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“A new scientific truth does not triumph by convincing its opponents and making them see the light,

but rather because its opponents eventually die,

and a new generation grows up that is familiar with it.”
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9. APPENDIX

9.1. LASER HEATING EXPERIMENTS ON CNT –PMMACOMPOSITES
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Figure A2.
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1.96 eV excitation:

Figure A3.
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Figure A4.
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9.2. RAMAN LINE SCANS IN THE CNT –PMMA COMPOSITES

Figure A5.
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Multiscale Characterization of Single-Walled Carbon Nanotube/Polymer Composites by
Coupling Raman and Brillouin Spectroscopy
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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 SWNTs 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.1 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.2 However, these treatments must
be done in a controlled way to avoid damaging the CNT
structure and consequently alteration of their intrinsic physical
properties.3 For low functionalization levels, SWNTs within the
composite may consequently be only partially dispersed. These
obtained inhomogeneous composites are difficult to characterize.4,5

In the literature, the reported elastic properties cover quite a
large domain6 and the disappointing reinforcement generally
obtained is poorly understood.7-9 The difficulty partly arises
from the need for multiscale characterization of such materials.

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.10

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.11 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.

* Corresponding author. Tel: +33 383684641; fax: +33 383684615,
e-mail: Brigitte.Vigolo@lcsm.uhp-nancy.fr (B.V.).

† Institut Jean Lamour, CNRS - Nancy Université - UPV Metz, BP 70239,
54506 Vandoeuvre-lès-Nancy.

‡ Université de Metz et Supélec.
§ Lulea University of Technology.
| Institut Jean Lamour, CNRS - Nancy Université - UPV Metz, Ecole

des Mines.

J. Phys. Chem. C 2009, 113, 17648–1765417648

10.1021/jp903960f CCC: $40.75 © 2009 American Chemical Society
Published on Web 09/17/2009
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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
SWNTs bear only 1 function per 70-100 carbon atoms.11 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.12 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.11 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:

where λ0 is the incident wavelength.
The relation between velocity and the wave vector q is

simplified as follows:

since sin(90 - θ) ) n sin((θi)/(2)), where n is the refractive
index of the material.

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 90A13,14 (Figure 1); it permits the determination of
acoustic velocity without requiring knowledge of the refractive
index.15 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 PMMA16 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 KR1 copper radiation
(λCuR1 ) 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 μm. 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
μm with the 10× 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-1 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.17 In order to minimize these effects,
spectra shown in this paper were recorded at low power densities
in the range of 0.28 kW/cm2 to 1.7 kW/cm2 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.18 The main advantage
of this nondestructive technique is that the required size of

Figure 1. 90A scattering geometry where kbi is the wavevector of the
incident photon, kbs is the wavevector of the detected scattered photon,
and qb90A the wavevector of the involved phonon.

V )
f × λ0

√2
(1)

V ) 2πf
q

)
λ0 f

2n sin(θi

2 )
(2)

Single-Walled Carbon Nanotube/Polymer Composites J. Phys. Chem. C, Vol. 113, No. 41, 2009 17649
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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 F )
1190 kg/m3; the Poisson constant is fixed at υ ) 0.4 for all the
samples. The Young’s modulus E′ can be expressed using the
Brillouin characteristic frequency:

then

where λ0 ) 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 (Tg) as a function of SWNT
concentration. A much wider range of concentration was

investigated than for the Brillouin scattering, up to 0.6 wt %.
No significant modification of Tg (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.19 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 SWNTs 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 (Tg

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 Tg (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,8.9 in particular using
AIBN (2,2′-azobisisobutyronitrile) as initiator, the surface of
the SWNTs 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 sp2 structure increases after functionalization.20,21

It has also been occasionally reported that a second disorder-
induced band can appear as an additional feature of the overall
G band.22,23 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-1 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-1, 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-

Figure 2. Typical Brillouin response of a SWNT-PMMA composite
(CNT concentration 0.013 wt %).

E′ ) C11
(1 - 2υ)(1 + υ)

1 - υ
(3)

E′ ) F(fλ0

√2 )2(1 - 2υ)(1 + υ)
1 - υ

(4)
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rated within it. A typical spectrum of synthesized PMMA shows
several bands attributed to vibrations of different groups.24 For
the wavenumber range we are interested in, the CdO stretching
band appears around 1710 cm-1 and the CdCH bending modes
at 1500 and 1460 cm-1. Asymmetric deformation of CH2 is
shown around 1334 cm-1. For incomplete polymerization, there
is an additional peak around 1640 cm-1 corresponding to CdC
stretching in MMA.25 This bond is expected to be attacked
through a radical polymerization mechanism, leading to the

formation of PMMA during in situ polymerization. For our
composites, a very weak shoulder around 1640 cm-1 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 SWNTs. 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-1 and 1600 cm-1, 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 SWNTs 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-1 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,26 only the semi-

Figure 3. Mechanical properties as a function on CNT concentration in the composites: (a) characteristic frequency; (b) Young’s modulus.

Figure 4. Evolution of Tg as a function of the CNT concentration in
the composites. Dashed line is a guide for the eyes.

Figure 5. WAXS curves obtained on SWNT-PMMA composites.
Each curve was normalized to the maximum of the major peak obtained
for pure PMMA.

Figure 6. Typical Raman spectra obtained for the samples (excitation
wavelength 532 nm). (a) Pristine SWNTs, (b) functionalized SWNTs,
(c) aggregated SWNTs in composites, (d) dispersed SWNTs in
composites, (e) pure PMMA.
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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 SWNTs, one
corresponding to the G- mode located at 1566 cm-1 and the
other to the G+ mode at 1591 cm-1 (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-1 in Figure 7b.
A weak-intensity peak (dashed line) is observed around 1636
cm-1. It corresponds to the stretching of the CdC 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 μm. The laser scanned over
a sample surface area of 186 × 186 μm2 and 24 × 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.

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 μm (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

Figure 7. Shapes of the G bands of SWNTs in aggregates (a) and dispersed in matrix (b).

Figure 8. G+ Raman intensity maps for (a) 0.013 wt %, (b) 0.097 wt % SWNT-PMMA composites (excitation wavelength 532 nm).

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.
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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 μm, for a constant
spot size of 50 μm. Below 50 μm, the spot size is larger than
the irradiated aggregate (Figure 10a), and for aggregates larger
than 50 μm, 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
μm 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 SWNTs located on the aggregate surface and
the SWNTs situated within the aggregate significantly contribute
to the recorded Raman signal. IG*/IG+ 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, Rag, the number of SWNTs which are partially
functionalized or nonfunctionalized decreases as Rag

3. For the
functionalized SWNTs positioned at the agglomerated surface,
their number is proportional to Rag

2. The resulting behavior of
IG*/IG+ is then expected to follow a 1/Rag 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
SWNTs 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.11 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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This work is aimed at characterization of the carbon nanotube

(CNT) distribution in polymethyl methacrylate (PMMA)–CNT

composites by high-resolution Raman spectroscopy. In partic-

ular, we focus on study of the boundary regions between the

CNT aggregates 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 SWCNTs, respectively. At both

photon energies, spectral line scans across the boundary regions

were performed revealing a substantial drop in intensity of Gþ

CNT Raman mode and an increase of the D/Gþ-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.

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

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 derWaals intertube interaction is another serious hurdle,

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 sourcematerial 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 ofwall 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 themicrostructure 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 pureCNTmaterials [2, 4–11]
and CNT-based composites [12–16]. Synthesis of the
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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 Gþ-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, SWCNTswere incorporated into a
PMMA matrix by in situ polymerization [17]. A sample
containing 0.097wt.% 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 SWCNTs and thus be able to
distinguish any different behavior due to electronic structure,
two different laser excitation wavelengths were used,
namely 532 and 633 nm (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 3.45mm in diameter
using a 100� or 20� objective, respectively. Laser powers
were measured directly on the sample stage and were
typically between 0.5 and 1.5mW.

As illustrated in Fig. 1a, 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 1mm scan steps.

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
1330 cm�1 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 Gþ-peak intensity, the
D�/Gþ-intensity ratio and the intensity ratio of the D� to the
PMMA peak at 1450 cm�1 (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. Gþ intensity and D�/1450 ratio
were normalized to their maximum values.

The Raman signal of CNTs (evidenced by the Gþ

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 Gþ intensity occurs
accompanied by the appearance and decrease of the D�/
1450-intensity ratio. At the same time the D�/Gþ-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 4mm
for an agglomerate of �30mm big while it is about 20mm
wide for an agglomerate of �66mm (Fig. 2a and b,
respectively), which is indicative of its dependence on the
agglomerate size. With 1.96 eV photon energy we probe
predominantly the metallic nanotubes in our sample while
the semiconducting ones are in resonance with 2.33 eV

2 A. Mueller et al.: Raman study of inhomogeneities in carbon nanotube distribution
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Figure 1 (online color at: www.pss-b.com)
Raman spectralmapofmaximumGþ intensity
inCNT–PMMAcomposite (a) indicatingCNT
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-
sponds to one step scan of 1mm. Spectra were
collected at 1.96 eV photon excitation energy.
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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 IGþ while
increase of ID�/IGþ. However, the metallic nanotubes show a
higher level of ID�/IGþ 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 1330 cm�1 (Fig. 3), complicating the
interpretation of the D�/Gþ-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.

This raises the question if the observed increase of the
D�/Gþ-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/Gþ values are shown together with the
uncorrected ones in Fig. 2 for both excitation energies. The
correctedD/Gþ 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/Gþ-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/Gþ ratio the line scans can now be fully
interpreted. Firstly the drop of Gþ intensity indicates a
decrease of CNT concentration from agglomerate to
dispersed region. Furthermore, the increase of the D/Gþ

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
a difference in the Gþ-peak position – amore intense G band
exhibits a larger Gþ-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 Gþ downshifts.

As the detailed analysis of these observations goes
beyond the scope of this article, we refer to an upcoming
workwhichwill comprise amore detailed study of theD/Gþ-
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Figure 2 Raman data obtained from line scans through the aggre-
gated/dispersedareaboundary indifferent aggregates for (a)1.96 eV
and (b) 2.33 eV photon excitation energy. Symbol assignment: IGþ
and ID�/I1450PMMA (normalized to their maximum values) – empty
squares andhalf filled triangles, respectively; ID�/IGþ–filled circles;
ID/IGþ (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).

Figure 3 Ramanspectraofcompositedispersedareabefore (1)and
after (2) subtraction of pure PMMA spectrum (3). Spectra collected
with 2.33 eV photon excitation energy.
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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 Gþ intensity accompanied by an
increase of the D/Gþ ratio was observed from aggregated to
dispersed area indicating a lower CNT concentration and
also that the dispersed phase contains preferentially
functionalized SWCNTs. 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 SWCNTs 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 articles1-5,  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 (SWCNTs) 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 incorporation1-5, the 

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.1-5 

One approach to solve these two problems is functionalization of the CNT source material prior 

to incorporation into the host.1,2,4,6 Roy et al.7 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 
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and CNT-matrix interaction, both reflected in improved mechanical properties.8,9  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 

different effects on pristine CNTs, such as those of functionalization8,10,11 or of debundling 

treatments12, temperature effects13-16 as well as pressure or strain effects.17,18  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 

transfer7,19-21 or to analyze doping by the matrix of the CNT fillers22 while others have investigated 

the physical state of the CNTs, e.g. their structural integrity23 after incorporation, the dispersion 

behavior19,24,25, CNT orientation26 or the CNT interaction with the matrix material.27  

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, 

temperature), are used for such studies.7,19,21,24,26,28  However, the spectral positions of the CNT 

Raman modes are also known to be sensitive to incident laser power density due to heating 

effects.15,29,30 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.28 did 

report on laser heating of SWCNTs in an epoxy incoporating non-functionaliezd SWCNTs, 

showing more pronounced laser heating for the raw SWCNTs 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 composite31 and associated 
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laser heating effects. This composite was found in earlier work32 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.33 

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.  

 

 

The SWCNTs 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.31,34 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.34 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 WiTEC CRM 200 confocal Raman system in backscattering geometry was used for all 

measurements. As in the previous work32,33, 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 μm in diameter using a 100X or 20X objective respectively. 

Spectral image scans were done according to the procedure described elsewhere32 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-1 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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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 ID/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.   

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 ID/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 ID/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 
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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-1. 

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.14-17,35 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/cm2 (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 equation14: 

  T = - (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 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 
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already at a very low power density, e.g., less than 0.54 kW/cm2 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/cm2. 

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 c) 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.31 A 

second point concerning the uniformity of functionalization is that earlier works carried out by our 

group10 and elsewhere36-38 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 ID/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 

cm-1. This disorder-derived band has occasionally been indicated for CNTs39-41 but has been known 

for a considerably longer time in less organized carbonaceous materials.42,43  
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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 found34 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 

the different populations.33 D’ is the disorder peak around 1350 cm-1 containing PMMA 

contribution.  The experimental ID/IG+ results after subtraction of PMMA contribution to the D-band 

using the procedure described in detail elsewhere33 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. ID/IG+ is greater in the former than in the latter. The ID/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 pressure18, temperature14-17, strain24 or charge 

transfer36 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-1 whereas for raw and functionalized 

tubes the G+-peak position is located around 1588-1590 cm-1. 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.19 

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/cm2, 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/cm2. 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 

14,29,30 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 

Page 13 of 27

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



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. aser 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) Illustration 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). 

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

excitation energies. 

 

Table 1 
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