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Covalent exohedral derivatizations of HiPco nanotubes, through electrochemical reduction of aryldiazonium
salts, is described. Four different aryldiazonium salts have been used under the same experimental conditions:
4-bromophenyl, 4-chloromethylphenyl, 4-sulfophenyl and 4-carboxyphenyl. Derivatized samples were
characterized through X-ray photoelectron spectroscopy and micro-Raman diffusion. The evolution of the
spectra (area of the D-band), as a function of the number of grafted groups, led us to the conclusion that the
electrochemical reduction of aryldiazonium salts into radicals gives rise to the growth of aryl chains on

the sidewalls of the nanotubes.

Introduction

With novel structural, electronic and mechanical properties,l’2
single-walled carbon nanotubes (SWNTs) constitute an
important new form of carbon that could find applications
in many fields,® depending on the possibilities to chemically
modify the SWNT walls. For example, the grafting of appro-
priate moieties on nanotubes may provide chemical selectivity
for nanotube-based SPM probes,* improve solubility and ease
of dispersions,>® provide specificity for SWNT-based molecu-
lar sensors,’ facilitate self-assembly onto surfaces,®® or pro-
vide a chemical attachment point to polymer matrices in
composites.'® According to Hirsch,!'! the different approaches
to the functionalization of SWNTs may be classified into five
categories: (a) defect-group functionalization,'>!* (b) covalent
sidewall functionalization,'*!> (c) noncovalent exohedral
functionalization with amphiphilic molecules'® or surfac-
tant,!” (d) noncovalent exohedral functionalization with poly-
mers!'® and (e) noncovalent endohedral functionalization with,
for example, Cgo.'° The grafting procedure considered in this
article falls under the classification ““covalent sidewall functio-
nalization™. It is based on the electrochemical reduction of an
aryldiazonium salt. Reduction of these salts gives highly reac-
tive aryl radicals that covalently attach to the nanotube sur-
face. This methodology, discovered at the beginning of the
nineties,”® has been first applied to carbon surfaces such as
glassy carbon,?! HOPG graphite,?* carbon fibers,”® carbon
felts®* or carbon black.?® It was recently applied to SWNTs,
either on buckypapers®® or on small individual bundles.?’” It
constitutes a simple, flexible and promising functionalization
method since it is specific (unlike methods based on strong
oxidizing conditions, such as acidic treatments) and provides
a one-step procedure for the grafting of a widespread variety
of moieties. A large number of various aryldiazonium salts
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are indeed readily available, or can be prepared from the
corresponding amine.

Our approach focuses on the electrochemical functionaliza-
tion of single-walled carbon nanotubes, using a buckypaper
electrode. Special attention has been focused to the possibility
of producing multilayer modifications through an apparent
polymerization process. Three types of diazonium salts bearing
different substituents on the aryl groups were used: 4-bromo-
phenyl, 4-chloromethylphenyl, 4-sulfophenyl and 4-carboxy-
phenyl diazonium. The extent of sidewall derivatization can
be correlated to a consistent evolution of the Raman spectra
of the grafted nanotubes. In addition, comparison of the spec-
troscopic data coming from X-ray photoelectron spectroscopy
and Raman diffusion allow us to investigate the growth of aryl
chains on SWNTs.

Experimental
Reagents

As-prepared SWNTs were obtained from Carbon Nano-
technologies, Incorporated (Houston TX, http://www.cnano-
tech.com). The method by which these nanotubes were
prepared is called the HiPco process and is based on the cat-
alytic decomposition of carbon monoxide.”® They were not
purified before functionalization, in order to avoid any oxida-
tion of the tubes before grafting. The dominant impurity is the
metal catalyst, which is encased in thin carbon shells (2-3 gra-
phitic layers) and distributed throughout the sample as 2-5 nm
diameter particles. We performed mass elemental analysis on
as-prepared SWNTs and the following molar ratios were
obtained: C/Fe = 20.8 and O/Fe = 2.1 (iron catalyst is par-
tially oxidized). Futhermore, we observed very small amounts
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of amorphous carbon. It was sometimes adsorbed on bundles,
and most often on catalytic particles. Concerning the aryldi-
azonium salts, Fig. 1 shows the four experimented compounds.
Compound 1 was obtained from Aldrich and compound 2
from Fluka. Other diazonium salts, chloromethylphenyl diazo-
nium tetrafluoroborate (3) and 4-carboxyphenyl diazonium
tetrafluoroborate (4), were prepared by standard diazonation
of the corresponding amines with NaNO, in acidic medium.**

FElectrode preparation and electrochemical grafting

In order to easily handle large sheets of nanotube thin films,
SWNTs were deposited on a non-adherent support. We chose
as a support a filtration membrane made of Teflon (Sartorius,
1 um o) since it is porous, non-adhesive, chemically inert and
electrically insulating. SWNTs are first sonicated in ethanol
(spectrosol quality) for 10 min. The obtained dispersion is then
immediately filtered through a 1 pm Teflon membrane, so as to
deposit a thin layer of SWNTs (~2 um, measured by scanning
electronic microscopy) on the support. After drying, a rectan-
gle is cut in the membrane and four holes are made at the cor-
ners. A copper wire runs through these holes, in order to form
a rigid frame. Electrical contact is ensured by a silver paint
point (PROVAC AG, silver print) between the copper frame
and the nanotube layer. The prepared nanotube film is used
as the working electrode in a three-electrode cell and immersed
in an acetonitrile solution containing the aryldiazonium salt
(1072 M) and the supporting electrolyte (tetra-n-butylammo-
nium hexafluorophosphate, 10~! M). Care is taken not to
immerse the upper part of the nanotube film supporting the
silver paint point. The counter-electrode is made with a
graphite crucible that serves as a container for the acetonitrile
solution at room temperature. The diazonium salt is reduced
by applying a potential of —1 V vs. SCE and applied for a
period of 30 min. Oxygen is removed from the solution by
bubbling argon during the experiment. The portion of the
membrane that is not immersed in the solution is excised after
reaction and the remainder is soaked in hot acetonitrile for 30
min to remove the aryldiazonium that has not reacted with the
nanotube film. It is then low density sonicated at room tem-
perature for 5 min in acetonitrile, then in chloroform, acetone
and ether. During these washing, a slight fraction of the
SWNTs leave the film and can be recovered through filtration.
The washed functionalized nanotubes are finally dried under
air at 80°C (24 h) and under primary vacuum at room tem-
perature (48 h). We noticed that none of the functionalized
samples were soluble in the solvents used for washing, nor in
dimethylformamide or 1,2-dichlorobenzene.

Spectroscopic measurements

Raman data were recorded on a Jobin Yvon T64000 spectro-
meter (CNRS-Université de Nantes), equipped with a cooled
charged coupled-device (CCD) detector. The scattering signal
was collected through a microscope in a backscattering config-
uration. All spectra were obtained at room temperature, with
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Fig. 1 Aryldiazonium salts used in this work to derivatize single-wall
carbon nanotubes.
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a resolution of 2 cm™'. The laser power on the sample was
limited to 2 uW to avoid heating of the samples.

The XPS analyses were performed with a Leybold (LHS 12)
spectrometer (CNRS-Universit¢ de Nantes). The ionizing
radiation (Koo, of Mg) was provided by a non-monochro-
mated X-ray source, working at an acceleration tension of
12 kV and an emission current of 10 mA. Argon etching was
not performed on the samples, in order to avoid any damage
of the grafted groups.

Structural characterization

SWNTs were observed, before and after functionalization,
with a Hitachi H9000-NAR (300 kV) transmission electron
microscope (TEM). Samples were prepared by evaporating
an alcoholic solution of the nanotubes onto an amorphous
carbon membrane.

Results and discussion

As a first example of grafting through the reduction of an aryl-
diazonium salt, we chose to modify the SWNTs by 4-bromo-
phenyl groups (1) since bromine atoms give a strong signal
in XPS, allowing for easy detection of the bonded moieties,
even at a low derivatization level. This diazonium has already
been used before, for the derivatization of the same kind of
SWNTs (HiPco tubes), and these experiments allow a compar-
ison with previously published results.?® 4-Chloromethylphe-
nyl (3) and 4-carboxyphenyl (4) groups were also used with
the aim of performing later chemical reaction couplings with
the attached groups, either through a nucleophilic substitution
of chlorine, or through an esterification reaction of the car-
boxylic acid. Finally, the grafting of the sulfonate compound
2 was considered as a way for providing ionic functionalized
nanotubes. Due to repulsive coulombic interactions, ionic
grafted SWNTSs are expected to be more soluble than neutral
ones.

After electrochemical modification, the SWNTs were first
examined by transmission electron microscopy. Structural
characterization by this technique showed that for all the con-
sidered aryldiazoniums, the tubular structure is clearly main-
tained after functionalization (Fig. 2). Thermogravimetric

Fig. 2 High-resolution transmission electron microscopy image of
a film of nanotubes, electrochemically functionalized with 4-bromo-
phenyl diazonium.
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analyses were also performed on a pristine sample and on
nanotubes grafted with 4-bromophenyl groups (nanotubes
were previously scratched and taken off from the Teflon mem-
brane). The conditions for both these experiments were: 5°C
min~', under air, from 20°C to 850°C. The thermogram of
grafted nanotubes showed only one step (510-550°C) of mass
decrease. So it was not possible to highlight a distinct loss of
mass specific to the grafted groups. Some thermal treatments
were also tried under argon, at 500°C, in order to recover
the pristine nanotubes and to measure the mass of grafted
groups. After such a treatment we realized, through TEM
observations and Raman spectroscopy, that most of the nano-
tubes were destroyed (loss of the breathing radial modes and
very broadened tangential modes).

To more thoroughly investigate the spectroscopic charac-
terization of the functionalized nanotubes, micro-Raman
spectroscopy appears as an efficient method to detail the
modifications of the structure of the sidewalls due to covalent
grafting. As we have previously shown in the case of the fluor-
ination of SWNTs,?® an increasing amount of sidewall deriva-
tization is consistent with: (i) a decrease of the relative
intensities of the radial modes, without any change of the fre-
quencies; (if) an increase of the relative intensity of the D-band,
without any frequency shift; (iii) a strong broadening of the
tangential modes, with a downshifted frequency. Similar evo-
lutions are expected after electrochemical modification due to
the binding of the aryl groups on the SWNTs walls. This is
indeed what we observed for the radial modes and the D-band,
as illustrated in spectra a and b in Fig. 3 of a sample electro-
chemically grafted with 4-bromophenyl diazonium tetrafluoro-
borate. In contrast, the tangential modes are hardly modified
after aryl grafting [Fig. 3(c)]: only a slight broadening can be
seen and there is no frequency shift. The evolution we observe
concerning the relative intensities of the radial modes and
D-band are the same as those previously reported by Bahr
et al®® We have tried to observe some “kinetics” of Raman
D-band growth (growth of the relative area of the D-band, as
a function of time during which the potential is applied). We
have not managed yet to observe a clear trend because of diffi-
culties in controlling local current densities. In our actual cell,
it is indeed difficult to put the work electrode back in the same
position, compared to the other two electrodes. Current
research is directed towards improving our electrochemical
cell.

In complement of the Raman diffusion experiments, X-ray
photoelectron spectroscopy allows the determination of the
stoichiometry C,R (R = aryl group), that is the number of
bonded aryl groups versus the number of carbons of the nano-
tube, by monitoring the signals specific to the elements in the
grafted groups (bromine for 1, see Fig. 1, sulfur for 2, chlorine
for 3 and oxygen for 4). A noticeable difference between
the micro-Raman experiment and XPS lies in the size of
the probed region. This question becomes important when the
homogeneity of a functionalized nanotube film is investigated.
The probed zone with Raman diffusion is very deep, more than
10 pm (that is, more than the whole thickness of the nanotube
film, about 2 um), but is not widespread in the plane of the film
(about 1 pm radius). Raman spectroscopy can therefore be
used as a way for checking the horizontal homogeneity, in
the plane of the film. In contrast, the zone probed through
XPS is widespread horizontally (several mm?), but with very
little penetration depth (around 6 nm).>*3! Since this sampling
depth is several times larger than the diameter of a HiPco
SWNT (ca. 0.7 nm),*? we can measure the variations of the
chemical composition of SWNTs. The XPS technique can be
used to test the homogeneity of the film as a function of its
depth. In our case, horizontal homogeneity was investigated
through Raman diffusion: all the samples, regardless of the
aryl group, display the same signal intensity in all areas of
the sample, indicating that all points of the surface have
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Fig. 3 Micro-Raman diffusion data collected at 676 nm. Intensities
are normalized in such a way that the intensity of the strongest tangen-
tial mode is 1. Panels a, b and ¢ plot the normalized intensities of,
respectively, the radial modes, D-band and tangential modes.

equally reacted with the electrogenerated radicals. For vertical
homogeneity, we can only perform XPS measurements on the
upper side of the film (the one that was facing the solution dur-
ing the electrochemical process) and on the lower side (the one
that was facing the Teflon membrane), which led approxi-
mately to the same stoichiometry. This heterogeneity between
front and back surfaces does not originate from differences of
accessibility to the reagent, but from the shape of the electric
current lines. The electric current at the work electrode is big-
ger on the side that faces the counter and reference electrodes
than on the other side (the “hidden” side). Since the grafting
process only occurs where electric current is, we observe a
higher front surface/back surface heterogeneity for thicker
electrodes. This effect also causes some difficulties in control-
ling local potentials. Some experiments performed with much
thicker films (buckypapers being 15 to 50 pm thick) yielded
heterogeneously grafted zones.

Fig. 4(b) shows the XPS spectrum of a film functionalized
with 4-bromophenyl groups, whereas Fig. 4(a) is the spectrum
of pristine nanotubes. The two upper inserts plot the two peaks

This journal is © The Royal Society of Chemistry and the
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Fig. 4 (a) XPS spectrum of a film of pristine nanotubes. (b) XPS spectrum of a film of nanotubes, electrochemically functionalized with 4-bro-
mophenyl diazonium [aryldiazonium salt: 10> M; electrolyte: (C4Ho)sNPFs 1072 M; —1 V vs. SCE applied for 30 min]. The O Is peak is due

essentially to oxidized catalytic iron nanoparticles.

that were considered for the determination of the stoichio-
metry: C 1s and Br 3d. The molar percentages obtained from
the integration of these peaks are C Is = 92.0% and Br
3d = 8.0%. Among these 92 carbon atoms, about 1 stems from
amorphous carbon (an impurity of HiPco tubes) and 8 x 6
correspond to the grafted aryls. The number 7 is therefore
5.4: Cs4R. Different attempts performed with 4-bromophenyl
diazonium (1) led to stoichiometries ranging from C;R to
C3R (depending on the thickness of the film). It must be
emphasized that the previously reported experiments, using
the same diazonium salt and the same nanotubes, yielded a
C»sR stoichiometry.”® Experiments performed with 2 yielded
sulfur amounts that were hardly detectable with XPS (and
the Raman spectra were unchanged after functionalization).
The stoichiometries were about C;goR. This low ratio of
grafted aryl groups on the nanotubes comes essentially from
the low solubility of the diazonium 2 in acetonitrile. Experi-
ments with 3 led to stoichiometries ranging from C;3sR to
Ce3R, and from Cy4R to C;¢R in the case of compound 4.
The values of n obtained for the diazonium compounds 1
and 4 (around 5 and even below 2) are hardly explainable if
we consider just a single layer of bonded aryl moieties. Some
previous works on the fluorination of SWNTs**** showed that
the lower limit value of n is 2: below this value, the tubular
structure is altered, contrarily to what we found from the

This journal is © The Royal Society of Chemistry and the
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TEM experiments. Moreover, in our situation grafted groups
will cause higher steric hindrance, the result being a lower limit
for n above 2. Based on simple geometric considerations, we
may expect values around 10 (in order to leave enough space
between two adjacent grafted aryl groups). Such a difference
cannot be explained by the presence of contaminant molecules
(solvent, carbonates and hydrocarbons) adsorbed on the sur-
face of the nanotube film: if carbon atoms coming from
adsorbed impurities were considered, the number n would
be even lower. Furthermore, no signals attributed to nitrogen
or chlorine, elements due to the solvents acetonitrile and
chloroform, could be seen [Fig. 4(b)].

In order to understand the causes of theses differences, we
compared the XPS and micro-Raman data originating from
the same sample. Fig. 5 represents the plots of D-band inte-
grated intensity against the stoichiometry number n derived
from XPS for the different investigated compounds. The rela-
tive area of the D-band is connected with the number of cova-
lent bonds created on the sidewalls, whereas n stems from the
number of bromines bound to nanotubes. We expect the rela-
tive area of the D-band, which is proportional to the number
of defaults on the sidewalls, to decrease as the number 7 rises
[Fig. 5(a)]. When n tends to infinity (pristine nanotubes), the
relative area of the D-band tends to 10 (measured value for
pristine HiPco tubes). The data [Figs. 5(b), 5(c) and 5(d)] do

New. J. Chem., 2004, 28, 302-307
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Fig. 5 Relative area of the D-band (Raman diffusion at 676 nm)
plotted against the stoichiometry derived from the XPS measurements.
Concerning the D-bands, the area of the strongest tangential mode,
at 1592 cm™!, is taken as a reference 100. Fig. 5(a) schematizes
the expected downward trend. Figs. 5(b), 5(c) and 5(d) report the
results for experiments performed with the diazonium salts 1, 3 and 4,
respectively.

not follow the expected downward trend. As an example, let us
focus on the results in Fig. 5(b): for different, nearly identical
D-band values (areas around 70), we observe very different n
values (ranging from 0.9 to 13, depending on the film of nano-
tubes). Fig. 5(b) shows that large and different numbers of aryl
groups can be attached to the nanotube without being seen by
the surface itself and thus indicate that these “extra’ aryl
groups are not directly linked to the walls. These results high-
light a polymerization phenomenon resulting in a structure
where the aryl moieties have reacted with the previously
attached groups. At this point, we should remember that the
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electrochemical reduction of aryldiazonium salts produces
highly reactive aryl radicals near the electrode (this is the prin-
ciple of the method) that are able to react not only on the
nanotube surface but also on any other aromatic rings such
as the already bonded aryl moieties. Such a likely reaction,
between the generated aryl radicals and the moieties bound
to the carbon surface, has already been reported by Kariuki
and McDermott in the case of an HOPG graphite surface
[Fig. 6(a)].>> As far as we are concerned, this process may
explain the results reported in Fig. 5, as outlined in Figs.
6(b) and 6(c), where the same number of nucleation sites on
the sidewalls of SWNTs (same D-band values) would corres-
pond to aryl chains of different lengths (different n values).

This polymerization phenomenon was considered by Bahr
et al. in their work on the electrochemical functionalization
of buckypapers,*® but was rejected by the authors because of
steric hindrance. This argument may eventually be justified
for bulky grafting aryls, such as 4-tert-butylphenyl, but seems
more questionable for aryl moieties such as 4-bromophenyl or
4-carboxyphenyl.>> In the present experiments, our results
provide new and clear evidence for the growth of aryl chains
and the formation of multilayers of aryl moieties on the
SWNTs for all the investigated diazonium salts.

Conclusion

The covalent bonding and growth of aryl chains on electro-
chemically functionalized nanotubes has been monitored by

c;/ o, ;‘?\ H*
OO QO

@4\ (a)

Fig. 6 (a) Grafting process of aryl radicals, in solution, onto aryl
groups bound to a graphite surface.*® The hydrogen atoms produced
by this mechanism may react either with solvent molecules, with other
aryl radicals, or with other hydrogen atoms. Illustrations (b) and (c)
schematize two samples giving rise to D-bands that have the same
intensity (same number of covalent bonds on the sidewalls of the nano-
tubes) but show different amounts of bromine in the XPS spectra. This
difference can be explained through the growth of aryl chains on
SWNTs.

This journal is © The Royal Society of Chemistry and the
Centre National de la Recherche Scientifique 2004
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comparison of complementary XPS and micro-Raman data.
Raman diffusion gives information about the carbon backbone
of SWNTs, whereas XPS informs us on the quantity of grafted
moieties. Such a polymerization phenomenon (growth of aryl
chains) has already been described in the literature, in the case
of HOPG graphite. It is therefore not surprising to observe
that a similar process occurs in the case of carbon nanotubes.
Highly reactive aryl radicals react first with certain sites of the
sidewalls. Then these sites of initial attack and functionaliza-
tion act as nucleation sites for the subsequent growth of aryl
chains. Some further studies will have to be done in order to
control (or limit) the polymerizsation phenomenon, by tuning
experimental parameters, such as the time during which the
potential is applied or the volume (steric hindrance) of the
grafted moieties.

In spite of this phenomenon, electrochemical functionaliza-
tion based on the electrogeneration of reactive radicals in the
vicinity of the nanotube surface shows several advantages,
compared to some other grafting methods, such as clean and
nondestructive chemical functionalization or selective electro-
chemical modification of individual objects. An example has
been given by Knez et al:*® among different bundles of
SWNTs deposited on a Si/SiO, substrate, only the bundles
connected with an Au/Pd electrode were modified. The elec-
trochemical generation of radicals also gives the hope to per-
form some selective chemistry on SWNTSs, according to their
electrical properties (metallic or semiconductive). In contrast,
electrochemical functionalization has some limitations due to
the fact that the reactions have to be performed on a thin film
(about 2 um) in order to get a homogeneous grafting through-
out the nanotube layer. Hence, this method is not well adapted
to the functionalization of large quantities of nanotubes.
Furthermore, if the reaction is homogeneous at the scale of
the XPS or micro-Raman probes, it may be heterogeneous
on the scale of the nanotube bundles. Due to differences in
accessibility for the diazonium salt, SWNTs on the outer shell
of a bundle are likely to be more extensively grafted than nano-
tubes inside the bundle. The in situ generation of the diazo-
nium species seems to be an interesting alternative to the
electrochemical method,” since the grafting can be performed
on dispersed nanotubes in solution. Diazonium species are
generated from the aniline derivative and isoamyl nitrite.
Larger amounts of SWNTs can therefore be functionalized
and the problem of homogeneity is less critical.
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