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Single wall carbon nanotubes (SWNT) were functionalized via addition of carbon radicals,
which were generated by thermal decomposition of diacyl and dibenzoyl peroxides. Reaction
products were investigated with TEM, Raman scattering, TGA, UV—Visible spectroscopy,
FTIR, and '*H NMR. In Raman spectra of functionalized SWNT materials one of the radial
breathing modes with a maximum at 260 cm~! diminished completely. At the same time,
the intensity ratio between the G- and D-bands decreased in comparison to that in the
spectrum of raw SWNT material. From TGA measurements we conclude that SWNTs were
derivatized up to 2.9—-6.1 wt. % with functionalizing moieties. The loss of van Hove
singularities in UV—Visible spectra of functionalized SWNTs also indicates a covalent
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modification of SWNTSs.

Introduction

Single wall carbon nanotubes (SWNTSs) exhibit many
unique mechanical® and electrical properties,?3 which
depend on their diameter, chirality, and orientation.
Because of their extraordinary mechanical properties
(strength and flexibility) SWNTSs, like conventional
fibers, may be used as a reinforcing material in a
polymer matrix to form advanced nanocomposite ma-
terials.# The main reason that progress in this field of
SWNT research has been limited up to now is the
smooth surface of SWNTs, which leads to very weak
adhesion between nanotubes and polymer matrix.>6 If
functionalized nanotubes would be in the composite
instead of the as-produced SWNTSs, the interaction
between nanotubes and polymer matrix could be sig-
nificantly improved.

First attempts in functionalization of carbon nano-
tubes were limited to a few reactions of oxidation with
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different oxidants,”8° which resulted in opened and
shortened nanotubes. After this so-called acidic treat-
ment, carboxylic groups are found on open edges and
also on places where five- or seven-membered rings
existed.’® With further functionalization of carboxylic
groups the disperasabilitity of carbon nanotubes (CNTSs)
in different solvents was improved,'112 but to achieve
good incorporation of modified CNTs into the polymer
matrix the functional moieties should be more uniformly
attached to the sidewalls of CNTs.

Up to now several derivatization approaches on the
sidewalls of SWNTs have been successful, such as
hydrogenation via Birch reduction,3 fluorination,** 1,3-
dipolarcyclo addition of azomethine ylides,'®> ozoniza-
tion,6 and electrochemical reduction of aryl diazonium
salts.1718 Addition of radicals generated in situ from
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diazonium salts also yielded functionalized SWNTs.19
Recently a new approach for functionalization of SWNTs
with carbon radicals was reported by Dyke and Tour.20
The approach itself is very promising for a large-scale
functionalization of SWNTSs because the reaction itself
is preformed without any solvent.

In general, carbon radicals may be formed photo-
chemically, thermally, in oxidation/reduction reactions
by inorganic ions resulting in single electron transfer,
and by electrolysis. For the thermal generation of carbon
radicals, different precursors can be used, such as diacyl
peroxides, benzoyl peroxides, t-butyl esters of peroxy
compounds, aza compounds, and N-nitrozoanlilides.
When the radicals are generated from organic peroxides,
the reaction pathway and it's kinetic depend on reaction
conditions such as solvent and temperature and also
peroxides used as a source of radicals.?122

Here in this paper we present a new approach for
addition of carbon radicals to SWNTSs. Carbon radicals
were generated by thermal decomposition of diacyl and
dibenzoyl peroxides. Side product of the thermal de-
composition using this kind of organic peroxides is CO,,
which makes the reaction very useful for large-scale
functionalization of SWNTSs.

Experimental Section

SWNTSs (12.5 mg, origin HiPco, 3) were dispersed in 15 mL
of toluene with the help of an ultrasonic bath (5 min).
Separately, 56.1 mg of lauroyl peroxide (LP, 1) was dissolved
in 20 mL of toluene, and this was added to the SWNTs
dispersed in toluene. The heterogeneous mixture was heated
in an oil bath to the boiling point of toluene. After 3 h another
portion of LP (56.1 mg) was added to the reaction mixture,
and after 7 h the reaction was stopped. In the case of addition
of phenyl radicals, 12.7 mg of SWNTs was dispersed in 20 mL
of toluene. In addition to this dispersion, a solution of 50 mg
of dibenzoyl peroxide (DBP, 2) in 20 mL of toluene was added
and the heterogeneous mixture was also heated on the oil bath
to the boiling point of toluene as described above. Subse-
quently, after 3 h, and again after 6 h, portions of DBP (50
mg) were added to the reaction mixture. Overall the reaction
was stopped after 9 h. In both cases, the reaction mixture was
cooled to room temperature and filtered. The black residue on
the filter was washed with toluene and diethyl ether and later
dried in a vacuum.

The isolated materials were characterized with trans-
mission electron microscopy (TEM, Philips CM-20, 200 kV),
infrared spectroscopy (FTIR, FTS 7000 Series), Raman scat-
tering, proton nuclear magnetic resonance (*H NMR, Bruker
Avance DRX600AV), UV—Visible spectrometer (Varian CARY
50), and thermo gravimetric analysis (TGA, Derivatograph-
Q). Samples for TEM were prepared by dispersion of material
in methanol with the help of an ultrasonic bath. Raman
scattering experiments were preformed at ambient conditions
using argon excitation line (514.5 nm). The spectrometer was
equipped with a SPEX triplemate/CCD detector. TGA analyses
were preformed in nitrogen flow with a heating rate of 5 °C/
min. Samples for characterization with the UV—Visible spec-
trometer were dispersed in dimethylformamide with help of
an ultrasonic bath.
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Results and Discussion

As shown in Scheme 1 the reaction pathway of
thermal decomposition of LP (1) and DBP (2) results
in generation of undecyl and phenyl radicals. For the
decomposition of benzoyl peroxide, initial homolysis of
the O—0 bond leads to benzoyl radicals, which fragment
to yield phenyl radicals and carbon dioxide.?1?2 Formed
benzoyl radicals are very reactive species and they have
a high tendency to react with unsaturated systems, and
because of this it was expected that both sort of radicals
generated from DBP will readily functionalize SWNTSs.

LP and DBP were added to the reaction mixture so
that the molar ratio between generated radicals and
carbon in raw HiPco SWNT material was 0.7 for added
LP and 1.2 for added DBP, respectively. For addition
of radicals generated from organic peroxides, no de-
manding chemical equipment is needed. Also, the isola-
tion of functioanlized material is simple because once
the reaction is finished there is no need for extra
separation of either side-products or nonreacted species
from the reaction mixture.

TEM images of raw HiPco SWNTSs (3) and SWNT +
DBP (5) are compared in Figure 1. Both samples contain
dense bundle structure but the average bundle diameter
is in the case of the functionalized sample smaller than
that in the raw HiPco material. The second difference
observed from these two images, is the bundle structure
itself. The TEM image of raw SWNT material (Figure
1a) illustrates characteristic line contrast of SWNTs and
clearly indicates a bundle structure, which is not so clear
in the case of TEM images of product 5. The same was
observed in the TEM images of material 4, which are
not shown here. When the materials 4 and 5 were
prepared for TEM with the glue technique (this means
that the samples were not dispersed in any solvent
before they were deposited on a TEM grid) the bundles
were more covered with amorphous material which
indicates that presence of amorphous material is not
due to TEM grid preparation.

Before and after addition of undecyl and phenyl
radicals SWNTs were characterized by Raman scatter-
ing. Figure 2a shows Raman spectra of 3, 4, and 5 in
the high-frequency range. Spectra of 4 and 5 are
normalized to the intensity of the D-band (1331 cm™1)
in the spectrum of raw SWNT material (3). The effect
of functionalization is a lowered ratio of intensities
between G- and D-bands in the spectra of SWNT
materials 4 and 5. In these two cases this ratio de-
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Figure 2. Raman spectra of SWNTSs (3), SWNTs + LP (4),
and SWNTs + DBP (5). Raman spectra in Figure a were
normalized to the intensity of the D-band in spectrum of 1.

The inset shows spectra of 3, 4, and 5 in low-energy spectral
range. The 514.5 nm Ar laser line was used for the excitation.

creased by half and by approximately 9 times, respec-
tively. The lowered ratio in intensities between these
two bands can be interpreted as an indication for
increased number of sp2 hybridized carbon atoms1823
in functionalized SWNT material and also as an indica-
tion that the amount of SWNTs in the investigated
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material have been decreased.?*~2% Another very inter-
esting feature is that the maximums of G-bands were
shifted to higher frequencies for functionalized materi-
als; to be precise, they shifted to 1589 cm~! and 1594
cm~1 for products 4 and 5, respectively. In the spectrum
of material 5 the D-band also shifted for 12 cm™ to
higher frequencies, whereas the D-band in the spectrum
of material 4 did not shift. Moreover, the shoulder in
the G-band (at around 1564 cm~1) became more pro-
nounced in the product 4.

The inset in Figure 3a shows the Raman spectra of
SWNT materials 3, 4, and 5 in the low-frequency range.
The band which appears in this range is called radial
breathing mode (RBM) and its exact position depends
on the diameter of the nanotubes?’?® and also on the
size of the bundles.?® In the spectrum of raw SWNT
material two RBMs are observed: one with a maximum
at 179.9 cm~! and another at 260.8 cm~1. Although the
RBMs in the spectrum of product 5 are completely
diminished, one RBM is still clearly visible in the
spectrum of 4 with a maximum at 179.9 cm~1. This
observation is in agreement with the prediction and
observations that SWNTs with smaller diameters are
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Figure 3. TGA results for (a) lauroyl peroxide (LP, 1) and

dibenzoyl peroxide (DBP, 2); and (b) SWNTs raw (3),

SWNTs+LP (4), SWNTs+DBP (5). Measurements were per-

formed in nitrogen flow with a heating rate of 5 °C/min.

more reactive?328:3031 put rather in contradiction with
observations reported by Bahr et al.1® and Marcoux et
al.?® In those two papers, the RBMs in Raman spectra
corresponding to SWNTSs with a larger diameter disap-
peared as a result of functionalization. Nevertheless, the
difference of Raman spectra in low-energy region ob-
served in products 4 and 5 suggests that the radicals,
which were generated by thermal decomposition of LP,
react more readily with the SWNTSs of smaller diameter.

From TGA data of LP and DBP (Figure 3a) a total
weight loss of 100% was derived for both peroxides when
these were heated to 1000 °C in nitrogen flow. The
weight loss occurring at low temperatures (80—130 °C)
corresponds to the mass of CO,, which was formed
during the thermal decomposition of peroxy compounds
1 and 2 (Scheme 1). The second weight loss occurred in
the temperature area between 230 and 400 °C, and it
can be explained by the total decomposition of alkyl
chains and phenyl rings. In contrast, Figure 4 b sum-
marizes TGA results for SWNTs raw (3), and products
4 and 5. For raw SWNTSs, the weight loss during the
heating was rather continuous with a total weight loss
of ca. 4%. A small, hardly observable drop in mass can
be seen at 701 °C. For functionalized SWNTS, the total
weight losses in the whole heating range are about 11%
and 15% in the case of products 4 and 5, respectively.
Their TGA curves reveal two drops in mass: the first
occurs at temperature ranges between 240 and 440 °C
and 230—480 °C for the products 4 and 5, respectively,
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Figure 4. UV—Visible spectra of raw SWNTSs (3), SWNTs+LP
(4), and SWNTS+DBP (5). Spectra were measured in dimeth-
ylformamide between 400 in 900 nm.
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Figure 5. FTIR spectra of SWNTs raw (1), SWNTs+LP (4),
SWNTS+DBP (5) measured in the range from 4000 to 700
cm™L,

and corresponds to decomposition of alkyl chains and
phenyl rings covalently attached to the side wall of
SWNTSs. For the product 4 this drop in mass corresponds
to 2.9 wt. % of the whole analyzed material, whereas
for the product 5, 6.1 wt. % is estimated. This, first drop
is rather smooth compared to the second one, which is
abrupt and appears at around 701 °C. For the product
5 this second drop of mass shifted to lower tempera-
tures, exactly to 683 °C, which can be due to the higher
functionalization and also more damaged backbone
structure of SWNTSs, which is in agreement with Raman
spectra. In our case, the amount of functional moieties
attached to SWNTSs obtained by addition of radicals is
smaller than the one reported by Bahr and Tour!®
because the ratio of moles of generated radicals from
LP and DBP to moles of carbon in raw HiPco material
was smaller.

The UV-—Visible spectra of raw SWNTs (3) and
products 4 and 5 are shown in Figure 4. Findings are
the same as those previously reported for functionalized
SWNTs.16.18-20 The absorption spectrum of product 5
shows a complete loss of the van Hove singularities what
indicates covalent modification of the nanotubes. In the
case of product 4 the absorption spectra still retains
some visible features, which are less pronounced than
those in the spectrum of 3. This latter finding is in
good agreement with Raman measurements and TGA
results.
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FTIR spectroscopy was also used for characterization
of functionalized SWNT materials 4 and 5 (Figure 5).
The spectrum of product 4 clearly indicates significant
C—H stretching in the alkyl chains at ca. 2915 cm™. In
the other parts of the FTIR spectra no other significant
changes can be found, probably because of high molar
absorbtivity of SWNTs.1% In the spectrum of 5 more
absorption bands can be seen. Above 3000 cm~! a weak
stretching for sp? hybridized C—H bonds in aromatics
rings (inset in Figure 4) is observed. At smaller wave-
numbers a combination of two bands appears; the first
and more intense one is found at 705 cm™! and is
accompanied by a less intense band at 750 cm~1. This
combination is typically found in FTIR spectra of
monosubstituted benzenes. Regarding the pathway of
thermal decomposition of DBP (Scheme 1) we expected
that benzoyloxyl radical (PhCOze) would react with
SWNTs because aroyloxyl radicals add rapidly to un-
saturated molecules.?! In the spectrum of 5 (1730 cm™1)
a band is observed in the area where the stretching
vibration of C=0 bond appears. The stretching vibration
of C=0 group is always very intensivebut that is not
the case for this band; because of this fact it cannot be
confirmed that functional moieties attached to SWNTSs
contain ester groups.

In the 'H NMR spectrum of 4, which was recorded in
CDCl3, the peaks belonging to aliphatic protons were
clearly visible between 6 = 0.89 and 1.38 ppm. Two
triplets were observed: first for the terminal —CHs
group in the alkyl chain, and the second for the —CH,—
group, which are directly attached to the walls of
SWNTs at 0.89 and 1.38 ppm, respectively. The signals
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belonging to the remaining protons in the alkyl chain
were found between 1.27 and 1.33 ppm as a broad
singlet. The 'H NMR spectrum of SWNT + DBP (5) was
recorded in dg-DMSO. In this spectrum two broad
singlets belonging to the phenyl protons were observed
at 0 = 7.46 and 7.55 ppm in an intensity ratio of about
3 to 2. The peaks for protons in phenyl ring, which could
be through carboxyl group covalently bonded to the side-
walls of SWNTSs, were not observed. There are two
reasons for this: first is that no benzoyl groups are
attached to SWNTs and second is that the amount of
attached benzoyl groups to sidewalls of SWNTs is very
low.

In summary, we have shown that the addition of
carbon radicals generated from diperoxy compounds is
a reliable and easy way for functionalization of SWNTSs.
This is only the first step toward further derivatization
of so-functionalized nanotubes because SWNTs func-
tionalized with alkyl and phenyl moieties offer a wide
variety of possible reactions for further functionaliza-
tion. Functionalized SWNT materials exhibit better
dispersability in organic solvents, which should also
facilitate their incorporation into polymer matrix.

Acknowledgment. This work was carried out with
support from the European Commission (RTN Program,
NANOCOMP network, RTN 1-1999-00013). We also
heartily thank the Centre Interdisciplinaire de Mi-
croscopie Electronique (CIME) for access to electron
microscopes and technical support.

CM0310162



