTs, diamond and also
some other good thermal conductors for comparison (table 4).

Table 4. Thermal conductivity of different CNT types and other materials [22].

Carbon .
SWCNT MWCNT fibers Silver Copper
therm. conductivity 3000
6600 (theor. 8-1100 429 401
[W/mK] (theor) ™ (exp)

10
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2.2. CNT SYNTHESIS METHODS [21, 22]

While MWCNTSs can be synthesized without the use of catalysts (using the arc discharge
method), the formation of SWNTSs necessitates the presence of catalytically active nano-
particles. The latter ones are commonly transition metals like Fe, Co or Ni or mixtures of
them like Ni/Y, Co/Mo or Fe/Ru. As carbon feedstock either a solid carbon source is
used as for arc discharge and laser ablation or carbonaceous gases, e.g. CO, EtOH or Ace-
tylene as in the case of chemical vapor deposition approaches. The three most widely
used synthesis methods are:

2.2.1. ARC DISCHARGE

Two catalyst loaded or doped graphite rods, acting as well as electrodes, are vaporized
by an electric arc which is formed between them. Whereas the anode is consumed dur-
ing the process a deposit containing SWCNTs is formed on the cathode. SWCNTs are also
found in the deposit in the reactor chamber. Arc discharge is a high temperature process
with carbon evaporation temperatures of 4000-5000 K.

2.2.2. LASER ABLATION

For the laser ablation technique a graphite rod loaded with a metal catalyst is used as
well. In contrast to the arc discharge method the carbon is vaporized by strong laser ir-
radiation. The resulting SWCNTSs are trapped by a cold trap. To obtain higher yields the
ablation process takes place in a heated oven.

2.2.3. CHEMICAL VAPOR DEPOSITION

The CVD method relies on the decomposition of carbonaceous gases on catalytic nano-
particles. The catalyst particles are either formed during the process or can be synthe-
sized in a separate procedure. Since the CVD method allows for a superior control of the
synthesis conditions as growth temperature, carbon supply rate, catalyst particle size
and also allows for patterned substrates more control over the produced CNTs is possi-
ble.

However all current synthesis techniques always yield a mixture of diameters and chi-
ralities and therefore metallic and semi-conducting SWCNTs.

11
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2.3. RAMAN CHARACTERIZATION OF CNTs

As carbon nanotubes have dimensions in the order of nanometers special analysis
methods have to be applied to study such materials. Many different techniques are
presently used in carbon nanotube research, namely imaging methods like SEM, FIB,
TEM, AFM, STM and spectroscopic methods like photoluminescence, infrared, near-
infrared and Raman spectroscopy. The latter will shortly be introduced on the following

pages.

2.3.1. RAMAN SPECTROSCOPY: METHOD OVERVIEW

In this work the main technique for the study of CNT - composites, was Resonant Raman
Spectroscopy. It provides much information about an investigated system, does not need
a complex sample preparation and is a relative fast technique.

Theory [23, 24]

Raman spectroscopy is named after its inventor or perhaps discoverer, as it is based on
a physical phenomenon, Sir Chandrasekhra Venkata Raman who discovered this phe-
nomenon in 1928 [25].

Shortly explained Raman Spectroscopy is the study of vibrational, rotational and other
low-frequency modes in a system excited by an external energy source (usually a laser).
It relies on inelastic scattering of the incoming photons which interact with the material
under investigation. Specifically, the incident photons excite molecules in the material
into a virtual energy state with extremely short lifetime thus the molecules almost in-
stantaneously relax back to the “normal” energy level with emission of a photon. The
emitted photon can have either a lower frequency thus the molecule ends up in a higher
energy state, i.e. phonon is created by the photon (Raman Stokes process/scattering), or
a higher frequency, i.e. the molecule ends up in a lower energy state, i.e. phonon is ab-
sorbed by the photon (Raman Anti-Stokes process/scattering). The frequency
shift/energy difference between the incident and scattered photon is called Raman shift
and is characteristic for a given material. Probability of the Raman processes is extreme-
ly low (10-6) thus the major part of the photons scatter elastically, i.e. their energy does
not change (Rayleigh scattering). Figure 9 gives a schematic idea of the basic mechan-
isms involved. Since the Raman phenomenon is very weak it is difficult to obtain good
Raman spectra.

12
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____________________ - virtual
e e e e A ________ N energy states
E=hv, E=hv,
Rayleigh Stokes Anti-Stokes
scattering scattering scattering
4
A
v 5 vibrational
IR absorption V :) energy states

Figure 9. Energy level diagram showing the Raman processes. Line thickness indicates qualitatively the probability of
different processes.

Since the Anti-Stokes photons will have higher energy than the incident photon, the
corresponding peak in the Raman spectrum will appear on the left hand side of the
Rayleigh scattering peak (negative energy shift) while the Stokes peak will be on the
right hand side (positive energy shift). The Stokes peak intensity is higher than that of
the correspondent Anti-Stokes peak as the number of molecules in the ground state
determining the Stokes processes will normally be bigger than thermally excited which
govern the Anti-Stokes processes. By comparing the relative intensities of Stokes and
Anti-Stokes signal at different experimental conditions it is possible to determine the
temperature of the molecules (material under investigation). If temperature rises
sufficiently high the Anti-Stokes signal intensity may even exceed the Stokes signal.

The Raman signal intensity can be described by the following equation:

2%t.nd hI Ny —v)* 5 2 Carag
Ir = 45.3%.c* p(l— e moeT)’ [45(a.)* — (1)l = Gl Tail (4)
c = speed of light
h = Planck’s constant
IL = excitation intensity
N = number of scattering molecules
\Y = molecular vibrational frequency (hertz)
Vo = laser excitation frequency (hertz)
1 =reduced mass of the vibrating atoms
k = Boltzmann’s constant
T = absolute temperature
Oa = mean value invariant of the polarizability tensor
Ya = anisotropy invariant of the polarizability tensor
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A typical Raman spectrum is shown in (figure 10) exhibiting Stokes, Anti-Stokes peaks
with their relative shifts with respect to the laser (Rayleigh) line - a peak with the zero
Raman shift, i.e. having the same wavelength as the exciting (incident) photons.

Stokes

Anti-Stokes ﬁ | /

T

s acd

Intensity (a. u.)

-240 -160 -80 [} 80 160 240 320
Raman shift (cm™)

Figure 10. Raman spectrum showing Stokes, Anti-Stokes and Rayleigh signal.

It is important to note that the Raman intensity is proportional to the number of
scattering molecules and thus the concentration of the scatterers in the illuminated
volume.

Number of molecules 7 - Raman intensity /

However one should be aware that in order to obtain quantitative information about the
concentration of Raman scatterers a calibration of the Raman cross-section of the
material under investigation has to be performed.

Furthermore, peak - intensities should be normalized to an internal standard when
compared with each other. Raman spectra of carbon nanotubes are commonly
normalized to the maximum intensity of the G-band (see further in the text) which has
usually the highest intensity in a Raman spectrum of CNTs.
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2.3.2. RESONANCE RAMAN SPECTROSCOPY OF CARBON NANOTUBES

If the photon energy of the excitation source matches a specific electronic transition
energy of the molecule to investigate, the excited energy state of the molecule is not
virtual but a real excited electronic state, unlike for normal Raman spectroscopy. Thus
the vibrational modes associated with that transition exhibit a greatly increased Raman
scattering intensity. This process is called resonance Raman (RR). Resonant Raman
spectroscopy is based on this phenomenon and has an advantage of orders of magnitude
signal increase. In case of carbon nanotubes we can achieve the RR regime if laser
excitation energy will match that of the electronic transition energy (difference in
electronic energy levels) of CNTs. A so-called Kataura plot (figure 11) exhibits the elec-
tronic transition energies of different nanotube species (n,m) dependence on their di-
ameter [26].
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Figure 11. Left: Example for the 1D DOS of a metallic single-walled CNT. ,First“ and ,second” van Hove transitions E11
and Ez2 are marked. Right: Kataura plot of van Hove transition energies of different types of SWCNTs relative to their
RBM frequencies. Both graphics are based on freely accessible data from reference 27.

Figure 12 shows a typical resonant Raman spectrum of semiconducting carbon
nanotubes. There are 3 regions of special importance:

The so-called G band is situated in the spectral region around 1600 rel. cm-1. It is due to
atomic vibrations in axial and circumferential tube direction. It is often used for scaling
and normalization. The G-band is usually composed of two peaks. One caled G* which
stands for tangential vibrations (highest peak on the right side of the G-band) and G-
corresponding to axial vibrations (lower peak on the left). While the G*-peak has always
a lorentzian shape the G-peak is either a lorentzian for semi-conducting tubes or has a
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so-called Breit-Wigner-Fano-shape. The G-band position does not depend on the
incident laser wavelength.
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Figure 12. Resonant Raman Spectrum of carbon nanotubes (right panel) with corresponding atomic vibrations (left
panel).

The D-band appears in the spectral region around 1330 rel. cmL. It is due to defects in
the tube surface. Thus it is possible to determine whether a special treatment damages
or alters the surface of nanotubes by studying the D-band. Further the D-band position
depends on photon energy of the incident light where it shows downshifts with
decreasing photon energy.

In the spectral region around 100 - 450 rel. cm! one can see the band due to the radial
breathing mode (RBM). The radial breathing mode is due to atomic vibrations in radial
tube direction and its frequency is diameter dependent. Specifically, a RBM peak at
frequency wraw is related to the tube’s diameter d according to the following equation:

wrsm = o/de + 3 (5)

where o and [ are empirical parameters. This equation also takes into account
interactions between CNTs in the bundle [28, 29]. Therefore in case of many nanotubes
contributing simultaneously to the Raman spectrum, for example CNT bundles, the
RBM-band is comprised of the signal from the tubes with different diameters where the
RBM peaks from the large diameter tubes are situated at lower relative
wavenumbers/lower frequency and from the smaller diameter tubes at higher relative
wavenumbers/frequencies. As it is resonant Raman spectroscopy one can never probe
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all the tubes present in the sample but only those which are in resonance with the used
excitation source (laser).

By selecting a laser excitation wavelength, corresponding to certain electronic transi-
tions, it is then possible to probe nanotube species of interest in a sample and from their
RBM spectra to assign their chiral indices (n,m)/determine their molecular structure.
For example, it is possible to probe only semi-conducting nanotubes or metallic ones.
For more information about the assignment of chiral indices see reference [30].

Different effects on Raman spectra of carbon nanotubes
Pressure and strain effects

If carbon nanotubes are exposed to pressure or strain the bond lengths and angles
change resulting in a change of the phonon frequencies. Translated to the Raman spectra
of CNTs this means that for increasing pressure the RBM-band as well as the G-band
shift towards higher frequencies. Larger diameter tubes are more affected than smaller
diameter ones [31, 32].

Besides pressure, CNTs are very sensitive to an applied uniaxial strain via perturbation
of the electronic structure of CNTs - the D-, G- and G’-bands upshift on contraction
(similar to high-pressure effect) and downshift under tensile uniaxial strain. Specifically,
a downshift of > 2 cm1! for tensile strain rates of 0.06 % whereas the shift can be as high
as 40 cm! for 1.6 % strain. In contrary, the RBM frequency was found independent on
applied strain whereas its intensity has been found to change drastically with uniaxial
strain which has been attributed to a change in the resonance conditions due to altering
electronic transition energies [33].

Chemical doping effects

Like pressure or strain, chemical doping of CNTs can be deduced from Raman spectros-
copy experiments on single-walled carbon nanotubes. In contrast to the above men-
tioned effects (pressure and strain) which distort the CNTs’ lattice directly, influence of
chemical doping is a little bit more complicated. Depending on the doping species elec-
trons are transferred to the CNT (n doping) or “sucked out” of it (p doping). The former
can be achieved using, for example, alkali metals (Rb, Cs), the latter - by using halogens
(Br2) as dopants, respectively. While for low doping levels an upshift of the G-band is
observed for both kinds of doping, higher doping levels lead to a downshift in the case of
n doping and an upshift in the case of p doping [34, 35].
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Temperature effects

Spectral features of Raman spectra of carbon nanotubes demonstrate also dependence
on temperature [36-40].

For nanotubes unperturbed by surrounding environment it has been shown that the
observed temperature dependence of the RBM fequency wrsm is mostly due to a
softening of the intratubular carbon-carbon bonds. In case of CNT bundles an additional
contribution of equal magnitude stemming from softening of intertube (van der Waals)
interactions has to be taken into account. In contrast, thermal expansion of the CNTs
adds only a little [36]. Consequently, the CNT environment is of significant importance
for the temperature dependent behavior of the Raman spectra. While for as-grown
suspended CNTs only bond softening contributes to the temperature dependence [37]
this is not the case for individual CNTs dispersed by the aid of a surfactant. In the latter
case the expansion of the CNTs surrounding will result in a pressure exerted on the
surfactant-embedded CNTs, i.e. upshift of G-band, counteracting the temperature effect
(downshift of G-band) [39, 40]. The following empirical equation relating temperature
differences to spectral peak shifts of the G* band has been established experimentally
[37]:

AT = Aw(G)/-0,0258  [Kl=[em]/([em™]/[K])  (6)

Temperature also affects the intensity of the RBM Raman mode of CNTs due to changes
in the resonance Raman conditions. The reason is shifts of the van Hove singularities in
the CNT electronic density of states (DOS) resulting in changes of the transition energies
Ei. As in the case of G-band for RBM frequency shifts two scenarios have to be
considered. CNTs in a certain environment feel temperature induced pressure effect in
addition to the expected “pure temperature“ RBM shift. - A surfactant expands and
exerts an increased pressure on the coated CNTs while a CNT in a bundle will be
exposed to reduced pressure due to a softening of the intertube interactions.

Laser irradiation effects

As evidenced by the resonant Raman effect of CNTs itself, CNTs can absorb incident
radiation energy efficiently. Since not all of the absorbed energy is reemitted (what gives
the Raman signal for example), the rest goes into CNT phonons causing heating effects.
Experiments have shown that even suspended CNTs cannot dissipate this additional
energy quick enough to avoid heating (evidenced by temperature induced downshifts of
the G-band) [41]. Moreover, by using the resonance effect it is possible to preferentially
heat tubes selected by the laser excitation frequency. In combination with high laser
fluences and oxygen containing atmosphere the excited CNTs can be damaged and even
destroyed [42, 43].

The CNTs environment plays one more time a crucial role here - individual CNTs which
were placed on a surface acting as a heat sink showed less laser heating than freely
suspended CNTs. CNT bundles proved more prone to laser heating than individual tubes
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since in that case only a minority of the tubes has contact with the thermally conducting
substrate while the remaining tubes are “insulated” by the other heat absorbing CNTs in
the bundle.

Since laser heating effects may in principle accompany any Raman measurement on
CNTs they can lead to obscuring or enhancing other effects (pressure, charge transfer,
temperature) and should therefore always be considered in Raman experiments on
nanotubes.
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2.4. FUNCTIONALIZATION OF CARBON NANOTUBES AND CNT BASED COMPOSITES

2.4.1. GENERAL ASPECTS

A composite material or short composite is a natural or engineered material combining
the different physical or chemical properties of two or more constituent materials aim-
ing to enhance a specific ensemble of properties in the composite for special applica-
tions. A composite usually consists of a matrix material (e.g. polymer, metal or ceramic)
which provides the bulk and the basic properties. The second ingredient, equally impor-
tant, is the filler material, e.g. particles, fibers, meshes or woven mats. The filler exhibits
superior characteristics, compared to the matrix material, for the property which is in-
tended to be augmented. Apart from the individual characteristics of the two constituent
materials at least two more factors are essential for making a good composite. The first
is the dispersion or distribution of the filler in the matrix material, the second one being
the interplay between them.

As mentioned before composite materials are one of the most promising fields for the
application of carbon nanotubes (CNTs) because their unique structure and
extraordinary mechanical, electrical and thermal properties suggest them to be the
perfect filler material [44-48]. Among CNTs, single-walled carbon nanotubes (SWCNTSs)
occupy a special position. Consisting of just one graphene sheet rolled into a seamless
tube, their diameters range from a few to less than one nanometer, and this results in
very high aspect ratios and truly one-dimensional (1D) electronic character. Although
there are many studies reporting significant improvement of various properties of
composite systems fabricated by CNT incorporation, the full potential of CNTs has still
not been reliably and reproducibly attained [44-48].

Two problems in particular arise during the synthesis of CNT-based composites which
must be overcome. Firstly, the dispersion of the filler within many matrixes is still a
challenge since SWCNTSs form bundles due to strong van der Waals attraction and the
bundles themselves tend to agglomerate even further. Homogeneously dispersed
SWCNTs within the composite are essential in order to maximally benefit from their
presence, be it electrical conductivity which necessitates a percolated network of the
CNTs or improved mechanical properties for which a high matrix-CNT interface is
required. A second issue is the interactions between the CNTs and the host matrix. For
optimal load transfer between host and filler, covalent linking between the two
components is desirable. However optimization is required to both maximize the load
transfer from polymer to CNTs and minimize the number of wall defects created by the
covalent grafting of the functional groups on the CNT sidewalls. Optimization is further
required as concerns the choice of the functional group to make it compatible with the
polymer being used [44-48].

One approach to solve these two problems is functionalization of the CNT source
material prior to incorporation into the host [44, 45, 47, 49]. Roy et al. reported, for
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instance, an increased load transfer by the use of CNT grafting by collagen which
resulted in a greater critical shear stress [50]. Others prepared carboxylic functionalized
MWCNT /polyimide composites reporting much better CNT dispersion and CNT-matrix
interaction, both reflected in improved mechnical properties [51, 52]. In spite of these
works which do indeed indicate some improved mechanical characteristics linked to the
presence of the CNTSs, the two above-mentioned difficulties are still serious hurdles to be
overcome in a predictable and controlled manner.

2.4.2. APPLICATION OF RAMAN SPECTROSCOPY AS CHARACTERIZATION TOOL

For characterization of CNT-based composite systems, Raman spectroscopy is an
analysis technique of interest since it requires only little or no sample preparation and
may be non destructive. Moreover, Raman spectroscopy has been, and still is,
extensively used to study different effects on pristine CNTs, such as those of
functionalization[51, 53, 54] or of debundling treatments[55], temperature effects[36,
37, 41] as well as pressure or strain effects [31-33]. This knowledge of CNTs may be
exploited in analyzing composite systems incorporating CNTs. Several research groups
have employed Raman spectroscopy to measure interfacial shear strength and load
transfer[50, 56-58] or to analyze doping by the matrix of the CNT fillers[59] while others
have investigated the physical state of the CNTs, e.g. their structural integrity[60] after
incorporation, the dispersion behavior[56, 61, 62], CNT orientation[63] or the CNT
interaction with the matrix material [64].

2.4.3. LASER HEATING EFFECTS

As just pointed out Raman spectroscopy is of much value for the characterization of CNT
based composites. Commonly, the spectral positions of one of the CNT Raman features,
e.g. the G-band or D-band, which are known to be sensitive to outer influences (e.g.
pressure, strain, charge transfer, temperature), are used for such studies [50, 56, 58, 61,
63, 65]. However, the spectral positions of the CNT Raman modes are also known to be
sensitive to incident laser power density due to heating effects what can seriously
complicate interpretation of Raman results [40, 41, 66]. Kao et al.[65] did report on laser
heating of SWCNTs in an epoxy incorporating non-functionalized SWCNTs, showing
more pronounced laser heating for the raw SWCNTs powder sample than for the
SWCNTs incorporated in the CNT-epoxy resin composite. Apart from this study very
little information of the laser heating effects in composite materials is available in the
literature to date.
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3. MATERIALS AND METHODS

3.1. CARBON NANOTUBE SOURCE MATERIALS

The SWNTs used for manufacturing the composites in this work were synthesized by the
arc-discharge method (Carbolex Inc). The CNTs were used as-received (raw material)
for the subsequent functionalization steps. The CNT raw material is from now on termed
“as-produced” CNT/sample.

CNT functionalization was performed in a 3-step procedure (figure 13). On the first step
methoxyphenyl groups were attached to the SWCNT surface following a free radical
procedure leading to a low level of grafting (about 1 function per 70-100 carbon atoms)
[67]. The obtained functionalized samples are termed from now on “SWCNT-PhOMe” or
“functioanlized CNTs/sample. Subsequently the methoxyphenyl groups were modified
using two steps in order to obtain SWCNTSs grafted by phenolic ester groups (SWNT-
PhEster) which are polymerizable and thus able to act as bridges between the SWCNT
surface and the PMMA matrix. For Raman studies, functionalized CNTs after the first
functionalization step were used. However, it has previously been found that the two
additional steps affect only the end groups of the initially-grafted functions and do not
have any further effect on the CNTs surface structure [68].
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Figure 13. Functionalization procedure.

3.2. SWCNT-PMMA COMPOSITE MATERIAL

For the composite synthesis, the desired quantity of functionalized SWCNTs was
dispersed in a MMA solution and radical polymerisation was directly initiated using
benzoyl peroxide as initiator leading to PMMA. For homogeneization, the mixture was
gently sonicated using a probe tip sonicator before polymerization initiation. The CNT
concentration in the PMMA composite ranges from 0.013 to 0.6 wt% [67]. Both the
functionalized CNTs as well as the composites were provided by our collaborators.
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3.3. SPECTROSCOPIC CHARACTERIZATION (RAMAN)

Confocal Raman imaging system WiTec CRM 200

For all Raman measurements in this study we used a WiTec CRM 200 scanning confocal
Raman/fluorescence microscope in backscattering geometry (figure 14). The system is
equipped with a high quantum efficiency CCD detector for Raman spectra collection and
an avalanche photo diode (APD) for fast Raman imaging. Three diffraction gratings with
150, 600 and 1800 groves/mm are available providing a spectral resolution up to 1 cm-!
(with the 1800 grating). The sample is placed on a two-axis piezo-table allowing for a
scanning resolution of 2 nm.
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Figure 14. A schematic presentation of the CRM 200 system used in Raman experiments.

Excitation source

Two different lasers, a diode-pumped solid state (DPSS) laser with a wavelength of 532
nm and a HeNe laser with a wavelength of 633 nm (corresponding to 2.33 eV and 1.96
eV, respectively) were used in this work in order to preferentially probe semiconducting
or metallic SWCNTs and thus be able to distinguish any different behavior due to the
electronic structure of the nanotubes. In the experiments the laser power was measured
directly on the microscope sample stage using LaserCheck, a portable power meter from
Coherent.
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Data acquisition modes

Three different spectral acquisition techniques provided by the WiTec software were
applied in this work. The single spectrum technique was applied to collect a spectrum of
a single spot on the sample. This mode was also used to perform line scans which will be
explained in more detail further in the text.

The image spectrum technique takes several single spectra from an initially defined area.
The resolution as well as the integration time for each single spectrum can be specified.
As a result no spectral information is lost and the whole set of spectra can be further
processed with different software filters producing plot of various spectral features.
Typical measurement parameters were as follows.

Scanned area: 186 x 186 um?2 24 x 24 pixels/spectra

The fast imaging technique works similarly to the image spectrum technique with the
important difference that only the signal of a specific pre-set wavelength which has to be
set initially is collected. As a result a two dimensional graph plotting Raman intensity
only at the specified wavelength is obtained. Scanning times can however be greatly re-
duced.

Scanned area: 186 x 186 um?2 24 x 24 pixels

3.4. FIB/SEM DUAL BEAM WORKSTATION

A focused ion beam dual-beam workstation is a combination of a focused ion beam (FIB)
and a scanning electron microscope (SEM) which makes it possible to work on nanome-
ter scale and, at the same instant, observe the operations performed by the FIB with the
SEM. All basic characterisation abilities of a SEM and manipulation abilities of a FIB are
included. Such a dual beam workstation is shown in figure 15.

Typical parts of the FIB instrument are a vacuum system, liquid metal ion source, ion
column, stage, detectors, gas inlets, and computer with operation software. The ions
(Ga*-ions in the device implementation we used) are provided by the liquid metal ion
source and are focused in the ion column which enables high lateral resolution and cur-
rent density for the accurate manipulations. A motorized and highly flexible sample
stage allows changing incident beam angle and position of the sample easily.
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Figure 15. FEI Strata 235 Dual Beam FIB of the National Center for Electron Microscopy (NCEM), USA.

A FIB can locally etch the sample surface with submicron precision. Many variables and
material properties affect the sputtering rate of the sample [69]. These include beam
current (higher current remove more material), sample density, sample atomic mass,
and incoming ion mass. The second application of FIB involving the gas precursor is the
ion beam assisted material deposition of either conductive or insulator material on the
sample surface on the very small scale. As for the SEM unit, the limitation for using this
technique in CNT studies is the resolution which is approximately 3nm which is insuffi-
cient for the visualization of the individual SWNTs. Still it is possible to see SWNT bun-

dles or MWNTs.
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4. RESULTS AND DISCUSSION

The incorporation of carbon nanotubes in a host material, i.e. making a composite, usual-
ly results in improving mechanical, electrical or thermal properties of the host. As pre-
sented earlier (section 2.4.) it is imperative to achieve a good dispersion of the filler
(CNTs in this case) in the composite. Moreover, if the mechanical properties of the ma-
trix material are expected to benefit from incorporation of the CNTs, it is important to
achieve strong interactions or even covalent linkage between the CNTs and the matrix in
order to fully exploit the outstanding mechanical properties of the CNTs. A promising
approach in this regard is functionalization of the CNT material prior to its incorporation
into the matrix. The composite material of interest was manufactured from arc-
discharge produced single-walled CNTs which were modified by a 3-step procedure
(section 3.1.) before the SWCNT-PMMA composite was synthesized by radical
polymerisation (section 3.2.). Unexpectedly, it was found that the mechanical properties
were worsened comparing to pure PMMA .

This work was intended to explore the capability of Raman spectroscopy in terms of
characterization of a CNT-based composite material, in particular with respect to the
general distribution of CNTs in the composite, any differences between the distribution
of functionalized and non-functionalized tubes and interaction between CNTs and ma-
trix. FIB was used as a complementary tool for the investigation of the CNTs dispersion.

All studies were carried out on the as-produced CNT material (before functionalization),
functionalized CNT material after the first functionalization step and, finally, on the
composite. It should be mentioned that in the first functionalization step the side groups
are attached to the CNTs surface. Subsequent steps only change the already attached
side groups but do not alter the CNTs surface any further.

Most experiments were carried out with two laser excitations, 1.96 eV and 2.33 eV in
order to independently probe metallic and semi-conducting tubes to detect potential
differences in the CNTs behavior due to their different electronic structure.
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4.1. RAMAN STUDY
4.1.1. CARBOLEX ARC-DISCHARGE CNTSs

Raman scattering of carbon nanotubes is a resonance-enhanced process (section 2.3.2.),
thus different CNT types can be probed via selection of laser excitation energies. In or-
der to determine what kinds of SWCNTSs are probed by two available laser energies,
1.96eV and 2.33eV, Raman spectra of the as-produced CNTs were acquired (figure 16)
and correlated with the Kataura plot (figure 17).
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Figure 16. Comparison of Raman spectra of Carbolex arc-discharge carbon nanotubes excited with 1.96 eV (dotted
lines) and 2.33 eV (full lines) laser excitation: a) whole spectra; b) the RBM-band.

As can be deduced from the G-band shape of figure 16, the CNTs’ Raman spectra ac-
quired with 1.96 eV excitation energy exhibit a broad Breit-Wigner-Fano peak shape
which is indicative of metallic tubes. In contrast, using 2.33 eV photon excitation mostly
semiconducting tubes are excited to be probed, which is evidenced by a much narrower
G-band with Lorentzian peak shape. Additional confirmation is provided by the RBM-
band. For both excitation energies the latter is located in the 150 - 210 cm'! spectral
window. A correlation with the respective transition energy on a Kataura Plot (figure
17) shows that for 1.96 eV metallic and for 2.33 eV semiconducting CNTs are in reso-
nance.
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4.1.2. CNT COMPOSITE

4.1.2.1. Comparison of different Raman spectra in the composite

Raman features of SWNTSs are sensitive to chemical treatments and especially to cova-
lent functionalization. It is well-known that the intensity of the D band due to the intro-
duction of disorder in the SWNT sp? structure increases after functionalization. It has
also been occasionally reported that a second disorder induced band can appear as an
additional feature of the overall G band. For non functionalized SWNTs, the G band has
two principal components, designated the G- and G* bands (section 2.3.2.). The functio-
nalization process may induce a high-frequency shoulder located at about 1600 - 1610
cm! and is referred to as the G* band. A typical Raman spectrum of the as-produced arc
discharge CNTs is shown in figure 18 in comparison to the other investigated systems,
the functionalized CNTs and the CNT composite material. Additionally, a Raman spec-
trum of the pure PMMA is shown.

A typical spectrum of synthesized PMMA shows several bands attributed to vibrations of
different groups. For the wavenumber range we are interested in, the C - O stretching
band appears around 1710 cm! and the C - CH bending modes at 1500 and 1460 cm-.
Asymmetric deformation of CHz is shown around 1334 cm-L. For incomplete polymeriza-
tion, there is an additional peak around 1640 cm! corresponding to C - C stretching in
MMA. This bond is expected to be attacked through a radical polymerization mechanism,
leading to the formation of PMMA during in situ polymerization. A very weak shoulder
around 1640 cm-! was only visible for the most concentrated samples, meaning that the
polymerization is not affected by the presence of SWNTs.
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Figure 18. Typical Raman spectra obtained for the samples (excitation wavelength 532 nm): (a) as-produced SWNTs,
(b) functionalized SWNTs, (c) aggregated SWNTSs in composites, (d) dispersed SWNTSs in composites, (e) pure PMMA.
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It is important to note that PMMA itself manifests a Raman peak around 1334 cm-, in
the D-band domain of the SWNTs. Raman spectroscopy probes here both the PMMA
component of the composite and the SWNTs incorporated within it. If the combined con-
tribution of PMMA and the CNTs D-band is considered this will be termed as D* (or D*
peak/band) from now on. D-band term will only be used in case of pure SWCNT contri-
bution. As mentioned, spectrum a in figure 18 is typical of as-produced SWNTs with a
RBM band in the low frequency domain; the D band and the G band are around 1350 cm-
Land 1600 cm!, respectively. Spectrum b corresponds to the functionalized SWNTs used
in the composites studied in this work. As expected in the case of chemically modified
SWNTs, the D band intensity is increased compared to that of the pristine sample. In the
composite there two types of Raman spectra have to be distinguished. Spectrum c is sim-
ilar to that of as-produced SWCNTs. It shows only contribution from the SWCNTSs but no
signals attributed to PMMA are observed. Furthermore the absolute intensity of this
kind of spectrum is much higher than for the second type, spectrum d. Besides a much
lower absolute intensity this spectrum shows all signals from the PMMA (see spectrum
e) and the G band of SWNTs which is visible around 1600 cm™ in between two PMMA
bands.
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4.1.2.2. General distribution of CNTs - mapping of spectral features

Mapping of the SWNT distribution in the composite was done using the spectral imaging
mode of the WiTEC CRM 200 confocal Raman microscope with an excitation wavelength
of 532 nm and a spot size of approximately 10 pm. The laser scanned over a sample sur-
face area of 186 x 186 pm2 and 24 x 24 Raman spectra were acquired with 10 s integra-
tion time each. Figure 19 shows the 2-D mapping of the Raman intensity of the G* com-
ponent for typical surface areas of SWNT-PMMA composites. Assuming that there is no
diameter-dependent CNT segregation in the composite, the intensity of this Raman
mode is then proportional to the SWNT concentration at any given point (spot) in the
samples, and therefore the G* intensity distribution represents that of the SWNTs in the
composite.

—

Lend P
Lt o 2
g

i

&
B 4

ol
.

| |
o _uh- »

k™ g

Figure 19. G* - intensity maps for a) 0.013 wt%, b) 0.023 wt%, c) 0.048 wt%, d) 0,097 wt% and e) 0,6 wt% CNT -
PMMA composites, 2.33 eV laser excitation.

[N




Results and discussion

Spectral images were collected for composites with CNT concentrations of 0.013 wt%,
0.023 wt%, 0.048 wt%, 0.097 wt% and 0.6 wt%. Typical scans are shown in Figure 19.
For low concentrations (below 0.6 wt%) multiple clusters (agglomerated CNTs) can be
observed (yellow regions) showing much higher G*- intensities than the surrounding
(matrix) area were CNTs are dispersed in PMMA. Raman spectra taken in the clusters
are typical of as-produced CNTs (figure 18) whereas spectra of the dispersed areas show
both CNT and PMMA contribution. Aggregates of different shape and size, ranging from
<10 um diameter up to tens of microns are present in the samples with concentrations
below 0.6 wt% which is also evidenced by optical images of the samples. Furthermore,
some of the aggregates show gradually increasing G*-intensities from the dispersed area
to their center while others exhibit large abrupt intensity increases (ten or more times)
in adjacent spots on Raman intensity maps (this might be an artifact caused by the spot
size, i.e. for small agglomerates no gradual increases are observed).

Comparing the Ig+aggregate/IG+Dispersedarea ratio of the samples with low to those with high
CNT loading we generally observed a decrease in Ig+aggregate/IG+Dispersedarea ratio (based on
maximum intensities), see figure 20. For a loading of 0.6 wt% functionalized CNTs the
ratio is 1 because no separation between aggregated and dispersed phase was observed.
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Figure 20. Dependence of intensity ratio G*- intensity of a cluster/G+* - intensity of matrix on CNT loading in the
PMMA-CNT composites, for 2.33 eV laser excitation. The ratio for each sample is an average over more than 15 spec-
tra taken for each (agglomerates and dispersed) area.

A rough estimate of the D/G*-intensity ratio in both the dispersed area and the agglo-
merates for different CNT loadings was calculated from the maximum intensity values
of the D* (which includes the PMMA contribution) and G-band. This D*max/Gmax-
intensity ratio shows an overall trend from higher to lower D*nax/Gmax values when
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going from low to high CNT concentrations (figure 21) as well as when going from dis-
persed area to agglomerate.
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Figure 21. D*max/Gmax intensity ratio dependence on CNT loading for aggregates (squares) and dispersed areas (cir-
cles) for 2.33 eV excitation. The ratio for each sample is the average resulting from more than 15 spectra taken for
each (agglomerates and dispersed) area.

Notably, for 0.6 wt% CNT loading no aggregates and dispersed area could be distin-
guished. Accordingly the D*nax/Gmax -ratios for these concentrations coincide for dis-
persed area and agglomerates.

As one PMMA band is located within the D band zone, the analysis was first focused on
the G band, the modifications of which can indeed help in the characterization of func-
tionalization levels of the SWCNT surface. Figure 22 shows the G band of SWNTs belong-
ing to the aggregates (figure 22a) and those dispersed within the matrix (figure 22b).
According to the Kataura plot, only the semiconducting SWNTs are in resonance when
using the green laser excitation (532 nm). The G band can then be fitted with two Lo-
rentzian peaks as in the case of as-produced SWCNTs, one corresponding to the G- mode
located at 1566 cm! and the other to the G* mode at 1591 cm! (figure 22). For SWCNTs
dispersed within the matrix, a shoulder (referred to as the G* band) at high wavenumber
is added to the conventional G band. In this case, three Lorentzian peaks are required to
fit the data. The additional peak is located around 1611 cm™! in figure 22. A weak-
intensity peak is observed around 1636 cm-L. It corresponds to the stretching of the C-C
bonds of MMA monomers remaining in the composites as mentioned before. As a G*
component is sometimes observed for defective SWCNTSs after functionalization, modifi-
cations in the shape of the G band can be taken as manifestations of different states of
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functionalization of the SWCNTs within the composites. Separation between non func-
tionalized SWCNTs and functionalized SWCNTSs has occurred during the polymerization
process, the first type aggregating and the second type being dispersed within the
PMMA.
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Figure 22, Peak fitting of the G-band in agglomerates (a) and dispersed area (b) of the SWCNT composites (2.33 eV
excitation).
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4.1.2.3. Boundary region cluster - matrix

The following section presents the investigation of the interface region between the
SWCNT agglomerates and the areas with well dispersed nanotubes in CNT-PMMA com-
posites by Raman imaging and spectral line scanning across these areas. As illustrated in
figure 23, 2D spectral imaging allowed selecting large CNT agglomerates for further de-
tailed examination. Raman line scans were performed starting within an agglomerate
and ending in the dispersed area in order to study the boundary region. An example of
such a scan - a resulting set of consecutive equally spatially separated Raman spectra - is
presented in figure 23. A piezo scanner permitted 1 pm scan steps.

2y Intensity (a.u.)
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Figure 23. Raman spectral map of maximum G*-intensity in CNT-PMMA composite (a) indicating CNT aggregates
(bright spots). The blue arrow denotes direction of the spectral line scan (b) starting in the aggregate and ending in
the dispersed area. Each spectrum in (b) corresponds to one step scan of one micron. Spectra collected at 1.96 eV
photon excitation energy.

Raman spectra from different CNT aggregates in the composite were acquired. All line
scans showed the general features illustrated in figure 23. Inside the agglomerated area
no peaks related to the PMMA matrix are seen - only the CNTs contribute to the high
intensity of the Raman spectrum. At some point a big drop in Raman intensity of the sig-
nal from CNTs occurs along with the appearance of peaks related to PMMA.

After acquisition, the Raman spectra were fitted by Lorentzian peak shapes. Typical
peak fitting results of the Raman data from line scans in the aggregates of different sizes
are presented in figure 24 for both the 1.96 eV and 2.33 eV excitation energies. It merits
noting that the peak at 1330 cm-! corresponds to a combination of the SWCNTs D-band
and a small peak due to PMMA. From this point on, this combined peak will be denoted
as D* to discern it from the pure D-band peak of CNTs. The G* peak intensity, the D*/G*-
intensity ratio and the intensity ratio of the D* and the PMMA peak at 1450 cm!
(D*/1450-intensity ratio) are plotted against the spatial position in figure 2. The
D*/1450-intensity ratio was chosen because it reflects the contribution of the PMMA
spectrum to the overall observed Raman spectrum of the composite. G* intensity and
D*/1450 ratio were normalized to their maximum values.
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The Raman signal of CNTs (evidenced by the G*-intensity in figure 24) is not only very
inhomogeneous regarding different areas in the composite (agglomerated areas and
dispersed areas) but also shows inhomogeneities in an agglomerated region itself in
some cases (figure 24). However at some given step a large drop in G*- intensity occurs
accompanied by the appearance and decrease of the D*/1450-intensity ratio. At the
same time the D*/G*-intensity ratio increases. After a certain transition region all three
ratios stabilize at new levels. This transition region is attributed (indicated by broken
lines in figure 24) to the boundary interface area between the agglomerates and dis-
persed areas.
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Figure 24. Raman data obtained from line scans through the aggregate/dispersed area boundary in different aggre-
gates for a) 1.96 eV and b) 2.33 eV photon excitation energy. Symbols assignment: I+ and Ip+/I14s0pmma (normalized to
their maximum values) - empty squares and half filled triangles respectively; Ip+/Ic- - filled circles; In/Ic+ (after sub-
traction of PMMA contribution) - empty circles. The interface regions between agglomerate (left side) and dispersed
areas (right side) are indicated by vertical lines. Note different horizontal axis scale in a) and b).

The boundary interface area is found to be about 4 um for an agglomerate of ~ 30 um
big while it is about 20 pm wide for an agglomerate of ~ 66 um (figure 2a and 2b respec-
tively) which is indicative of its dependence on the agglomerate size. With 1.96 eV pho-
ton energy we probe predominantly the metallic nanotubes in our sample while the se-
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miconducting ones are in resonance with 2.33 eV photons. Analysis of the line scans
across the boundary interface area does not reveal any significant difference in behavior
of metallic vs semiconducting CNTs - both exhibit the same overall trends, i.e. drop of Ig+
while increase of Ip+/Ig+. However, the metallic nanotubes show a higher level of
Ip+/Ic+both inside the agglomerates and in the dispersed area. This could indicate a high-
er degree of functionalization with phenyl-ester groups of metallic compared to the se-
miconducting CNTs as was shown earlier [53, 54].
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Figure 25. Raman spectra of composite dispersed area before (1) and after (2) subtraction of pure PMMA spectrum
(3). Spectra collected with 2.33 eV photon excitation energy.

As mentioned above both SWCNTs and PMMA show a peak at around 1330 cm! (figure
25), complicating the interpretation of the D*/G*-intensity ratio. Since no PMMA peaks
are observable in agglomerates, it can be assumed that this peak is only due to the CNT -
signal, thus reflecting the real D-band. However it is not trivial to separate the contribu-
tion of the CNT or PMMA signal to this peak in a boundary region or in the dispersed
area of the composite as the PMMA contribution cannot be neglected in these cases. This
raises the question if the observed increase of the D*/G*-intensity ratio could simply be
due to an increase of the PMMA contribution to the spectrum. To address this issue, the
PMMA contribution was removed from the composite spectrum by subtraction of a ref-
erence PMMA spectrum (figure 25) followed by new peak fitting (This proceeding is
based on the assumption that interaction between CNTs and PMMA molecules is neglig-
ible and the PMMA spectrum does not change significantly in the composite). The result-
ing corrected D/G*-values are shown together with the uncorrected ones in figure 24 for
both excitation energies. The corrected D/G*-values are indeed lower than the uncor-
rected values which demonstrates that the PMMA contribution cannot be neglected for
dispersed regions. However the corrected values are still significantly higher than those
observed in agglomerated areas. It can thus be concluded that the observed increase of
the D/G*-intensity ratio going from agglomerated to dispersed regions is not due to only
a higher PMMA contribution in the composite spectrum. With the corrected D/G*-ratio
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the line scans can now be fully interpreted. Firstly the drop of G*-intensity indicates a
decrease of CNT concentration from agglomerate to dispersed region. Furthermore the
increase of the D/G*-ratio indicates a higher defect level of the SWCNTs in the dispersed
area. As functionalized CNTs are generally known to exhibit increased D-band intensi-
ties [53] this observation leads us to the conclusion that the fraction of functionalized
CNTs is higher in the dispersed phase than in the agglomerates.

Raman intensity (a.u.)
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Figure 26. Raman spectra of CNT agglomerate (1) and two different spots (2, 3) in the dispersed area of composite
collected at 15.6 kW/cm? with 2.33 eV photon excitation energy. Inset: G-band area of the spectra normalized to max-
imum G+ intensity. The line drawn through G-band maxima is just guide to the eyes.

Further we observed inhomogeneities in the dispersed area itself as indicated by differ-
ent G-band intensities relative to the PMMA peaks (figure 26).

Moreover these intensity variations are accompanied by a difference in the G*-peak po-
sition - a more intense G-band exhibits a larger G*-peak downshift from its position in
the source CNT material. Actually this observation holds not only for the dispersed area
but can be extended to the agglomerates exhibiting much larger G*-downshifts.

These observations are investigated further in the sections 4.1.2.5. and 4.1.2.6.
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4.1.2.4. D/G*-ratio: composite and source materials

In a further step the analysis of the D/G* ratio was extended to include the CNT source
material before and after functionalization.

Figure 27 shows Raman spectra of the raw SWCNT and the SWCNT-PhMeO samples for
1.96 and 2.33 eV excitation energies. Based on the peak-fitted Raman spectra at both
energies, table 5 gives the ratio Ip/Ig:, of integrated D to G* band intensity (the former
sensitive to the number of defects induced by the chemical treatment, the latter being
the tangential vibrational mode): As observed in the table, the first functionalization
step increases the ratio by a factor of about three.
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Figure 27. Raman spectra for raw SWCNT (upper panels) and SWCNT-PhMeO (lower panels) for the two used laser
energies.

The functionalization procedure used allows obtaining SWCNTSs that have indeed been
chemically modified as expected. However, because of the high tendency of as-produced
CNTs to agglomerate, it is very difficult to obtain uniformly-functionalized tubes in any
given sample. Indeed, the high surface energy associated with the van der Waals forces
tends to maintain the inter-tube binding and even functionalization can generally not
fully separate the bundles. In this case, the outer walls of bundles” outer tubes are
strongly grafted, as volumetric adsorption experiments have shown [67]. A second point
concerning the uniformity of functionalization is that earlier works carried out by our
group[53] and elsewhere[34, 70, 71] have shown that metallic or small-diameter semi-
conducting tubes are preferentially functionalized. As a consequence of these two con-
siderations, any functionalized SWCNT sample contains tubes bearing different functio-
nalization levels according to the metallic or semiconducting nature of the individual
tube as well as according to their position within a bundle.
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It is well known that modifications of the SWCNT structure upon covalent functionaliza-
tion can be evidenced by Raman spectroscopy. Several features are considered as signa-
tures of this. If the degree of functionalization is high enough, the intensity of the D band
with respect to that of the G* band is expected to increase due to the addition of sidewall
defects created by the attachment of functional groups. In our case, the increase of Ip/Ig+
being as high as a factor of 3 (table 5) allows asserting that we have efficiently grafted
functions to the sidewalls of the raw samples. Such grafting may also affect the other
spectral features through mass and charge transfer effects. Finally, the introduction of
grafting-provoked defects may also induce a second disorder-induced band, designated
G*, appearing as a high-frequency shoulder of the G band, located at about 1605-1620
cmL. This disorder-derived band has occasionally been indicated for CNTs [72-74] but
has been known for a considerably longer time in less organized carbonaceous materials
[75, 76].

When the further-functionalized SWCNT-PhEster is integrated into the PMMA matrix,
these CNTs will be dispersed according to the state of functionalization of the individual
bundles or tubes. The more they are functionalized, the more their dispersion will be
favored. As a result, the D/G*-intensity ratio in the CNT-composite can provide informa-
tion about the spatial distribution of the functionalized CNTs in the host.
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Figure 28. Raman spectra of composite agglomerated (a and b) and dispersed areas before (c and d) and after sub-
traction of the PMMA Raman contribution (e and f).

39



Results and discussion

Figure 28 shows representative examples of the G-band region taken on the composite
in CNT-agglomerated (top) and -dispersed (middle and bottom) regions. The middle
panel of figure 28 clearly illustrates the preponderant contribution of the PMMA matrix
in the Raman spectrum of the dispersed area. Table 5 shows average values of the inte-
grated Ip/I¢+ ratio determined for a typical agglomerated and dispersed composite area.
It is interesting that analogous to raw and functionalized SWCNTs for which the latter
manifest a higher D/G*-intensity ratio, the CNTs in the dispersed parts of the composite
also manifest a Ip/Ig+, value greater than that of the agglomerated regions: Furthermore,
for both laser energies, the highest values are observed for the composite dispersed
areas, the highest value of all being for the 1.96 eV irradiation which probes the metallic
tubes. For both energies, the ratio for the agglomerated areas is somewhat less than
those of the functionalized CNTs before introduction into the polymer matrix.

Table 5. Average D/G* integrated peak intensity ratios of investigated systems for 2.33 and 1.96 eV excitation ener-

gies.
D/G* intensity ratios for | as-produced SWCNT- composite ag- composite dis-
SWCNT systems Carbolex PhMeO glomerated area persed area
2.33eV 0.38 1.41 0.52 1.84
1.96 eV 1.23 3.68 2.02 3.90

It should be noted that those functionalized tubes integrated into the polymer matrix
(SWCNT-PhEster) have undergone two additional steps with respect to the functiona-
lized SWCNT-PhMeO. However, we have previously found3+4 that the two additional
steps affect only the end groups of the initially-grafted functions and do not have any
further effect on the CNTs themselves. As indicated before, functionalization does not
uniformly graft all the individual CNTs within a so-called "functionalized sample": there
always remains a mix of functionalized and non-functionalized CNTs and CNT bundles.
Thus the D*/G* intensity ratio of this sample is actually an average over the different
populations. D* is the disorder peak around 1350 cm-! before subtraction of the PMMA
"background". This distinction is relevant in the dispersed areas of the composite sam-
ple. The experimental Ip/Ig+ results illustrated in Table 5 suggest that in the agglome-
rated regions of the composite, the fraction of non-functionalized CNTs is higher than in
the functionalized CNT sample, i.e. Ip/Ic+ is greater in the former than in the latter. The
Ip/lc+ ratio of the dispersed composite region is higher than that of the functionalized
sample since the fraction of functionalized tubes in the former is greater than in the lat-
ter. It is of interest to note that this behavior is true for both the metallic tubes probed
by 1.96 eV excitation energy and for the semiconducting tubes probed by 2.33 eV irradi-
ation.

This observation shows that functionalized SWCNTSs are preferentially dispersed in the
PMMA matrix as intended while preferentially the non- or lesser-functionalized fraction
forms the aggregates.
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4.1.2.5. G* - peak shift in the composites

As discussed earlier in the text (section 2.3.2.) the G*-peak shift from its original position
in the spectrum of functionalized nanotubes before their incorporation into a polymer
matrix may provide information about interaction/coupling between the CNTs and the
polymer molecules. The G-band in the Raman spectra which were acquired during spec-
tral imaging of the composites was subsequently fitted by Lorentzian peak shape and
the G* component was plotted in a 2D map (the whole procedure was conducted by the
WiTec software package).

When comparing the Raman maps plotting G*-intensity and G*-peak position, it was
found that the G* peak position is shifted to lower wavenumbers especially in agglome-
rates whereas this is not the case for the dispersed area. This downshift in agglomerates
could be as big as 20 cm!. Figure 29 demonstrates an example of two Raman spectral
maps - the G*-intensity distribution (manifesting the CNT concentration) and the G*-
peak position. Areas of high CNT concentration are very closely correlated with those
having a large downshift of the G-band. It should be noted that the G*-peak position in
the Raman spectra taken from the dispersed area lies in the region where it is expected
for pristine CNTs, i.e. around 1588-1590 cm-1.
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Figure 29. Raman maps of 0,097 wt% composite: a) plot of G*-intensities illustrating spatial distribution of CNTs. b)
plot of G+-peak position illustrating spatial distribution of peak shift.
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It is known that the G+-peak position is sensitive to pressure [33], temperature [32, 37,
38, 41], strain [61] or charge transfer [34] and possibly provides information about inte-
ractions between CNTs and the polymer host within a composite. However, it was unex-
pected that a G+-band downshift was always observed in areas showing a high CNT con-
centration (figure 29), i.e. areas with a lower fraction of functionalized CNTs. Logically
such areas should show a lower interaction between the CNTs and the polymer matrix.
Charge transfer is excluded as a possible reason for the observed downshift; pressure
was also unlikely to be the reason as a downshift of the G-band would imply a pressure
lower than atmospheric. There is no reason here why areas of highly agglomerated CNTs
should show pressures lower than those of well dispersed CNT areas. Tensile strain
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would also lead to a downshift of the CNT G-band but, again, it is unlikely that areas of
agglomerated CNTs should experience more tensile strain than well dispersed areas.
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4.1.2.6. Laser heating experiments

As mentioned, it was found some time ago that the G-band position of CNTs is influenced
by temperature: higher temperature leads to a G-band downshift [31, 37, 38, 41, 43].
Therefore laser heating experiments were performed for the four previously-mentioned
systems: raw CNTs, functionalized CNTs, agglomerated and dispersed composite areas
using both a green laser (2.33 eV) and a red laser (1.96 eV) excitation source. Raman
spectra were acquired at the same spot on the sample for different laser power densities
starting from low to high energies. After peak fitting, the G*-peak position values were
plotted against laser power density and subsequently fitted by simple linear fits for laser
power densities up to 20 kW/cm? (at higher power densities deviation from linear be-
havior was observed) to obtain peak shift rates. For every sample and both laser excita-
tion at least two experiments at two different spots were performed.
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Figure 30. Results of representative laser heating experiments. Symbol assignment: as-produced CNTs - full squares,

functionalized CNTs - open circles, composite aggregates - full left pointing triangles, composite dispersed area 1 -
up-pointing half filled triangles, composite dispersed area 2 - down-pointing half filled triangles.

Figure 30 and table 6 show the results obtained. Let us first examine Figure 30. The only
immediately obvious result illustrated here is that in all cases an increasing power den-
sity causes a G* downshift. At both laser energies, the smallest variation is noted for one
of the dispersed areas within the composite and the greatest temperature sensitivity is
noted for the agglomerated areas within the composite. Many more results have been
utilized in establishing the average values given in table 6. These data represent the
overall behavior in spite of significant sample-to-sample variations for a given type of
the four “systems” studied. The heating rates are calculated from peak shifts based on
the equation [37]:

AT = Aw(G*)/-0,0258 (1)

Within a given type of sample, the spot-to-spot variations differ by less than a factor of
about three except for the spots examined in the agglomerated region of the composite
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at the higher photon energy; raw and functionalized CNTs show nearly the same values
(1.96 eV) or slightly higher values for functionalized tubes in the case of 2.33 eV excita-
tion energy.

Table 6. Laser heating effect observed in different investigated systems for 1.96 and 2.33 eV excitation energies.

2.33 eV 1.96 eV

SWCNT systems G*-shift rate heating rate G*-shift rate heating rate
[cm/ [K/ [cm?/ [K/

(kW/cm?)] (kW/cm?)] (kW/cm?)] (kW/cm?2)]
as'pmd‘i;e(d Carbo- -0.077 2.98 -0.055 213
SWCNT-PhMeO -0.127 4.92 -0.06 2.33
ComI;‘;St‘etg :feg;"me' -0.578 22.40 -0.089 3.45
composite dispersed 0125 484 -0.031 1.20

area

For both excitations, the G*-peak position shift of agglomerated regions is about 5-6
times stronger than in dispersed regions. Furthermore, as illustrated for the agglome-
rated area of figure 30, this strong shift observed for agglomerated regions can already
start at a very low power density, e.g., less than 0.54 kW/cm?2 which was a lower limit to
acquire a decent CNT Raman signal in the composite. In fact, we could not find a power-
density sufficiently low in which for this part of the composite, the G*-peak position was
fully stabilized independent of the incident laser power density. It was found that shift
rates of the dispersed regions are about the same as for raw and functionalized CNTs
(2.33 eV) or smaller (1.96 eV). Table 6 and Figure 30 clearly illustrate that the shift rates
are always higher for the higher photon laser light. Finally, we observed in all experi-
ments using this excitation energy that the G*-peak position against laser PD for agglo-
merates showed leveling starting ata PD > 10 kW/cm?2.
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Figure 31. a)Raman spectra (2.33 eV) for agglomerate (1) and two different spots in dispersed area (2, 3). (b) Illustra-
tion of the correlation between the absolute Raman intensity and downshift of the G-band .
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It seems that the shift rate increases with increasing G*-intensity, i.e. local CNT concen-
tration. This is illustrated in figure 31 where we have plotted the observed G-band shift
rates in three points of the composite (see figure 31 for their Raman spectra), one in an
agglomerate and two in two different positions in the dispersed phase, against their
maximum G-band intensity.

We return to the plateau observed on figure 30 for the composite cluster region using
green laser excitation. This was not observed in any other laser heating experiment done
in this work. In an additional experiment, images of the probed spot on the composite
surface were taken in between every power increase. It was observed (figure 32) that an
ablation mark appeared at the same power density as the leveling of the G-band shift.
Furthermore, Raman spectra (figure 32, left panel) show that at a certain laser power
the absolute intensity of the signal goes down. This can only be caused either because a)
the probed surface came out of focus due to ablation of material or b) the number of
scatterers, i.e. nanotubes, decreased possibly through heat-induced damage on tubes or
¢) a mix of the two. The temperature of the nanotubes when the plateau started to ap-
pear was between 325 and 425 °C (estimated from G-band shift), well above the melting
and boiling points of neat PMMA which are about 160 and 200 °C.
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Figure 32. Raman spectra collected from a probed spot for increasing laser power densities (left panel); area of
probed spot before and after the experiment (images on the right).

Concerning the G*-shift there may be one small effect related to the stress imposed by
the embedding the CNTs in the polymer host. Indeed, the G*-peak positions of both ag-
glomerated and dispersed areas at the lowest used laser PD are all located between
1589 and 1592,5 cm'! whereas for raw and functionalized tubes the G*-peak position is
located around 1588-1590 cm-L. This small upshift in the composite relative to pure CNT
systems could, in agreement with Hadjiev et al. be explained by a small pressure applied
to the tubes during the curing of the composite [56].
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Taking into account all the considerations from section 4.1.2.5., we conclude that the
greater downshift of agglomerated areas of the composite relative to dispersed areas
can be attributed to laser induced heating effects.

While equation (1) holds only for pure SWCNT systems, it most probably also provides a
rough first estimation in the composites. Examining figure 30 in the light of this equa-
tion, we observe that for the given representative samples shown, beyond a power den-
sity of 10 or 20 kW/cm?, the temperature has risen by 200°C or more and continues to
do so as the PD increases further. This is true in all cases except at 2.33 eV for the ag-
glomerated region within the composite. Here, the decrease in G*-band frequency is ex-
tremely rapid, i.e., the temperature has risen very quickly, well above the melting tem-
perate of PMMA, which is between about 130° and 200° according to the reference cited
and the exact state of the polymer. In all experiments using this excitation energy, the
G*-peak position against laser PD for agglomerates showed leveling (figure 30) starting
at a PD > 10 kW/cm?2. We explain this by the fact that at the same time ablation of the
probed surface was observed which inhibited any further temperature increase and
thus any further downshift of the G-band. At the same time, the absolute intensity of the
CNT Raman signal went down. A reason could be defocusing resulting from the ablation
of material on the surface.

One might question whether functionalization plays a role in CNT heating. From our ex-
perimental data it becomes clear that this much higher heating rate in agglomerated re-
gions cannot be due to the functionalization of the CNTs before incorporation in the
composite since as-produced and functionalized CNTs show comparable peak shift val-
ues (table 6). Further, if one takes into account that the fraction of functionalized tubes
is presumably higher in the dispersed composite area than in the agglomerated area, G*-
peak shift rates should also be higher in the dispersed area if it was due to functionaliza-
tion. But this is not observed.

Laser-induced heating effects in carbon nanotubes have been noted in several previous
works [37, 42, 66] but much less is known on thermal effects in CNT composite material.
Interestingly Kao and Young [65] examined a composite material with an almost equal
loading to ours (0.1%) and they employed a He-Ne laser of 633 nm wavelength. They
found a lower shift rate for the composite than for the pure CNTs and their CNT heating
rates are compatible with those of the dispersed composite area in our work.

To the best of our knowledge, such a huge spatial difference in the heating behavior in a
composite has never been observed elsewhere. An interesting question is the physical
origin of these different heating rates. The following factors are proposed. As CNTs are
very good light absorbers, one explanation could be the better dispersion and lower
concentration of CNTs in the dispersed area which means less absorbers per unit vo-
lume resulting in less heating. If, on the other hand, we take into account that CNTs in
the dispersed area exhibit a higher fraction of functionalized tubes then they might be
expected to be better coupled to the matrix and thus more efficiently dissipate their
heat. Thirdly the physical state of the CNTs could also have some effect. It is known that
individual CNTs show much better heat dissipation than bundled CNTs. In the composite
material, the smaller bundle size or perhaps even the individualized state of some CNTs

in the dispersed areas would result in a lower laser heating effect as well. However for
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the moment we have no quantitative information on the bundle size in the dispersed
area. [t may well be that all these factors contribute simultaneously to some extent.
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4.1.2.7. Comparison of RBM spectra

As pointed out earlier, functionalization leads to modifications of the tubes’ surface. Dif-
ferences in the degree of functionalization between different types of SWCNT might thus
be observed via RBM-band. Furthermore, the RBM-band might indicate inhomogeneities
with respect to the distribution of certain specific nanotube chiralities in the composite
material. Therefore the RBM-bands of all four systems were recorded for both 1.96 and
2.33 eV excitation energies and the resulting spectra compared. Unfortunately, due to
low CNT concentration in the dispersed area of the composite no RBM signal could be
acquired thus this part of the composite characterization is limited to the agglomerated
regions only.

For both laser excitation energies there is a slight difference in the shape of the RBM
band between as-produced and functionalized tubes was observed (figures 33 and 34).
Namely, the spectra from functionalized tubes exhibit an “upshift” of the RBM band
compared to the as-produced tubes for both excitations and there is a slightly higher
intensity around 160 cm™ for 2.33 eV excitation which is an indication of change in re-
sonance conditions for certain CNT species as a result of functionalization. Similarly, the
RBM spectra of aggregates in the composite acquired with 2.33 eV excitation energy
showed a slight difference to RBM spectra of as-produced material and the functiona-
lized CNTs - a small “shoulder” appearing around 180 cm-! indicating a better resonance
conditions for the smaller diameter CNTs corresponding to this frequency range (figure
33). Using 1.96 eV excitation energy, very different RBM spectra were acquired from
different spots/different agglomerates of the composite (figure 34). For example spot 2
shows a second peak at the place where in the as-produced material a big shoulder ap-
pears.

[ ——as-produced SWCNTs
B functionalized SWCNTs
composite agglomerate

125 150 175 200 225

Raman shift (cm™)

highest peak normalized Intensity (a.u.)

Figure 33. Comparison of RBM-spectra of the different systems taken with 2.33 eV excitation energy.
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T L T ¥ T % T ¥ T
as-produced SWCNTs
functionalized SWCNTs

composite aggregate spot 1
composite aggregate spot 2
composite aggregate spot 3
composite aggregate spot 4

100 150 200 250 300

Raman shift (cm™)

highest peak normalized Intensity (a.u.)

Figure 34. Comparison of RBM-spectra of the different systems taken with 1.96eV excitation energy.

The observed differences in the shape of RBM spectra of different spots indicate that the
composite is not only inhomogeneous regarding the CNT concentration but also regard-
ing the distribution of the nanotube types. Further experiments would be necessary to
ascertain this additional inhomogeneity in distribution of different CNTs species in the
composite.
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4.2. FIB/SEM dual beam experiments
4.2.1. CROSSECTIONAL IMAGING

Aim of this experiment was the acquisition of high resolution SEM images in different
areas of the composite material, i.e. dispersed and agglomerated areas. Using a FIB it is
possible to take crossectional images at different positions on the sample with submi-
cron precision. Since the imaging plane in that case is perpendicular to the sample sur-
face the inside of the material can be studied. Crossectional images were taken from the
sample with 0.6 wt% CNT loading and from the sample with 0.097 wt% CNT loading in
both the dispersed area and in an agglomerate.

For these experiments the composite samples were mounted on metal sample holders
with copper double tape. Graphite paste was used to assure electrical connection be-
tween sample and metallic holder. After mounting, the sample was coated with a thin
layer of graphite to minimize charge accumulation effects which would disturb both ma-
nipulations with the FIB and as well imaging via SEM. To be sure to take images from an
aggregate the fact that the composite reacts strongly to light irradiation as well as elec-
tron irradiation showing heavy ablation was exploited. In a Raman experiment a square
area on the sample surface was scanned causing ablation of the sample’s surface top-
layer (figure 35). Subsequently, this spot could be detected in the SEM. A platinum layer
(1-2 pm thick) was deposited for protection of the underlying material against structural
defects and curtaining effect. Then a rectangular hole was sputtered out of the surface to
provide access for imaging. The surface of interest for imaging was subsequently po-
lished (going from higher to lower ion currents, thus having a smaller beam diameter) to
obtain a smooth, flat surface.

Pt - deposition at
location of cros-
sectional image
taken in matrix

Location of cros-
sectional image in §
cluster (also visi-
ble: ablated sur-
face due to former
Raman scan)

Figure 35. a)SEM image of CNT-composite surface after Pt-deposition in the dispersed area (upper left) and imaging
of the agglomerated area (lower right); b) zoom to agglomerated area, spot after acquisition of crossectional image.
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0.6 wt% composite sample

In a surface crack (which appeared due to electron beam irradiation) single-wall nano-
tube bundles with diameters between 20 and 40 nm could clearly be observed (figure
36).The crossectional image (figure 37) showed many small white dots distributed over
the whole crossection. Those dots have diameters between 11 and 39 nm, the same as
the nanotube bundles observed in the crack. In combination with the Raman data which
shows uniform nanotube signal distributed over the composite area and thus uniform
CNT concentration, those white dots are attributed to crossections of nanotubes cut by
the FIB. Even if overall the nanotubes seem to be distributed evenly over the imaged
area there are small agglomerated spots (red circle in figure 37).

Figure 36. Left side - SEM image of surface crack which appeared during observation. Right side - CNT bundles of
various diameters in the crack (marked by red circle on the left side).

Figure 37. SEM image of crossection taken in the 0.6 wt% composite. CNTs are visible as white dots and the diame-
ters of some bundles are indicated.

51



Results and discussion

0.097 wt% composite sample - aggregate

The crossection image of an aggregate taken in the 0.097 wt% composite sample (figure
38) exhibits the small white dots which are attributed to cut nanotubes. Diameters are
between 5 and 70 nm. The concentration of those spots is less than for the 0.6 wt%
sample.

Figure 38. Images of crossections in an agglomerate taken in the 0.097 wt% CNT-composite: a) optical microscope
image showing the location from which the crossectional images were taken. b-e) SEM images of crossection, CNTs
appear as white dots.
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0.097 wt% composite sample - dispersed area:

The crossectional images taken in the dispersed area in the 0.097 wt% composite sam-
ple showed surprisingly no sign of nanotubes (no white dots) (figure 39). One might as-
sume that there were no CNTs in that area. However Raman mapping showed a signal of
CNTs everywhere on the investigated area. Furthermore, Raman measurements taken
after the FIB experiment at the same spot showed a CNT-signal as well.

Figure 39. Images of crossections in the dispersed area taken in the 0.097 wt% CNT-composite: a) optical microscope
image showing the location from which the crossectional images were taken. b-e) SEM images of crossection.
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Possible explanations of the absence of CNTs on the SEM images of the dispersed area
might be the following:

SWNT are in very small bundles < 3 nm or even individual. Thus, the resolution of
the SEM would not be good enough to visualize them

As the CNT concentration in this area is supposed to be very low (indicated by
Raman data) the second explanation could be that CNTs are oriented parallel to
the crossectional surface and therefore not cut. However this seems to be very
unlikely as no signs for orientation could be seen in the crack on the 0.6 wt%
sample. Furthermore an area of approximately 7 x 18 pm was observed in the
dispersed area.
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4.2.2. COMBINATION OF RAMAN AND FIB DATA

To verify that the crossectional images were really taken in an agglomerate and in the
dispersed area, Raman spectra were taken afterwards in closest possible proximity. The
Pt - layer made it impossible to take spectra exactly from the imaged areas. Due to the
FIB cutting marks these areas could be relocated without any doubt under the optical
microscope of the Raman setup.

Figure 40 shows resulting spectra confirming a high CNT concentration in the agglome-
rate (strong Raman signal) and a low CNT concentration in the dispersed area (much
weaker Raman signal). It should further be mentioned that a buckle around 1200 - 1700
cm1 is observed. This is attributed to the carbon layer which was deposited on the sam-
ple during FIB preparation.

Minz=

Figure 40. Optical images (left) of the surface of the composite with 0.097 w% CNT loading, SEM crossectional images
(middle) and corresponding Raman spectra taken after FIB application of aggregate (upper right) and dispersed area
(lower right).
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4.2.3. IMAGE ANALYSIS

From the acquired images of the sample with

0.6 wt% CNT loading and the images of the

agglomerate of the sample with 0.097 wt% CNT loading the number per area, diameter
and area fraction of CNT bundles/white dots were determined (tables 7-9).

Table 7. Diameter values from image analysis of crossectional SEM images.

Fraction of CNT DcntBundle [nm]
[wt%] average standard deviation min max
0,6 20,67 5,28 11,35 38,74
0,097 18,55 9,63 5,06 69,51

Table 8. Area fraction values from image analysis of crossectional SEM images.

Fraction of CNT | Aacyt [%]
[wt%] average
0,6 0,631
0,097 0,170

Table 9. Number of CNTs per area values from image analysis of crossectional SEM images.

2
Fraction of CNT | Nacvt[1/pm?]
[wt%] average
0,6 21,4
0,097 6,3

An average diameter of the CNT bundles of 20.5 nm and a little bit lower, 18.5 nm, was
found for the sample with 0.6 wt% and 0.097 wt% CNT loading, respectively. For the
0.097 wt% sample a much higher standard deviation was found and maximum diame-
ters of 69.51 nm whereas minimum diameters of 5.06 nm. The area percentage of CNTs
for the 0.097 wt% cluster showed with 0.17 % a much higher value than the CNT load-
ing of the sample. This supports the conclusions from Raman spectroscopy experiments
that the CNT concentration is increased in the agglomerates. For the 0.6 wt% sample an
area fraction of 0.63 % was found which is close to the loading of CNTs for that sample.
Again this is in agreement with previous Raman data indicating a much more homogen-
ous distribution of the tubes with just smaller deviations. Since CNTs are molecules with
a very high aspect ratio which can be more than 1000, they can be bent and differently
oriented with respect to a crossectional image. Therefore interpretation of such 2D-
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images of a CNT - composite system is not straight forward and has to be considered
with caution.
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5. SUMMARY OF PAPERS

Paper 1

This paper reports on an original experimental approach to the characterization of
SWNT /polymer composites. This work deals with the multi scale characterization of
nanocomposites. Covalently functionalized SWNTs were incorporated in a PMMA matrix
using an in situ polymerization procedure. It is shown that their presence does not affect
the radical polymerization process. Combining Brillouin and Raman spectroscopy, it was
possible to associate the obtained mechanical properties of the material at the macros-
copic scale to the state of functionalization of the SWNTs within the polymer matrix.

Paper 2

This work is aimed at characterization of the carbon nanotubes (CNT) distribution in
polymethylmethacrylate (PMMA)-CNT composites by high-resolution Raman spectros-
copy. In particular, it focuses on study of the boundary regions between the CNT aggre-
gates and the surrounding areas where the CNTs are well dispersed in the PMMA matrix.
Different laser excitation energies (1.96 and 2.33 eV) were used to preferentially probe
metallic and semiconducting SWCNTSs, respectively. At both photon energies, spectral
line scans across the boundary regions were performed revealing a substantial drop in
intensity of G*CNT Raman mode and an increase of the D/G*-intensity ratio. The latter
testifies to a preferential dispersion of functionalized CNTs in the PMMA matrix. Certain
inhomogeneities were observed by Raman spectral imaging even in the areas with well-
dispersed CNTs.

Paper 3

This paper continues the previous work including analysis of the source SWCNT ma-
terial before and after functionalization. Examination of the D/G*-intensity ratio of
the SWCNT material before incorporation into the composite showed a higher value
for functionalized than for the raw SWCNTs. Furthermore, the metallic nanotubes
exhibited a higher degree of functionalization. Raman spectral imaging revealed some
inhomogeneities of the CNT distribution in the composite material: the spectra of the
areas with good CNT dispersion in the composite exhibit a higher D/G*-intensity ratio
than in areas with CNT agglomerates indicating that functionalized CNTs are preferen-
tially dispersed in the polymer matrix while non functionalized ones tend to group to-
gether in agglomerates. Furthermore significant laser heating of the SWCNTSs in compo-
sites is reported resulting in a downshift of the G*-peak position which was much more
pronounced in agglomerates than in the areas with dispersed CNTs and detected at the
very lowest laser irradiances.
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6.SUMMARY AND CONCLUSIONS

In this work, we have carried out a resonant Raman spectroscopy study of a composite
material made of a PMMA polymer host and functionalized SWCNTs and of the SWCNT
material before and after functionalization. To probe semi-conducting and metallic na-
notubes populations independently two different excitation energies were employed,
namely 1.96 eV (probing metallic SWCNTs) and 2.33 eV (probing semi-conducting
SWCNTSs). As a complementary analysis method SEM/FIB was used.

Although using functionalized SWCNTSs for the composite synthesis, agglomerates of
SWCNTSs surrounded by a more dispersed phase are observed by mapping of their Ra-
man G-band intensity. This observation was confirmed by SEM crossectional images
from the composites interior.

By performing Raman line scans starting in agglomerates and ending in the dispersed
phase, information about the boundary region between the two phases can be obtained.
The width of this boundary area varies with the agglomerate size and analysis of the G*
intensity as well as of the Ip/I¢* ratio indicates that the dispersed phase has a lower CNT
concentration and at the same time contains preferentially functionalized SWCNTSs. An
examination of the D/G*-intensity ratio of the SWCNT material before incorporation into
the composite shows a higher value for functionalized than for the raw SWCNTs. CNT
Raman spectra of dispersed areas in the composite manifest a higher D/G* intensity ra-
tio than in agglomerated areas and even than in the SWCNT-PhMeO sample. This again
indicates that functionalized SWCNTs are preferentially situated in the dispersed com-
posite area. All these results underline the importance of functionalization so as to op-
timize CNT dispersion within the host.

A study of the spectral position of the G* Raman signal of the SWCNTSs as an indicator for
interaction between the nanotubes and the PMMA matrix yielded a surprising result.
Experiments confirmed that laser heating gives rise to a significant downshift of the
G+-peak position with increasing power densities for agglomerated areas. Even in the
dispersed phase with a much lower CNT concentration this effect was observed. This is
attributed to an increase of local temperature, already observable at the lowest laser
power densities for 2.33 eV irradiation. This effect might possibly lead to interpretation
errors if this downshift were attributed to other effects. It is therefore very important -
especially for CNTs incorporated into a non thermally or electrically conductive matrix -
to use a laser power density as low as possible. As our work has shown, in those areas of
a composite in which there is some level of aggregation, the heating effects are even
greater and may lead even to polymer ablation. Some possible explanations of the ag-
glomerated heating have been proposed but certainly further work is required to an-
swer some of the still-open questions.

In the science and technology of CNT-based composite materials, Raman spectroscopy is
a useful and non-destructive means for studying many aspects of the filler to host inte-
raction. This work shows however that certain precautions are absolutely necessary.
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7.FUTURE WORK

It was shown that Raman spectroscopy can provide a lot of insight to such complicated
systems as functionalized SWCNT based composites. Functionalization indeed promotes
the dispersion of the CNT fillers. However the residual non functionalized CNTs might
still agglomerate and counteract the benefits obtained by the dispersed tubes. More effi-
cient procedures of the functionalization and the composite synthesis should thus be
developed.

Analysis of the RBM Raman mode of the CNTs in agglomerates indicated local differenc-
es in the CNTs composition. However, not enough data was collected to clarify if these
differences are the exception or the rule.

Pronounced laser heating was observed in the composite material, especially in the CNT
aggregates. Moreover, different spots in the dispersed area showed variations in laser
heating as well indicating the possibility of a correlation of the laser heating effect with
local CNT concentration. Since this effect results in different G-band positions for differ-
ent spots at the same laser power it might easily lead to interpretation errors if such G-
band shifts are attributed to pressure, strain or charge transfer. In order to clarify if la-
ser heating in Raman spectroscopy experiments on CNT composites is a general prob-
lem other materials should be examined. Besides different possible reasons for the laser
heating effects observed in this study a conclusive answer could not be obtained with
the available data thus further experiments are necessary to address the problem of la-
ser heating effects in CNT-based composite materials in general.
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Appendix

9. APPENDIX

9.1. LASER HEATING EXPERIMENTS ON CNT -PMMA COMPOSITES

2.33 eV excitation:
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Figure A1. Experimental data from laser heating experiments for pristine CNT material before a) and after functiona-

lization b).
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Figure A2. Experimental data from laser heating experiments on composite material of a) areas with ag-
glomerated CNTs and b) areas with dispersed CNTs b).
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1.96 eV excitation:
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Figure A3. Experimental data from laser heating experiments for pristine CNT material before a) and
after functionalization b).
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Figure A4. Experimental data from laser heating experiments on composite material of a) areas with ag-
glomerated CNTs and b) areas with dispersed CNTs b).
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9.2. RAMAN LINE SCANS IN THE CNT -PMMA COMPOSITES
Further experimental data of Raman line scan experiments.
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Figure A5. Further experimental data obtained from Raman line scans for green laser (2.33 eV) excitation.
G* intensities and D*/1450 intensity ratios normalized to max. I¢* and max. Ip+</li4s0pMma respectively.
Ip+/Ig* ratios are not normalized.

70



Paper 1






Downloaded by UNIV HENRI POINCARE on October 19, 2009 | http://pubs.acs.org

Publication Date (Web): September 17, 2009 | doi: 10.1021/jp903960f

J. Phys. Chem. C 2009, 113, 17648-17654

Multiscale Characterization of Single-Walled Carbon Nanotube/Polymer Composites by
Coupling Raman and Brillouin Spectroscopy

Brigitte Vigolo,*' Brice Vincent,” Julien Eschbach,” Patrice Bourson,* Jean-Frangois Maréché,’
Edward McRae,” Andreas Miiller,® Alexander Soldatov,® Jean-Marie Hiver,"
Abdesselam Dahoun,' and Didier Rouxel

Institut Jean Lamour, CNRS - Nancy Université - UPV Metz, BP 70239, 54506 Vandoeuvre-lés-Nancy, France,
Laboratoire Matériaux Optiques, Photoniques et Systemes, Université de Metz et Supélec, UMR 7132,

2 rue E. Belin, 57070 Metz, France, Department of Applied Physics & Mechanical Engineering, Luled
University of Technology, SE - 97187 Luled, Sweden, and Institut Jean Lamour, CNRS - Nancy

Université - UPV Metz, Ecole des Mines, Parc de Saurupt, 54042 Nancy, France

Received: April 29, 2009; Revised Manuscript Received: July 23, 2009

The present paper reports on an original experimental approach to the characterization of SWNT/polymer
composites. This work deals with the multiscale characterization of nanocomposites. Covalently functionalized
SWNTs were incorporated in a PMMA matrix using an in situ polymerization procedure. We show that their
presence does not affect the radical polymerization process. Combining Brillouin and Raman spectroscopy,
we were able to associate the obtained mechanical properties of the material at the macroscopic scale to the

state of functionalization of the SWNTSs within the polymer matrix.

1. Introduction

Carbon nanotubes (CNTs) have generated a huge amount of
activity because experimental and theoretical studies have led
to the prediction of many fields of application for this
extraordinary molecule. In particular, the outstanding Young’s
modulus of SWNTs (single-walled carbon nanotubes) combined
with their flexibility and lightness make them ideal fillers for
high performance nanocomposites.! SWNTs thus incorporated
inside a polymer matrix could significantly improve the proper-
ties of the polymeric materials. The main requirements for the
elaboration of composites with an effective integration of a filler
are (i) good interfacial properties between the CNT surface and
the polymer matrix and (ii) proper dispersion of CNTs within
the matrix. The difficulty is that CNTs have poor affinity for
almost all solvents, melted polymers, or monomers and conse-
quently show a high tendency to form agglomerates. Chemical
treatments such as acid attack or covalent functionalization
of the CNT surface appear as the most efficient ways to modify
the surface properties of the CNTs and improve their incorpora-
tion within the polymer matrix.> However, these treatments must
be done in a controlled way to avoid damaging the CNT
structure and consequently alteration of their intrinsic physical
properties.> For low functionalization levels, SWNTSs within the
composite may consequently be only partially dispersed. These
obtained inhomogeneous composites are difficult to characterize.*’
In the literature, the reported elastic properties cover quite a
large domain® and the disappointing reinforcement generally
obtained is poorly understood.””® The difficulty partly arises
from the need for multiscale characterization of such materials.

* Corresponding author. Tel: +33 383684641; fax: +33 383684615,
e-mail: Brigitte.Vigolo@Icsm.uhp-nancy.fr (B.V.).
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The development of tools which are able to relate the nanoscale
features of the CNTs themselves and of the CNT—matrix
interface to the composite properties at a macroscopic scale is
of paramount importance in the case of nanotube-based materi-
als.!?

We propose an original coupling between two inelastic optical
scattering techniques: Brillouin and Raman spectroscopy. Work-
ing at two different frequency ranges (GHz for Brillouin
scattering and THz for Raman spectroscopy), it was possible
to relate structural and chemical features at the scale of the
chemical bonds within the composites to their macroscopic
elastic properties. Moreover, for each characterization technique,
the size of the studied zone could be modified by adjusting the
size of the spot irradiating the sample. We have especially paid
attention to the sample heterogeneities in order to obtain
reproducible results independent of the studied zone of the
sample. For Brillouin experiments, the SWNT concentration in
the composites is the main constraint; indeed the samples must
be transparent so the SWNT concentration could not exceed
0.05 wt % in our composites. This technique is highly sensitive
and robust and it allows the determination of the elastic
properties of extremely small samples compared to those
required for other commonly used techniques (DMA, mechan-
ical traction, etc.).

In this work, the preparation of SWNT—poly(methyl meth-
acrylate) composites is based on a grafting from process and
an in situ polymerization described elsewhere.'' Results obtained
using Brillouin spectroscopy show that elastic properties of the
composite are unfortunately degraded upon increasing the
SWNT concentration. Common macroscopic characterization
techniques such as differential scanning calorimetry (DSC) and
wide angle X-ray scattering (WAXS) reveal that the polymer-
ization process itself is not affected by the presence of SWNTs
in our procedure. By means of confocal Raman spectroscopy,
characteristics of the composites at micrometric and nanometric
scales are discussed relative to macroscopic structural and
mechanical properties.

© 2009 American Chemical Society

Published on Web 09/17/2009
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Figure 1. 90A scattering geometry where % is the wavevector of the
incident photon, k; is the wavevector of the detected scattered photon,

and §°** the wavevector of the involved phonon.

2. Experimental Section

2.1. Sample Preparation. The SWNTs used for the prepara-
tion of the composites were synthesized by an arc discharge
method and provided by Carbolex Inc. We have developed a
chemical procedure consisting of covalently grafting functional
groups on the SWNT bundle surface. The procedure leads to
low levels of functionalization in order to preserve intrinsic
SWNT properties. It has been shown that the functionalized
SWNTSs bear only 1 function per 70— 100 carbon atoms.'" For
the composite preparation, functionalized SWNTs are dispersed
in a monomer solution of methyl methacrylate (MMA). Radical
polymerization is directly initiated within an MMA solution
using benzoyl peroxide as initiator.'> Poly(methyl methacrylate)
(PMMA) was chosen because of its transparency which allows
use of the optical techniques. We have shown in previous work
that this procedure is able to create covalent bonds between
the SWNT surface and the PMMA chains.!" The SWNT
concentration of the obtained series of composites is varied from
0.013 to 0.6 wt %. For inelastic Brillouin scattering character-
izations, only samples having the adequate transparency can
be used, thus requiring concentrations no higher than 0.05%.

2.2. Analysis Techniques. For Brillouin spectroscopy, in our
geometry (see Figure 1), the interaction between the incident
beam and the material leads to a frequency shift (f) of the
scattered laser light, directly related to the propagation velocity
(v) of the acoustic phonons by the relation:

_ Fx A
2

(€]

v

where 4, is the incident wavelength.
The relation between velocity and the wave vector ¢ is
simplified as follows:

2
U:%Tf:i 2

2nsif5)
n Sin 5

since sin(90 — 0) = n sin((0;)/(2)), where n is the refractive
index of the material.
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The scattered light was analyzed by a 5-pass Fabry—Perot
interferometer and then detected by a photon counting photo-
multiplier linked to a multichannel analyzer. Our experimental
setup was composed of an Ar laser (wavelength: 514.5 nm)
and two Pockels cells. These cells are synchronized with the
scan rate and the frequency window of the interferometer and
used to attenuate the elastically scattered spectral light. The
particular scattering geometry, with the incident laser beam at
an angle of 45° with respect to the faces of our sample and the
scattered light also collected perpendicular to the incident beam,
is named 90A'*'* (Figure 1); it permits the determination of
acoustic velocity without requiring knowledge of the refractive
index.!> This is a key point because the refractive index of a
nanocomposite is usually unknown and difficult to measure.

Differential scanning calorimetry (DSC) was carried out with
a Perkin-Elmer DSC7 apparatus. Prior to the measurement, the
sample was cycled from 20 to 150 °C to relax any residual stress
within the composites, and then the DSC response was recorded
over the same temperature range.

Wide-angle X-ray scattering (WAXS) was used to study the
evolution of the structure of PMMA'® as a function of the CNT
concentration in the composites, by means of a 2D diffraction
system (Inel, France) equipped with a copper anode. The
selected voltage and current were 30 kV and 40 mA, respec-
tively. The wavelength used was that of K, copper radiation
(Acuoa = 0.154 nm), selected by means of a parabolic multilayer
mirror (Osmic) and a very thin capillary. The 2D transmission
pattern was recorded with a scanner which has a resolution of
25 um. The samples were parallelepipeds with a thickness of
0.8 mm.

Two different experimental set-ups were used for Raman
characterization. The first one is a Labram 010 (Jobin-Yvon)
spectrometer with a confocal microscope and a cooled CCD
detector. A traditional microscope, in which the whole observed
field is illuminated, offers low axial resolution which does not
allow depth discrimination of the images of the various planes
of a thick object. The irradiating beam had a diameter of 50
wum with the 10x objective, and the irradiating wavelength used
was 514.5 nm. The second experimental set-up was a confocal
Raman microscope-based WiTec CRM-200 imaging system.
Spectra were collected with 1 cm™! resolution. The samples were
excited with a 532 nm laser, and the incident power was
measured directly on the microscope sample stage. For char-
acterization of the SWNT polymer composites, the experimental
conditions used for recording the spectra are of crucial
importance. Heating due to laser irradiation even at commonly
used power densities can induce modification or even disap-
pearance of Raman features.'” In order to minimize these effects,
spectra shown in this paper were recorded at low power densities
in the range of 0.28 kW/cm? to 1.7 kW/cm? for which the
irradiation-provoked heating effects were negligible for the
purpose of this work. Such effects in CNT—PMMA composites
will be addressed in detail in a forthcoming publication.

3. Results

3.1. Composite Characterization at the Macroscopic Scale.
The inelastic scattering of incident photons within a material
results from the interaction of these incident photons with the
material of interest inducing the creation or the annihilation of
an acoustic phonon. The Brillouin scattering technique allows
recording the scattered light as a function of its frequency (in
the GHz domain). The characteristic frequency can be related
to the elastic constants of the samples.'® The main advantage
of this nondestructive technique is that the required size of
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Figure 2. Typical Brillouin response of a SWNT—PMMA composite
(CNT concentration 0.013 wt %).

samples is significantly smaller than for other measurement
techniques such as DMA (dynamical mechanical analysis) or
conventional traction tests. The reproducibility of our Brillouin
measurements was straightforwardly checked by changing the
position of the incident laser spot on the same sample. The
“probe beam diameter” (of several hundred micrometers) was
especially chosen to be large compared to the size of the
aggregates formed from undispersed CNTs in order to obtain
an overall elastic constant for each composite. Furthermore,
measurements on two series of samples have shown similar
results: both reproducibility and accuracy for the measured
elastic constants were excellent. A typical Brillouin spectrum
for our samples is shown in Figure 2.

The Stokes and anti-Stokes responses were systematically
fitted. The resonant frequency for this sample corresponds to
the maximum of the Gaussian peaks around 7.7 GHz. Consider-
ing the weak concentrations of SWNTs (less than 0.05 wt %),
we assume that the composite density does not depend on the
SWNT concentration and corresponds to a mean value of p =
1190 kg/m?; the Poisson constant is fixed at v = 0.4 for all the
samples. The Young’s modulus E’ can be expressed using the
Brillouin characteristic frequency:

a1 —-2v)1 +wv

E=C, e 3)
then
. P\ = 20)1 + v)

where Ay = 514.5 nm.

The mechanical properties obtained for a series of samples
in which the SWNT concentration varies from 0 to 0.048 wt %
are reported on Figures 3a and 3b. The mechanical properties
of the composites illustrated in Figure 3 diminish linearly as
the concentration of CNTs increases. Young’s modulus is
reduced by almost 10% for only 0.05 wt % of CNTs in the
composite.

A structural investigation of the matrix in the composites was
done using DSC and WAXS. Figure 4 shows the evolution of
the glass transition temperature (7,) as a function of SWNT
concentration. A much wider range of concentration was

Vigolo et al.

investigated than for the Brillouin scattering, up to 0.6 wt %.
No significant modification of 7, (around 117 °C) is observed
as the concentration of SWNTs is increased in the composites.

WAXS diagrams for the same CNT concentration domain
as that for the DSC investigation are shown in Figure 5. The
curves are intentionally shown without normalization to CNT
concentration in the composites in order to emphasize their
similarity. The presence of CNTs seems to induce no modifica-
tion of the structural characteristics of PMMA chains. PMMA
is amorphous at room temperature and shows the expected
broadened peaks instead of well-structured sharp peaks. The
most intense peak of nonsymmetric character is probably due
to the presence of several contributions.'® The main contribution
around 13.6° which corresponds to 0.65 nm is related to an
intermolecular distance within the PMMA matrix. The shoulder
at 17° corresponding to 0.52 nm is due to the periodicity of the
ester groups within PMMA chains. The large contribution
around 30°, corresponding to 0.30 nm, is reported to be the
mean distance between methyl and ester groups within a PMMA
chain. Whatever the CNT concentration, the WAXS signature
of the PMMA in the composites is in agreement with the
commonly observed molecular structure of pure PMMA.

The above techniques have allowed sample characterization
at a macroscopic scale; however, the results do not point to the
exact origin of the observed decrease of the elastic constant as
a function of the CNT concentration. Moreover, they are
inconsistent with the alteration of the polymerization quality
due to the presence of SWNTSs as has been reported for radical
polymerization processes. On the basis of DSC and WAXS
analyses, the in situ polymerized PMMA matrix itself does not
seem to be affected by the presence of the SWNTs in our
composite preparation procedure because the characteristics (7
and scattered peak positions) of PMMA remain unchanged as
SWNTs are added to the composites. While the molecular
weight of the PMMA chains was not investigated for these
composites, a significant modification of the length of the
polymer chains would induce a variation of 7, (inversely
proportional to the molecular weight). These results are also
consistent with the fact that we have not observed any
modification of the polymerization kinetics with the increase
of the SWNT concentration even for the most concentrated
sample (0.6 wt %). These observations imply that contrary to
other reported polymerization procedures,*” in particular using
AIBN (2,2"-azobisisobutyronitrile) as initiator, the surface of
the SWNTSs does not react during the polymerization process:
SWNT functionalization is due only to the functionalization
procedure used prior to the in situ polymerization step.

3.2. Analysis at the Micro- and Nanometric Scale. Raman
features of SWNTs are sensitive to chemical treatments and
especially to covalent functionalization. It is well-known that
the intensity of the D band due to the introduction of disorder
in the SWNT sp? structure increases after functionalization.*!
It has also been occasionally reported that a second disorder-
induced band can appear as an additional feature of the overall
G band.?*?? For nonfunctionalized SWNTs, the G band has two
principal components, designated the G~ and G* bands. The
functionalization process may induce a high-frequency shoulder
located at about 1610 cm™! and is referred to as the G* band.
For our composites, we could more easily follow modifications
of the G band which is more intense than the D band. Moreover,
PMMA itself manifests a Raman peak around 1334 cm™, in
the D band domain of the SWNTs.

Raman spectroscopy was used here to characterize both the
PMMA component of the composite and the SWNTs incorpo-
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Figure 5. WAXS curves obtained on SWNT—PMMA composites.
Each curve was normalized to the maximum of the major peak obtained
for pure PMMA.

rated within it. A typical spectrum of synthesized PMMA shows
several bands attributed to vibrations of different groups.?* For
the wavenumber range we are interested in, the C=O0 stretching
band appears around 1710 cm ™! and the C=CH bending modes
at 1500 and 1460 cm™'. Asymmetric deformation of CH, is
shown around 1334 cm™'. For incomplete polymerization, there
is an additional peak around 1640 cm™! corresponding to C=C
stretching in MMA.? This bond is expected to be attacked
through a radical polymerization mechanism, leading to the
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Figure 6. Typical Raman spectra obtained for the samples (excitation
wavelength 532 nm). (a) Pristine SWNTSs, (b) functionalized SWNTs,
(c) aggregated SWNTs in composites, (d) dispersed SWNTs in
composites, (e) pure PMMA.

formation of PMMA during in situ polymerization. For our
composites, a very weak shoulder around 1640 cm™! was only
visible for the most concentrated samples, meaning that in
agreement with WAXS and DSC results, the polymerization is
not affected by the presence of SWNTSs. Figure 6 shows typical
Raman spectra recorded for these composites in comparison with
those of PMMA and SWNT samples. Spectrum a in Figure 6
is typical of pristine SWNTs with a RBM band in the low
frequency domain; the D band and the G band are around 1350
cm™! and 1600 cm™!, respectively. Spectrum b corresponds to
the functionalized SWNTs used in the composites studied in
this work. As expected in the case of chemically modified
SWNTs, the D band intensity is increased compared to that of
the pristine sample. For recording spectrum c, the laser spot
was focused on a large aggregate in order to record the signal
due to the SWNTSs belonging to the aggregates; it is similar to
that of pristine SWNTs. If we focused the spot on a well
dispersed zone of the composite, we obtained signals from both
the PMMA (see spectrum e) and the G band of SWNTs which
is visible around 1600 cm™! in between two PMMA bands
(spectrum d).

As mentioned above, D band modifications are commonly
taken as a signature of SWNT functionalization. As one PMMA
band is located within the D band zone, we focused our analysis
on the G band, the modifications of which can indeed help in
the characterization of functionalization levels of SWNT surface.
Figure 7 shows the G band of SWNTs belonging to the
aggregates (Figure 7a) and those dispersed within the matrix
(Figure 7b). According to the Kataura plot,”® only the semi-
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Figure 8. G* Raman intensity maps for (a) 0.013 wt %, (b) 0.097 wt % SWNT—PMMA composites (excitation wavelength 532 nm).

conducting SWNTs are in resonance when using the green laser
excitation (514 or 532 nm). The G band can then be fitted with
two Lorentzian peaks as in the case of pristine SWNTSs, one
corresponding to the G~ mode located at 1566 cm™! and the
other to the G* mode at 1591 cm™! (Figure 7a). For SWNTs
dispersed within the matrix, a shoulder (referred to as the G*
band) at high wavenumber is added to the conventional G band.
In this case, three Lorentzian peaks are required to fit the data.
The additional peak is located around 1611 cm™! in Figure 7b.
A weak-intensity peak (dashed line) is observed around 1636
cm™!. It corresponds to the stretching of the C=C bonds of
MMA monomers remaining in the composites. As a G*
component is sometimes observed for defective SWNTs after
funtionalization, modifications in the shape of the G band can
be taken as manifestations of different states of functionalization
of the SWNTs within the composites. Separation between
nonfunctionalized SWNTs and functionalized SWNTs has
occurred during the polymerization process, the first type
aggregating and the second type being dispersed within the
PMMA.

Mapping of the SWNT distribution in the composite was done
using the spectral imaging mode of a WiTEC CRM 200 confocal
Raman microscope with an excitation wavelength of 532 nm
and a spot size of approximately 10 «#m. The laser scanned over
a sample surface area of 186 x 186 um? and 24 x 24 Raman
spectra were acquired with 10 s integration time each. Figure 8
shows the 2-D mapping of the Raman intensity of the G*
component for typical surface areas of SWNT—PMMA com-
posites. Assuming that there is no diameter-dependent CNT
segregation in the composite, the intensity of this Raman mode
is then proportional to the SWNT concentration at any given
point (spot) in the samples, and therefore the G' intensity
distribution represents that of the SWNTs in the composite.
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Figure 9. Evolution of the ratio between the area of the G* band and
that of the G* band (Ig+/Ig+) as a function of the diameter of the
agglomerate located in the irradiated volume, i.e., the volume of the
interfacial zone.

Spectral images were collected for composites with CNT
concentrations of 0.013 wt %, 0.023 wt %, 0.048 wt %, and
0.097 wt %. Typical scans are shown in Figure 8 for 0.013 wt
% and 0.097 wt %. The heterogeneities that are evident in Figure
8 were further investigated to gain greater insight into the state
of functionalization of the SWNTs within the aggregates.
Experimentally, the spot size was fixed at about 50 um (the
depth of analysis being about the same). It is thus focused on
differently sized aggregates close to the sample surface. When
the aggregate size is small enough, the recorded signal represents
a significant contribution from the CNTs dispersed in the matrix
outside the agglomerated regions. For larger sized agglomerates,
the relative contribution from the better dispersed zones of the
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Figure 10. Scheme illustrating the irradiation geometry for Raman spectra recorded in the case of (a) aggregates smaller than the spot size and (b)

aggregates larger than the spot size.

surrounding matrix diminishes. The obtained G bands of the
SWNTs were analyzed using three main contributions (Lorent-
zian curves) corresponding to the G™, the G, and the G* bands.
Figure 9 shows the variation of the ratio Ig+/Ig+ as a function
of agglomerate size over the range 15—100 um, for a constant
spot size of 50 um. Below 50 um, the spot size is larger than
the irradiated aggregate (Figure 10a), and for aggregates larger
than 50 um, the recorded Raman zone is smaller than the
diameter of the irradiated aggregates (Figure 10b). Interestingly,
for irradiated aggregates larger than the spot size in the 50—100
wum range, the G band still has a significant G* contribution as
observed in Figure 9. The main reasons are that, first, the focused
aggregate is not directly at the surface of the composite but is
slightly embedded in the matrix and, second, the irradiated
volume does not have a bidimensional shape but rather a
cylindrical volume centered on the aggregate (Figure 10). As a
result, both the SWNTSs located on the aggregate surface and
the SWNTs situated within the aggregate significantly contribute
to the recorded Raman signal. Ig+/I+ decreases as the size
of the agglomerates is increased. The curve in this figure shows
that the decrease is consistent with a 1/x law. We assume that
the SWNTs which are partially functionalized or nonfunction-
alized tend to remain agglomerated although the well-function-
alized SWNTs are bonded to the PMMA chains within the
composite. We do not take into account well dispersed SWNTs
outside the aggregates because their contribution is negligible
compared to that of aggregated SWNTs in much higher
concentration in the aggregates. For decreased radii of the
agglomerates, R,,, the number of SWNTs which are partially
functionalized or nonfunctionalized decreases as Rag3. For the
functionalized SWNTS positioned at the agglomerated surface,
their number is proportional to R, The resulting behavior of
Ig+/Ig+ is then expected to follow a 1/R,, law as illustrated in
Figure 9. We have shown that CNTs well dispersed in the matrix
are functionalized. The results of Figure 9 strongly suggest that
SWNTSs which are situated on the surface of the agglomerates
are functionalized and, more importantly, their contribution to
the G* signal is much larger than those distributed in the
polymer matrix, surrounding the aggregates. Even if SWNTs
within the aggregates are not functionalized, it is possible that
SWNT bundles close to the external surface of these aggregates
are covalently bonded to the matrix through the in situ
polymerization process. These SWNTs are indeed expected to
behave similarly to SWNTs well dispersed within the matrix
as was shown in a previous work.!! However, these aggregates
remain large inclusions which may be responsible for the
decrease of the mechanical properties of these composites. As
the SWNT concentration is increased, even if both that of the

aggregates and that of the dispersed functionalized bundles are
simultaneously increased, the behavior of the mechanical
properties remains governed by the concentration of the
aggregates. While it is hoped that the well dispersed bundles
inside the PMMA matrix will be responsible for the mechanical
reinforcement, this effect is overcome by the inclusion of brittle
zones due to the SWNT aggregates.

4. Conclusion

The homogeneous functionalization of individual CNTs which
would then allow their homogeneous dispersion within a
polymer matrix remains a complex hurdle to overcome.
Nevertheless, this work has shown that the combination of
analytical techniques allowing both nanoscale and macroscale
characterization may shed light in this direction. The results
presented here strongly support the idea that the smaller, better-
functionalized CNT bundles, well dispersed within the matrix,
play a positive role in improving Young’s modulus of nano-
composites, but this may be detrimentally overcome by the
presence of macroscopic agglomerates.
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1 Introduction Since the identification of carbon
nanotubes (CNTs) by Ijima in 1991 [1], this material has
become a subject of great interest and effort in science
because of the outstanding physical properties it exhibits.
CNTs can be thought of as graphene sheets rolled into
seamless cylinders of various diameters and in principle
infinite length. Depending on the number of concentrically
arranged tubes, CNTs are termed single-walled (SWCNT),
double-walled (DWCNT), and multi-walled (MWCNT)
CNTs. Moreover SWCNTs exist as semiconducting or
metallic types, depending on the orientation of the hexagonal
lattice relative to the tube axis, as classified by the chiral
indices (n,m). Their extraordinary mechanical, electrical,
thermal, and optical properties render them very attractive
for a wide range of applications [2, 3] including advanced
composite materials.

However synthesis of CNT-based composite materials
still remains a big challenge. In particular it remains to
overcome the difficulties in achieving good nanotube
dispersion within the matrix material. The fact that present
synthesis routes produce SWCNTs in a bundled state due to
van der Waals intertube interaction is another serious hurdle,

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

as SWCNT bundles do not exhibit the excellent properties of
their individual components. Thus special treatment has to
be applied in order to break these bundles. In an ideal
composite material, the individual SWCNTs would be
homogeneously dispersed in the matrix. A second issue is
the interaction between the CNTs and the host: to improve
the load transfer between host and filler covalent linking
between the two components is desirable.

One approach to solve these problems is functionaliza-
tion of the CNT source material prior to its incorporation into
the polymer matrix. Optimization is required to maximize
the transfer from the polymer to the CNTs but minimize the
number of wall defects created by the covalent grafting of the
functional groups on the CNT sidewalls. Moreover appro-
priate functional groups have to be chosen to assure
compatibility with the polymer being used.

In order to understand and improve the microstructure of
CNT composites and relate it to mechanical, electrical, or
thermal properties, advanced characterization methods have
to be applied. Raman spectroscopy has proven to be a
powerful tool for studying both pure CNT materials [2,4—-11]
and CNT-based composites [12-16]. Synthesis of the

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



2 A. Mueller et al.: Raman study of inhomogeneities in carbon nanotube distribution

polymethyl methacrylate (PMMA) composite material used
here, based on functionalized SWCNTs, was reported
recently and its study revealed inhomogeneities in the CNT
distribution within the polymer and associated degradation
in the mechanical properties suggested as being attributed to
the presence of CNT agglomerates [17, 18]. The CNT
distribution in the samples was illustrated by Raman spectral
mapping of the G*-peak intensity as a function of position.

The present work is aimed at investigation of the
interface region between the SWCNT agglomerates and the
areas with well-dispersed nanotubes in CNT-PMMA
composites by Raman imaging and spectral line scanning
across these areas. In addition, we examined inhomogene-
ities in the CNT distribution in the “dispersed” regions by
following the G band/ PMMA Raman intensity ratio and
downshift of the G band due to laser heating.

2 Experimental procedures After functionalization
with phenyl—ester groups, SWCNTSs were incorporated into a
PMMA matrix by in situ polymerization [17]. A sample
containing 0.097 wt.% functionalized SWCNT loading was
used for this study.

Raman measurements were conducted with a WiTEC
CRM 200 confocal Raman imaging system in a back-
scattering geometry. In order to preferentially probe
semiconducting or metallic SWCNTSs and thus be able to
distinguish any different behavior due to electronic structure,
two different laser excitation wavelengths were used,
namely 532 and 633nm (corresponding to 2.33 and
1.96 eV, respectively). Raman spectra were collected using
a 600 g/mm diffraction grating. The laser beam was focused
on the sample surface onto a spot of 1 or 3.45 wm in diameter
using a 100x or 20x objective, respectively. Laser powers
were measured directly on the sample stage and were
typically between 0.5 and 1.5 mW.

As illustrated in Fig. la, 2D spectral imaging allowed
selecting large CNT agglomerates for further detailed
examination. Raman line scans were performed starting
within an agglomerate and ending in the dispersed area in
order to study the boundary region. An example of such a
scan — a resulting set of consecutive equally spatially
separated Raman spectra — is presented in Fig. 1b. A piezo
scanner permitted 1 pm scan steps.

a) b)

Scanning
direction

3 Results and discussion Raman spectra from
different CNT aggregates in the composite were acquired.
All line scans showed the general features illustrated in
Fig. 1b. Inside the agglomerated area no peaks related to the
PMMA matrix are seen — only the CNTs contribute to the
high intensity of the Raman spectrum. At some point a big
drop in Raman intensity of the signal from CNTs occurs
along with the appearance of peaks related to PMMA.

After acquisition, the Raman spectra were fitted by
Lorentzian peak shapes. Typical peak fitting results of the
Raman data from line scans in the aggregates of different
sizes are presented in Fig. 2 for both the 1.96 and 2.33 eV
excitation energies. It merits noting that the peak at
1330cm ™! corresponds to a combination of the SWCNTs
D-band and a small peak due to PMMA. From this point on,
this combined peak will be denoted as D* to discern it from
the pure D-band peak of CNTs. The G*-peak intensity, the
D*/G*-intensity ratio and the intensity ratio of the D* to the
PMMA peak at 1450cm ™' (D*/1450-intensity ratio) are
plotted against the spatial position in Fig. 2. The D*/1450-
intensity ratio was chosen because it reflects the contribution
of the PMMA spectrum to the overall observed Raman
spectrum of the composite. G intensity and D*/1450 ratio
were normalized to their maximum values.

The Raman signal of CNTs (evidenced by the G
intensity in Fig. 2) is not only very inhomogeneous regarding
different areas in the composite (agglomerated areas and
dispersed areas) but also shows inhomogeneities in an
agglomerated region itself in some cases (Fig. 2a). However
at some given scan step a large drop in G™ intensity occurs
accompanied by the appearance and decrease of the D™/
1450-intensity ratio. At the same time the D*/G™-intensity
ratio increases. After a certain transition region all three
ratios stabilize at new levels. We attribute this transition
region (indicated by broken lines in Fig. 2) to the boundary
interface area between the agglomerates and dispersed areas.

The boundary interface width is found to be about 4 pm
for an agglomerate of ~30 wm big while it is about 20 wm
wide for an agglomerate of ~66um (Fig. 2a and b,
respectively), which is indicative of its dependence on the
agglomerate size. With 1.96eV photon energy we probe
predominantly the metallic nanotubes in our sample while
the semiconducting ones are in resonance with 2.33eV

Figure 1 (online color at: www.pss-b.com)
Raman spectral map of maximum G intensity
in CNT-PMMA composite (a) indicating CNT
aggregates (bright spots). The blue arrow
denotes direction of the spectral line scan (b)
starting in the aggregate and ending in the
dispersed area. Each spectrum in (b) corre-
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Figure 2 Raman data obtained from line scans through the aggre-
gated/dispersed areaboundary in different aggregates for (a) 1.96 eV
and (b) 2.33 eV photon excitation energy. Symbol assignment: I
and Ip-/11450pmma (normalized to their maximum values) — empty
squares and half filled triangles, respectively; Ir,./I, —filled circles;
Ip/lg (after subtraction of PMMA contribution) — empty circles.
The interface regions between agglomerate (left side) and dispersed
areas (right side) are indicated by vertical lines. Note different
horizontal axis scale in (a) and (b).

photons. Analysis of the line scans across the boundary
interface area does not reveal any significant difference in
behavior of metallic versus semiconducting CNTs — both
exhibit the same overall trends, i.e., drop of /g, while
increase of In./Ig . However, the metallic nanotubes show a
higher level of Ip./I, both inside the agglomerates and in
the dispersed area. This could indicate a higher degree of
functionalization with phenyl-ester groups of metallic
compared to the semiconducting CNTs as was shown
earlier [4, 5].

As mentioned above both SWCNTs and PMMA show a
peak at around 1330cm ' (Fig. 3), complicating the
interpretation of the D*/G'-intensity ratio. Since no
PMMA peaks are observable in agglomerates, it can be
assumed that this peak is only due to the CNT — signal, thus
reflecting the real D band. However it is not trivial to separate
the contribution of the CNT or PMMA signal to this peak in a
boundary region or in the dispersed area of the composite as
the PMMA contribution cannot be neglected in these cases.

www.pss-b.com

Figure 3 Raman spectraof composite dispersed area before (1) and
after (2) subtraction of pure PMMA spectrum (3). Spectra collected
with 2.33 eV photon excitation energy.

This raises the question if the observed increase of the
D*/G-intensity ratio could simply be due to an increase of
the PMMA contribution to the spectrum. To address this
issue, the PMMA contribution was removed from the
composite spectrum by subtraction of a reference PMMA
spectrum (Fig. 3) followed by new peak fitting. The resulting
corrected D/G™ values are shown together with the
uncorrected ones in Fig. 2 for both excitation energies. The
corrected D/G™ values are indeed lower than the uncorrected
values which demonstrates that the PMMA contribution
cannot be neglected for dispersed regions. However the
corrected values are still significantly higher than those
observed in agglomerated areas. It can thus be concluded that
the observed increase of the D/G " -intensity ratio going from
agglomerated to dispersed regions is not due to only a higher
PMMA contribution in the composite spectrum. With the
corrected D/G™ ratio the line scans can now be fully
interpreted. Firstly the drop of G' intensity indicates a
decrease of CNT concentration from agglomerate to
dispersed region. Furthermore, the increase of the D/G™
ratio indicates a higher defect level of the SWCNTs in the
dispersed area. As functionalized CNTs are generally known
to exhibit increased D-band intensities [4] this observation
leads us to the conclusion that the fraction of functionalized
CNTs is higher in the dispersed phase than in the
agglomerates.

Further we observed inhomogeneities in the dispersed
area itself as indicated by different G-band intensities
relative to the PMMA peaks (Fig. 4).

Moreover these intensity variations are accompanied by
adifference in the G -peak position —a more intense G band
exhibits a larger G™-peak downshift from its position in the
source CNT material. Actually this observation holds not
only for the dispersed area but can be extended to the
agglomerates exhibiting much larger G downshifts.

As the detailed analysis of these observations goes
beyond the scope of this article, we refer to an upcoming
work which will comprise a more detailed study of the D/G™*-

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 Raman spectraof CNT agglomerate (1) and two different
spots (2 and 3) in the dispersed area of composite collected at
15.6kW/cm? with 2.33 eV photon excitation energy. Inset: G-band
area of the spectra normalized to maximum G intensity. The line
drawn through G-band maxima is just guide to the eyes.

intensity ratio of both the PMMA—-CNT composites and the
source SWCNT material before and after functionalization
[19].

4 Conclusions In summary we studied the boundary
region between SWCNT aggregates and the dispersed phase
of a SWCNT-PMMA composite material by Raman
imaging. The width of this boundary area varies with the
agglomerate size. A drop in G intensity accompanied by an
increase of the D/G™ ratio was observed from aggregated to
dispersed area indicating a lower CNT concentration and
also that the dispersed phase contains preferentially
functionalized SWCNTSs. Furthermore, we observed inho-
mogeneities in CNT distribution even in the dispersed phase
stemming from the G-band intensity difference and
downshift.
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Abstract.

We have carried out a resonant Raman spectroscopy study of a composite material made of
a PMMA polymer host and functionalized SWCNTs and of the source SWCNT material before
and after functionalization. In order to preferentially probe metallic and semiconducting SWCNTs,
two laser excitation energies (1.96 and 2.33 eV) were used. Examination of the D/G*-intensity
ratio of the SWCNT material before incorporation into the composite showed a higher value
for functionalized than for the raw SWCNTs. Furthermore, the metallic nanotubes exhibited a
higher degree of functionalization. Raman spectral imaging revealed some inhomogeneities of the
CNT distribution in the composite material: the spectra of the areas with good CNT dispersion in
the composite exhibit a higher D/G*-intensity ratio than in areas with CNT agglomerates indicating
that functionalized CNTs are preferentially dispersed in the polymer matrix while non
functionalized ones tend to group together in agglomerates. This underlines the importance of
functionalization so as to optimize CNT dispersion within the host. We observed a significant
laser heating of the SWCNTSs in composites resulting in a downshift of the G*-peak position which
was much more pronounced in agglomerates than in the areas with dispersed CNTs and detected at
the very lowest laser irradiances. Such an effect might possibly lead to Raman data interpretation
errors if this downshift was attributed to other effects, for example, enhancement of CNT-host
interaction in composites. We conclude that laser heating effects generally accompany Raman
characterization of CNT-based composite systems especially for nanotubes incorporated into a non
thermally or electrically conductive matrix and underscore the importance of monitoring these

effects even at the low laser irradiance levels typically used in Raman experiments.

Keywords.

carbon nanotubes, composite, functionalization, Raman spectroscopy
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1. Introduction

As well documented in a number of recent review articlesl's, composite materials are one of the
most promising fields for the application of carbon nanotubes (CNTs) because their unique
structure and extraordinary mechanical, electrical and thermal properties suggest them to be the
perfect filler material. Among CNTs, single-walled carbon nanotubes (SWCNTSs) occupy a special
position. Consisting of just one graphene sheet rolled into a seamless tube, their diameters range
from a few to less than one nanometer, and this results in very high aspect ratios and truly one-
dimensional (1D) electronic character. Although there are many studies reporting significant

5, the

improvement of various properties of composite systems fabricated by CNT incorporation'”
full potential of CNTs has still not been reliably and reproducibly attained.

Two problems in particular arise during the synthesis of CNT-based composites which must be
overcome. Firstly, the dispersion of the filler within many matrices is still a challenge since
SWCNTs form bundles due to strong van der Waals attraction and the bundles themselves tend to
agglomerate even further. Homogeneously dispersed SWCNTs within the composite are essential in
order to maximally benefit from their presence.

A second issue is the interactions between the CNTs and the host matrix. For optimal load
transfer between host and filler, covalent linking between the two components is desirable.
However optimization is required to both maximize the load transfer from polymer to CNTs and
minimize the number of wall defects created by the covalent grafting of the functional groups on the
CNT sidewalls. Optimization is further required as concerns the choice of the functional group to
make it compatible with the polymer being used."”

One approach to solve these two problems is functionalization of the CNT source material prior
to incorporation into the host.'** Roy et al.” reported, for instance, an increased load transfer by
the use of CNT grafting by collagen which resulted in a greater critical shear stress. Others prepared

carboxylic functionalized MWCNT/polyimide composites reporting much better CNT dispersion

3
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and CNT-matrix interaction, both reflected in improved mechanical properties.** In spite of these
works which do indeed indicate some improved mechanical characteristics linked to the presence of
the CNTs, the two above-mentioned difficulties are still serious hurdles to be overcome in a
predictable and controlled manner.

For characterization of CNT-based composite systems, Raman spectroscopy is an analysis
technique of interest since it requires only little or no sample preparation and may be non
destructive. Moreover, Raman spectroscopy has been, and still is, extensively used to study

8,10,11

different effects on pristine CNTs, such as those of functionalization or of debundling

1316 as well as pressure or strain effects.'”"®  This knowledge of

treatmentslz, temperature effects
CNTs may be exploited in analyzing composite systems incorporating CNTs. Several research
groups have employed Raman spectroscopy to measure interfacial shear strength and load

71921 or to analyze doping by the matrix of the CNT fillers** while others have investigated

transfer
the physical state of the CNTs, e.g. their structural integrity™ after incorporation, the dispersion
behavior19’24’25, CNT orientation®® or the CNT interaction with the matrix material.?’

Frequently, the spectral positions of one of the CNT Raman features, e.g. the G-band or D-band,
which are known to be sensitive to outer influences (e.g. pressure, strain, charge transfer,

. 7,19.21,24,26,28
temperature), are used for such studies.

However, the spectral positions of the CNT
Raman modes are also known to be sensitive to incident laser power density due to heating
effects. >3 Although this can seriously complicate interpretation of Raman results, very little
information of these effects in composite materials is available in the literature. Kao et al.?® did
report on laser heating of SWCNTs in an epoxy incoporating non-functionaliezd SWCNTs,
showing more pronounced laser heating for the raw SWCNTSs powder sample than for the SWCNTs
incorporated in the composite.

Using resonant Raman spectroscopy, the present work reports a detailed study of the effect of

functionalization on the dispersion of CNTs within a SWCNT-PMMA composite’ and associated
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laser heating effects. This composite was found in earlier work®” to exhibit some inhomogeneity
regarding CNT distribution in the material and poorer mechanical properties than expected,
associated with the presence of CNT agglomerates. A Raman investigation of the areas of very high
CNT concentration suggested this to be correlated with a low fraction of functionalized CNTs.*
Furthermore, in the agglomerated areas and even in some areas in the phase with well dispersed
CNTs, significant G-band downshifts were observed whose origin remained unclear at that time.

In the new work presented here, the study is extended to the CNT material in its various states
before incorporation in the matrix. We focus on the role of functionalization in the composite using
the D/G” intensity ratio as a criterion for the degree of functionalization. Substantial laser heating is
found to be the reason for the large G-band downshifts at different areas in the composite leading

sometimes even to ablation of the polymeric material.

2. Experimental

The SWCNTSs used in this study were synthesized by the electric arc discharge method and
provided by Carbolex Inc. They were used without purification and in the following will be termed
the “raw sample”. Methoxyphenyl groups were attached to the SWCNT surface following a free
radical procedure.’'** The obtained functionalized samples are denoted SWCNT-PhMeO. The
methoxyphenyl groups were subsequently modified using two steps in order to obtain SWCNTs
grafted by phenolic ester groups (SWCNT-PhEster) which are polymerizable and thus able to act as
bridges between the SWCNT surface and the PMMA matrix. These two functionalization steps
modify only the PhMeO- side groups which were attached to the CNTs in the first step but do not
affect the nanotube’s surface structure any further.** The composites were prepared using an in-situ
polymerization process. The desired quantity of SWCNT-PhEster sample was added to an MMA
solution containing 0.5 wt% of benzoyle peroxide as initiator. For homogeneization, the mixture

was gently sonicated using a probe tip sonicator before polymerization initiation.
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Raman measurements were done on raw SWCNTs, functionalized SWCNTs (SWCNT-PhMeO)
and a composite sample containing 0.097 wt% SWCNT-PhEster.

A WIiTEC CRM 200 confocal Raman system in backscattering geometry was used for all
measurements. As in the previous work’**, 2.33 eV and 1.96 eV excitation energies were used
(corresponding to 532 nm and 633 nm wavelengths respectively) in order to preferentially probe
semiconducting or metallic SWCNTs respectively and thus be able to distinguish any different
behavior due to electronic structure. Raman spectra were collected using either a 600 gr/mm or a
1800 gr/mm (for laser heating experiments) diffraction grating. Laser powers were measured
directly on the sample stage and were from 0.05 to 3.68 mW. The laser beam was focused on the
sample surface onto a spot of 1 or 3.45 um in diameter using a 100X or 20X objective respectively.
Spectral image scans were done according to the procedure described elsewhere’ and Raman
spectra were taken in agglomerated and dispersed areas in the composite. The spectra were peak
fitted to determine the D/G-intensity ratio.

Fits to the D band were made with one Lorentzian peak. For fits to the G band at 2.33 eV
(excitation of semiconducting tubes), three Lorentzian peaks were used to model the G*, G and G*
components: this was also done for the 1.96 eV spectra in addition to a Breit-Wigner-Fano
lineshape since at this photon energy metallic tubes are excited. By G*, we refer to the peak
sometimes observed between about 1605 and 1620 cm™ either in strongly disordered carbonaceous
materials or in CNTs following functionalization.

Laser heating experiments were performed using the 20X objective. High resolution Raman
spectra were taken at the same spot on the sample starting with the lowest possible power to acquire
a decent quality spectrum before going to higher powers. The acquired spectra were peak fitted and

the G™-peak position was plotted against laser power density.
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3. Results

Figure 1 shows Raman spectra of the raw SWCNT and the SWCNT-PhMeO samples for 1.96
and 2.33 eV excitation energies. Based on the peak-fitted Raman spectra at both energies, Table 1
gives the ratio Ip/Igs, of integrated D to G" band intensity (the former sensitive to the number of
defects induced by the chemical treatment, the latter being the tangential vibrational mode): As
observed in the table, the first functionalization step increases the ratio by a factor of about three.

When the further-functionalized SWCNT-PhEster is integrated into the PMMA matrix, these
CNTs will be dispersed according to the state of functionalization of the individual bundles or
tubes. The more they are functionalized, the more their dispersion will be favored. As a result, the
D/G"-intensity ratio in the CNT-composite can provide information about the spatial distribution of
the functionalized CNTs in the host. Figure 2 shows representative examples of the G-band region
taken on the composite in CNT-agglomerated (top) and -dispersed (middle and bottom) regions.
The middle panel of figure 2 clearly illustrates the preponderant contribution of the PMMA matrix
in the Raman spectrum of the dispersed area. Table 1 shows average values of the integrated Ip/Ig.
ratio determined for a typical agglomerated and dispersed composite area.

It is interesting that analogous to raw and functionalized SWCNTs for which the latter manifest a
higher D/G-intensity ratio, the CNTs in the dispersed parts of the composite also manifest a Ip/Ig,,
value greater than that of the agglomerated regions: Furthermore, for both laser energies, the highest
values are observed for the composite dispersed areas, the highest value of all being for the 1.96 eV
irradiation which probes the metallic tubes. For both energies, the ratio for the agglomerated areas
is somewhat less than those of the functionalized CNTs before introduction into the polymer matrix.

While studying these composite materials we noted a large downshift of the G-band in
agglomerated areas compared to dispersed areas. Figure 3 illustrates this observation by showing
two Raman spectral maps. Figure 3(a) shows the G*-intensity manifesting the CNT concentration

and Figure 3(b) shows the G*-peak position. Areas of high CNT concentration are very closely
7
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correlated with those having a large downshift of the same band. It should be noted that the G*-peak
position of the dispersed area lies in the region where it is expected for pristine CNTs, i.e. around
1588-1590 cm'™".

It was found some time ago that the G-band position of CNTs is influenced by temperature:

higher temperature leads to a G-band downshift."*"7

Therefore laser heating experiments (as
described in the experimental section) were performed for the four previously-mentioned systems:
raw CNTs, functionalized CNTs, agglomerated and dispersed composite areas. After peak fitting,
the G™-peak position values were plotted against laser power density and subsequently fitted by
simple linear fits for laser power densities up to 20 kW/em? (at higher power densities deviation
from linear behavior was observed) to obtain peak shift rates.

Figure 4 and table 2 show the results obtained. Let us first examine Figure 4. The only
immediately obvious result illustrated here is that in all cases an increasing power density causes a
G* downshift. At both laser energies, the smallest variation is noted for one of the dispersed areas
within the composite and the greatest temperature sensitivity is noted for the agglomerated areas
within the composite. Many more results have been utilized in establishing the average values given
in Table 2. These data represent the overall behavior in spite of significant sample-to-sample
variations for a given type of the four “systems” studied. The heating rates are calculated from peak
shifts based on the equation'*:

AT = -Aw(G")/0.0258 ()
Within a given type of sample, the spot-to-spot variations differ by less than a factor of about three
except for the spots examined in the agglomerated region of the composite at the higher photon
energy; raw and functionalized CNTs show nearly the same values (1.96 eV) or slightly higher
values for functionalized tubes in the case of 2.33 eV excitation energy. For both excitations, the
G*-peak position shift of agglomerated regions is about 5-6 times stronger than in dispersed

regions. Furthermore, as illustrated for the agglomerated area of figure 4, this strong shift observed

8
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already at a very low power density, e.g., less than 0.54 kW/cm? which was a lower limit to acquire
a decent CNT Raman signal in the composite. In fact, we could not find a power-density (PD)
sufficiently low in which for this part of the composite, the G*-peak position was fully stabilized
independent of the incident laser power density. It was found that shift rates of the dispersed regions
are about the same as for raw and functionalized CNTs (2.33 eV) or smaller (1.96 eV). Table 2
clearly illustrates that the shift rates are always higher for the higher photon energy laser light.
Finally, we observed in several experiments using this excitation energy that the G*-peak position
against laser PD for agglomerates showed leveling starting at a PD > 10 kW/cm?.

It seems that the shift rate increases with increasing G*-intensity, i.e. local CNT concentration.
This is illustrated in figure 5b where we have plotted the observed G-band shift rates in three points
of the composite (see figure 5a for their Raman spectra), one in an agglomerate and two in two
different positions in the dispersed area, against their maximum G-band intensity.

We return to the plateau observed on Figure 4 for the composite cluster region using green laser
excitation. This was not observed in any other laser heating experiment done in this work. In an
additional experiment, images of the probed spot on the composite surface were taken in between
every power increase. It was observed (Figure 6) that an ablation mark appeared at the same power
density as the leveling of the G-band shift. Furthermore, Raman spectra (figure 6, left panel) show
that at a certain laser power the absolute intensity of the signal goes down. This can only be caused
either because a) the probed surface came out of focus due to ablation of material or b) the number
of scatterers, i.e. nanotubes, decreased possibly through heat-induced damage on tubes or ¢) a mix
of the two. The temperature of the nanotubes when the plateau started to appear was between 325
and 425 °C (estimated from G-band shift), well above the melting and boiling points of neat PMMA

which are about 160 and 200°C respectively.
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4. Discussion

4.1. Functionalized SWCNTs.

The functionalization procedure used allows obtaining SWCNTs that have been chemically
modified as expected. However, because of the high tendency of as-produced CNTs to agglomerate,
it is very difficult to obtain uniformly-functionalized tubes in any given sample. Indeed, the high
surface energy associated with the van der Waals forces tends to maintain the inter-tube binding and
even functionalization can generally not fully separate the bundles. In this case, the outer walls of
bundles” outer tubes are strongly grafted, as volumetric adsorption experiments have shown.’! A
second point concerning the uniformity of functionalization is that earlier works carried out by our
group'” and elsewhere’®® have shown that metallic or small-diameter semiconducting tubes are
preferentially functionalized. As a consequence of these two considerations, any functionalized
SWCNT sample contains tubes bearing different functionalization levels according to the metallic
or semiconducting nature of the individual tube as well as according to their position within a
bundle.

It is well known that modifications of the SWCNT structure upon covalent functionalization
can be evidenced by Raman spectroscopy. Several features are considered as signatures of this. If
the degree of functionalization is high enough, the intensity of the D band with respect to that of the
G" band is expected to increase due to the addition of sidewall defects created by the attachment of
functional groups. In our case, the increase of Ip/Ig, being as high as a factor of 3 (c.f. Table 1)
allows asserting that we have efficiently grafted functions to the sidewalls of the raw samples. Such
grafting may also affect the other spectral features through mass and charge transfer effects. Finally,
the introduction of grafting-provoked defects may also induce a second disorder-induced band,
designated G*, appearing as a high-frequency shoulder of the G band, located at about 1605-1620

39-41

cm’'. This disorder-derived band has occasionally been indicated for CNTs but has been known

. . . . . 42.43
for a considerably longer time in less organized carbonaceous materials.™

10
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4.2.  Functionalized SWCNT-based composites.

We should note that those functionalized tubes integrated into the polymer matrix (SWCNT-
PhEster) have undergone two additional steps with respect to the functionalized SWCNT-PhMeO.
However, we have previously found™ that the two additional steps affect only the end groups of the
initially-grafted functions and do not have any further effect on the CNTs themselves. As indicated
in §3.1, functionalization does not uniformly graft all the individual CNTs within a so-called
"functionalized sample": there always remains a mix of functionalized and non-functionalized
CNTs and CNT bundles. Thus the D’/G* intensity ratio of this sample is actually an average over

D’ is the disorder peak around 1350 cm™ containing PMMA

the different populations.3
contribution. The experimental Ip/I. results after subtraction of PMMA contribution to the D-band
using the procedure described in detail elsewhere™ illustrated in Table 1 suggest that in the
agglomerated regions of the composite, the fraction of non-functionalized CNTs is higher than in
the functionalized CNT sample, i.e. Ip/Ig is greater in the former than in the latter. The Ip/Ig, ratio
of the dispersed composite region is higher than that of the functionalized sample since the fraction
of functionalized tubes in the former is greater than in the latter. It is of interest to note that this
behavior is true for both the metallic tubes probed by 1.96 eV excitation energy and for the
semiconducting tubes probed by 2.33 eV irradiation.

This observation shows that functionalized SWCNTs are preferentially dispersed in the PMMA

matrix as intended while preferentially the non- or lesser-functionalized fraction forms the

aggregates.
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4.3. Heating effects

It is known that the G*-peak position is sensitive to pressure'®, temperature'*"”, strain® or charge
transfer’® and possibly provides information about interactions between CNTs and the polymer host
within a composite. However, it was unexpected that a G*-band downshift was always observed in
areas showing a high CNT concentration (c.f. figure 3), i.e. areas with a lower fraction of
functionalized CNTs. Logically such areas should show a lower interaction between the CNTs and
the polymer matrix. We excluded charge transfer as a possible reason for the observed downshift;
pressure was also unlikely to be the reason as a downshift of the G-band would imply a pressure
lower than atmospheric. There is no reason here why areas of highly agglomerated CNTs should
show pressures lower than those of well dispersed CNT areas. Tensile strain would also lead to a
downshift of the CNT G-band but again we find no reason why areas of agglomerated CNTs should
experience more tensile strain than well dispersed areas.

There may be one small effect related to the stress imposed by embedding the CNTs in the
polymer host. Indeed, the G*-peak positions of both agglomerated and dispersed areas at the lowest
used laser PD are all located between 1589 and 1592.5 cm™ whereas for raw and functionalized
tubes the G*-peak position is located around 1588-1590 cm™. This small upshift in the composite
relative to pure CNT systems could, in agreement with Hadjiev et al. be explained by a small stress
applied to the tubes during the curing of the composite.'’

Figure 4 clearly illustrates that for a given power density, the G*-frequency downshift is greater
for the higher photon energy. Taking into account all the above considerations, we conclude that the
greater downshift of agglomerated areas of the composite relative to dispersed areas can be
attributed to laser induced heating effects. While equation (1) holds only for pure SWCNT systems,
it most probably also provides a rough first estimation in the composites. Examining figure 4 in the
light of this equation, we observe that for the given representative samples shown, beyond a power

density of 10 or 20 kW/cm?, the temperature has risen by 200 °C or more and continues to do so as
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the PD increases further. This is true in all cases except at 2.33 eV for the agglomerated region
within the composite. Here, the decrease in G*-band frequency is extremely rapid, i.e., the
temperature has risen very quickly, well above the melting temperature of PMMA, which is
between about 130 °C and 200 °C according to the reference cited and the exact state of the
polymer. In all experiments using this excitation energy, the G*-peak position against laser PD for
agglomerates showed leveling (c.f. figure 4) starting at a PD > 10 kW/cm®. We explain this by the
fact that at the same time ablation of the probed surface was observed which inhibited any further
temperature increase and thus any further downshift of the G-band. At the same time, the absolute
intensity of the CNT Raman signal went down. A reason could be defocusing resulting from the
ablation of material on the surface.

One might question whether functionalization plays a role in CNT heating. From our
experimental data it becomes clear that this much higher heating rate in agglomerated regions
cannot be due to the functionalization of the CNTs before incorporation in the composite since as-
produced and functionalized CNTs show comparable peak shift values (Table 2). Further, if one
takes into account that the fraction of functionalized tubes is presumably higher in the dispersed
composite area than in the agglomerated area, G'-peak shift rates should also be higher in the
dispersed area if it was due to functionalization. But this is not observed.

Laser-induced heating effects in carbon nanotubes have been noted in several previous works
142930 but much less is known on thermal effects in CNT composite material. Interestingly Kao and
Young28 examined a composite material with an almost equal loading to ours (0.1%) and they
employed a He-Ne laser of 633 nm wavelength. They found a lower shift rate of G band (exhibiting
qualitatively similar behaviour to G-band downshift) for the composite than for the pure CNTs and
their CNT heating rates are compatible with those of the dispersed composite area in our work.

To the best of our knowledge, such a huge spatial difference in the heating behavior in a

composite has never been observed elsewhere. An interesting question is the physical origin of
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these different heating rates. We propose the following factors. As CNTs are very good light
absorbers, one explanation could be the better dispersion and lower concentration of CNTs in the
dispersed area which means less absorbers per unit volume resulting in less heating. If, on the other
hand, we take into account that CNTs in the dispersed area exhibit a higher fraction of
functionalized tubes then they might be expected to be better coupled to the matrix and thus more
efficiently dissipate their heat. Thirdly the physical state of the CNTs could also have some effect. It
is known that individual CNTs show much better heat dissipation than bundled CNTs. In the
composite material, the smaller bundle size or perhaps even the individualized state of some CNTs
in the dispersed areas would result in a lower laser heating effect as well. However for the moment
we have no quantitative information on the bundle size in the dispersed area. It may well be that all

these factors contribute simultaneously to some extent.
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Conclusions

In this work, we have carried out a resonant Raman spectroscopy study of a composite
material made of a PMMA polymer host and functionalized SWCNTs and of the SWCNT
material before and after functionalization. Examination of the D/G-intensity ratio of the
SWCNT material before incorporation into the composite has shown a higher value for
functionalized than for the raw SWCNTs. CNT Raman spectra of dispersed areas in the
composite manifest a higher D/G" intensity ratio than in aglomerated areas and even than in the
SWCNT-PhMeO sample indicating that they contain a significant fraction of functionalized CNTs.
Functionalized SWCNTs are preferentially situated in the dispersed composite area. All these
results underline the importance of functionalization so as to optimize CNT dispersion within
the host.

Laser heating gives rise to a significant downshift of the G*-peak position with increasing power
densities. This is attributed to an increase of local temperature, already observable at the lowest
laser power densities for 2.33 eV irradiation for agglomerated areas. This effect might possibly lead
to Raman data interpretation errors if this downshift was attributed to other effects, for example
enhancement of CNT-host interaction in composites. We conclude that laser heating effects
generally accompany Raman characterization of CNT-based composite systems as they always
exhibit inhomogeneities of nanotube distribution in the matrix. It is therefore very important -
especially for CNTs incorporated into a non-thermally or -electrically conductive matrix - to use a
laser power density as low as possible and monitor position of G* peak vs laser power density on
the irradiated sample surface. As our work has shown, in those areas of a composite in which there
is some level of aggregation, the heating effects are even greater and may lead even to polymer
ablation. Laser ablation of the material (PMMA) via CNT heat absorbers can be used for patterning
of PMMA (or other polymer) matrix with micron resolution for different applications, for example,

manufacturing microfluidic systems.
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Possible explanations of the agglomerated CNT heating have been proposed but certainly further

work is required to answer some of the still-open questions.
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Figure Captions.

Figure 1. Raman spectra for raw SWCNT (upper panels) and SWCNT-PhMeO (lower panels) for
the two used laser energies.

Figure 2. Raman spectra of composite agglomerated (a and b) and dispersed areas before (c and d)
and after subtraction of the PMMA Raman contribution (e and f).

Figure 3. Raman maps of 0,097 wt% composite: a) plot of G*-intensities illustrating spatial
distribution of CNTs. b) plot of G*-peak position illustrating spatial distribution of peak shift.
Figure 4. Results of representative laser heating experiments. Symbol assignment: raw CNTs — full
squares, functionalized CNTs — open circles, composite aggregates — full left pointing triangles,
composite dispersed area 1 — up-pointing half filled triangles, composite dispersed area 2 — down-
pointing half filled triangles.

Figure 5. a) Raman spectra (2.33 eV) for agglomerate (1) and two different spots in dispersed area
(2, 3). (b) Nlustration of the correlation between the absolute Raman intensity and downshift of the
G-band.

Figure 6. Raman spectra collected from a probed spot for increasing laser power densities (left
panel); area of probed spot before and after the experiment showing the ablation mark at the laser

spot position (right panel).
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Tables.
Table 1: Average D/G" integrated peak intensity ratios of investigated systems for 2.33 and 1.96 eV

excitation energies (PMMA contribution to the D-band peak was subtracted).

©CoO~NOOOP»WN-=

Table 2: Laser heating effect observed in different investigated systems for 1.96 and 2.33 eV

13 excitation energies.

Table 1

composite
agglomerated
area

composite
dispersed area

21 D/G* intensity ratios for | as-produced SWCNT-
22 SWCNT systems Carbolex PhMeO

24 2.33 eV 0.38 1.41 0.52 1.84

26 1.96 eV 1.23 3.68 2.02 3.90
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Table 2
2.33 eV 1.96 eV

SWCNT systems G*-shift rate heating rate G*-shift rate heating rate
[cmt/ [K/ [cmt/ [K/

(kW/cm?)] (kW/cm?)] (kW/cm?)] (kW/cm?)]
aségiggi‘fd -0.077 2.98 -0.055 2.13
SWCNT-PhMeO -0.127 4.92 -0.06 2.33
composite 0578 22.40 -0.089 3.45

agglomerated area

composite dispersed 0125 484 -0.031 1.20

area
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