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Introduction

Carbon nanohorns (CNHs), a subclass within the carbon
nanotube (CNT) family, consist of tubular graphene sheets
with conical ends, which covalently interact with each other
to form a secondary spherical superstructure, resembling the
dahlia flower.[1] Due to their unique structure, CNHs have
been already proposed for diverse nanotechnological appli-
cations, including gas adsorption and storage,[2] fuel cells,[3]

and catalytic nanoparticle supports.[4] Moreover, CNHs are a
promising material for biotechnological applications,[5] be-
cause they are a metal-catalyst-free material, in marked con-
trast to CNTs. However, like CNTs, a major drawback for
CNHs is that they are not soluble in organic or aqueous
media.

During the last few years, CNHs have been studied in
terms of surface functionalization, which eventually allows

dissolution in a variety of solvents or water.[6] Independent
reports from our group and others,[7–12] focused on the cova-
lent (either at the sidewalls or the conical tips) or noncova-
lent functionalization of CNHs, with low-molecular-weight
organic compounds. Briefly, pyrrolidine-,[7] amine-,[8] aryl-,[9]

and cyclopropane-functionalized[10] CNHs have been report-
ed. Oxidized CNHs have also been prepared and condensed
with amines, forming novel hybrid materials.[11] Additionally,
CNHs have been solubilized upon noncovalent p–p interac-
tions with aromatic flat molecules such as pyrenes and por-
phyrins.[12]

However, the polymer functionalization of CNHs has yet
to be fully explored, as has been done for CNTs.[13] In partic-
ular, based on the grafting-to approach, only the covalent at-
tachment of polyethylene oxide[14] and polyisoprene or poly-
isoprene-b-polystyrene[15] has been reported by our group.
In the grafting-to methodology previously applied, polymer
chains, already prepared, were attached to CNHs. Moreover,
the synthetic protocols utilized require either the previous
oxidation of the CNHs[14] or the use of demanding high-
vacuum techniques.[15] On top of this, the polymers used to
decorate the surface of CNHs contribute only to the solubi-
lization of the carbon nanostructure and since they do not
contain functional sites, the formation of a novel hybrid ma-
terials for further exploitation is not possible. To overcome
such deficiencies, our group has prepared a “functional”
poly[styrene-b-(sulfamate/carboxylate isoprene)] block poly-
electrolyte (CSI), which has been subsequently utilized for
decorating the surface of CNHs[16] and CNTs.[17] The block
polyelectrolyte decorated CNHs were further used for the
templated formation of gold nanoparticles to give rise to
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CNH/CSI/Au nanohybrids.[16] In the case of the CNT/CSI
nanosystem, CdS nanoparticles were formed in the polyelec-
trolyte corona of the carbon nanotube/block copolymer
nanoassembly and the final CNT/CSI/CdS nanohybrid[17] ob-
tained was exploited as a new active nanomaterial for the
construction of a photoelectrochemical cell with about 7 %
incident photon to photocurrent efficiency.[18]

Herein, we describe a quick and facile protocol for the co-
valent functionalization of CNHs, using in situ bulk free rad-
ical polymerization of methacrylic acid. The formed polymer
is a polyelectrolyte, offering a large number of ionic groups
all around the skeleton of CNHs and thus facilitating water
solubility. Moreover, we took advantage of these ionic sites
to direct the synthesis of gold nanoparticles on the surface
of the polymer-decorated hybrid material.

Results and Discussion

Covalent functionalization : The tendency of carbon struc-
tures, like carbon black, to react with free radicals has al-
ready been reported in the literature.[19,20] Moreover, it has
been found that the induced radicals, on the CNTs by the
free radical initiator, trigger the grafting of polymer
chains.[21] The covalent functionalization of CNHs was per-
formed by in situ bulk free radical polymerization of a vinyl
monomer in the presence of the CNHs. This is a one-pot re-
action, in which pristine CNHs are used in the reaction flask
from the beginning. Additionally, it must be highlighted that
the functionalization reaction proceeds quite fast and only
commercially available reagents are used. The in situ syn-
thesis of poly(methacrylic acid) (PMAA) in the presence of
CNHs was performed in an inert atmosphere of N2 to avoid
deactivation of the radicals due to atmospheric oxygen. Ini-
tially, all the reagents (monomer, initiator, and CNHs) were
introduced in a flask and the temperature was raised to
65 8C. It is well known that the initiator, 2,2’-azobisisobutyr-
onitrile (AIBN), is homolytically decomposed at this tem-
perature by eliminating N2. The as-formed radicals could
react either with the vinyl monomers, thus initiating the
polymerization, or with CNHs. Subsequently, there are three
possible and distinct scenarios: 1) the polymerization will be
terminated by disproportionation of the growing polymer
chains, 2) a growing polymer chain will covalently bind to
the surface of the CNHs by attack of the active polymer
chain end to the carbon skeleton, and 3) polymerization of
the monomer by radicals present on the CNH surface. The
above scenarios can take place simultaneously, leading to a
mixture of free polymer chains and polymer-functionalized
CNHs (Figure 1). Finally, after 15 min, the reaction mixture
became solid and the reaction was terminated by exposing
the reagents and the products to atmospheric oxygen, where
all existing radicals are deactivated. The obtained crude re-
action product gives stable ink-like solutions in methanol
and in basic aqueous media (pH 12). The aforementioned
stable colloidal solutions are indirect evidence of the suc-
cessful preparation of the hybrid nanomaterial.

To isolate and characterize the pure polymer-functional-
ized CNHs, part of the material was dissolved in aqueous
media at pH 12, followed by extensive filtration through a
Teflon membrane and subsequent washing with a large
amount of solvent until no polymer could be detected in the
filtrate. An aqueous solution of NaOH (pH 12) was used for
washing the sample, since methanol is a toxic and volatile
solvent. Moreover, at pH 12, the polymeric carboxylic acid
side groups are in their dissociated form as carboxylate
groups. In this form, the development of hydrogen bonds
between the carboxylic groups is limited; therefore, remov-
ing the free polymer chains is easier. It is important to men-
tion that, because of the solvent used for the purification of
the sample, the covalently attached chains on CNHs are in
the sodium salt form in the final purified material.

The purified polymer-functionalized material, namely,
CNH–PMAA, the crude reaction product, CNH–PMAA
with free PMAA, as well as the isolated free polymer,
PMAA, were characterized with the aid of a number of
complementary spectroscopic, thermal, and microscopy
techniques. The UV/Vis-NIR spectra of the above materials,
in aqueous solution, at pH 12, are given in Figure 2. The re-
corded spectra indicate that the CNH-containing samples

Figure 1. Illustration of the covalent functionalization of CNHs by in situ
free radical polymerization of methacrylic acid.

Figure 2. UV/Vis-NIR spectra of CNH–PMAA (black), crude reaction
product (gray), and PMAA (dashed).
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have a sloping baseline and a peak maximum at 270 nm,
which is consistent with the structure of the CNHs.[14,15]

Moreover, the PMAA sample shows no absorbance in the
whole spectrum, with the only exception at the high energy
range, where a large absorption is observed. The same ab-
sorbance is also recorded in the crude reaction product, in-
dicating the existence of free polymer chains in this sample.
However, this absorbance is only partially observed in the
spectrum of the hybrid CNH–PMAA, indicating that there
is a relatively small amount of the polymer in the final
hybrid nanomaterial (i.e., only the covalently attached
PMAA chains are observed).

IR spectroscopy was also utilized. The recorded spectra of
the materials are given in Figure 3. A general observation is

that many of the intense signals, which are observed in the
case of PMAA, are also recorded in the CNH-containing
hybrid material. In particular, the signals at 1170, 1557, and
1695 cm�1, attributed to C=O and C�O vibrations, indicate
the existence of polymer chains in all samples investigated.
Moreover, in the case of the hybrid CNH–PMAA, there is a
slope in the baseline, which is a usual observation when
carbon nanostructures are investigated.[14] However, no
slope is observed in the spectra of the crude reaction prod-
uct, something which can be probably explained by the rela-
tively small amount of CNHs in this product.

In addition, Raman spectroscopy was also applied to
prove the covalent nature of the functionalization. It is
known that the Raman vibrational spectrum of the CNT
family members, such as CNHs, has two bands, assigned as
D and G bands, centered at 1272 and 1598 cm�1, respective-
ly. The G band is associated with the vibrations of sp2-hy-
bridized carbon atoms, whereas the D band is attributed to
sp3 single-bonding atoms and corresponds to the CNH core
and the defect sites of the nanostructure. Upon covalent
functionalization of CNHs, a number of defect sites are
formed; therefore, an increase in the D band intensity is ex-

pected. However, as we have previously demonstrated in
detail, for the covalent functionalization of CNHs with
other macromolecular chains, the D band intensity is only
slightly increased.[15] Indeed, this is the case when the
Raman vibrational spectra of pristine CNHs and of CNH–
PMAA are compared, as shown in Figure 4. Nevertheless,

even this slight increase is attributed to an increase of the
defect sites, which is the result of the covalent attachment of
the polymer chains to the skeleton of the CNHs.

The amount of polymer in the samples can be easily cal-
culated by performing thermogravimetric analysis (TGA)
experiments. The results, which were obtained by TGA, are
given in Figure 5. First, it has to be noted that CNHs are
thermally stable at temperatures up to 600 8C, under an
inert atmosphere. Therefore, the decrease in the sample
weight, recorded for the pure CNH–PMAA and for the
crude reaction product, is assigned to polymer decomposi-

Figure 3. IR spectra of CNH–PMAA (black), crude reaction product
(dashed), and PMAA (dotted).

Figure 4. Raman spectra of pristine CNHs (black), and CNH–PMAA
(gray), obtained with excitation at lexc =1064 nm.

Figure 5. TGA thermographs of pristine CNHs (black), CNH–PMAA
(gray), the crude reaction product (dashed), and PMAA (dotted), ob-
tained under N2.
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tion. Consequently, the calculated polymer amount in the
hybrid CNH–PMAA is about 50 wt %. However, since
direct determination of the polymer molecular weight is not
feasible, due to the presence of CNHs, the estimation of a
number for the functionalized sites is not possible. Interest-
ingly, the calculated polymer amount for the case of the
crude reaction product is quite low, about 80 wt %. Consid-
ering that the initial weight ratio of monomer/CNHs was
100/1 the aforementioned result seems to overestimate the
presence of CNHs. The above could be explained by consid-
ering a degree of monomer polymerization less than 100 %,
that is, there were monomers that were not polymerized,
probably due to the presence of CNHs and to the limited
polymerization time. However, at this stage it should be
mentioned that, since the polymer is not completely decom-
posed at 600 8C, a corrected value was calculated for the de-
termination of the polymer content.

The structural characterization of the nanohybrid CNH–
PMAA was performed by HR-TEM. The recorded HR-
TEM image, shown in Figure 6, indicates that the unique

structure of the CNHs is retained after the covalent attach-
ment of the polymer chains. In particular, the spherical
shape of the assembly and the conical end of the tubes are
all preserved in the functionalized material. Moreover, the
overall size of the nanohybrid is measured to be about
100 nm, which is the same with that of pristine CNHs. How-
ever, parallel to the preservation of the basic structural char-
acteristics of CNHs, the functionalized nanohybrid is soluble
in aqueous media, in marked contrast to the pristine CNHs.

Deeper investigation of the structure of the material was
achieved by dynamic light scattering (DLS), a technique
that permits the characterization of the nanohybrid in aque-
ous solution.[22] Importantly, in contrast to elongated CNTs,
DLS can be used in a more straightforward manner for
CNHs, due to their secondary spherical aggregate structure.
The measurements were performed on very diluted samples
to avoid absorbance phenomena and to diminish the interac-
tion between the nanohybrid particles. The results, as they
have been analyzed by using the CONTIN algorithm, for a
scattering angle of 908, are given in Figure 7. Based on that,

the apparent hydrodynamic radius (Rh) of the nanohybrid is
about 160 nm. Moreover, there is only one dispersed popu-
lation in the solution. The calculated apparent Rh of the
sample is not comparable with that calculated by using HR-
TEM. However, the above difference can be explained
when considering that in DLS the apparent Rh is measured
in solution and characterizes the overall size of the nanohy-
brid particles, that is, that of the carbon nanostructure, of
the polymer chains and the hydrodynamic interactions be-
tween the polymer chains combined.[15,22] In contrast, when
using HR-TEM, only the carbon framework of the CNHs in
the solid phase is visible in the images, since isolated and ex-
panded polymer chains are not observed with electron mi-
croscopy. However, the situation is completely different in
solution, in which the polymer chains are expanded, chang-
ing the volume of the nanohybrid.

Gold nanoparticles loading onto CNH–PMAA : Gold nano-
particles have attracted the interest of the scientific com-
munity, mainly due to their exceptional optical and catalytic
properties.[23] The synthesis of gold nanoparticles onto
carbon nanotubes has been reported previously.[24] However,
the use of highly pure CNHs, due to the absence of any
metals, as well as the spherical superstructure of the CNHs
considerably differentiates the new material from previously

Figure 6. HR-TEM image of CNH–PMAA nanohybrid.

Figure 7. Hydrodynamic radius (Rh) distribution for CNH–PMAA in
water, as obtained by Contin analysis of the correlation function for a
scattering angle of 908.
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prepared ones based on CNTs. The synthesis of gold nano-
particles (AuNP) was performed on the surface of the CNH–
PMAA, to produce CNH–PMAA/AuNP nanohybrids. This
AuNP preparation demonstrates the potential of the pre-
pared CNH–PMAA material to act as a nanotemplate.
Briefly, auric acid was added to CNH–PMAA and subse-
quently gold ions were reduced with the aid of hydrazine,
similar to our previous methodology.[16] The UV/Vis absorp-
tion spectrum of the CNH–PMAA/AuNP nanohybrid materi-
al after the addition of hydrazine is shown in Figure 8. The

characteristic signal centered at 565 nm is attributed to the
gold nanoparticles formed.[16] Moreover, based on the posi-
tion and the width at half-height allowed to estimate the di-
ameter of the nanoparticles to be approximately 3 nm. Ad-
ditionally, the signal present at 310 nm is a redshift of the
characteristic CNH absorption band, which is likely caused
by interactions between the gold nanoparticles and the
CNHs.[16]

The visualization of the gold nanoparticles attached to
CNH–PMAA was performed by HR-TEM (Figure 9). The
microscopy images indicated that the nanoparticles were
formed on the CNH surface. Furthermore, the measured di-
ameter of the nanoparticles (about 5 nm or less) is in good
agreement with the one calculated above obtained by using
the absorption spectroscopy measurements.

Finally, the successful synthesis of gold nanoparticles was
also verified by energy-dispersive X-ray spectroscopy
(EDX) measurements. The Z-contrast image and the corre-
sponding EDX spectrum are given in Figure 10. The experi-
mental results indicate the successful formation of the nano-
particles at the surface of the CNH–PMAA nanohybrid.

Conclusion

The fast, one-pot synthesis of covalent polymer-functional-
ized CNHs is described herein. The covalent approach has
been realized by in situ bulk free radical polymerization of a
methacrylic acid in the presence of CNHs leading to water-
soluble CNH–PMAA nanohybrids. The hybrid material is
characterized by using a wide gamut of techniques, which in-
dicate the coexistence of polymer and CNHs in the final
hybrid and the preservation of CNH structural characteris-
tics. Finally, CNH–PMAA was used as a template for the
synthesis of gold nanoparticles by reduction of gold ions. In
particular, gold nanoparticles were localized at the periph-
ery of polymer-decorated CNHs, as a result of complexation
between negatively charged polymer chains and gold ions.

Experimental Section

Materials : Carbon nanohorns were synthesized from pure graphite tar-
gets by CO2 laser ablation of graphite in the absence of any metal cata-
lyst under an inert Ar atmosphere (760 torr) at room temperature.[1] The
solvents and monomers utilized were purchased from Aldrich and used
without further purification.

Covalent functionalization : The covalent attachment of polymethacrylic
acid onto the side walls of the CNHs was realized by in situ bulk free
radical polymerization of methacrylic acid in the presence of CNHs. In
particular, methacrylic acid (3.2 g), AIBN initiator (1.8 mg) and CNHs
(32 mg) were inserted in a round-bottomed flask equipped with a rubber
septum. Subsequently, the temperature was raised to 65 8C and the reac-
tion took place under an inert nitrogen atmosphere. The reaction was
stopped after 15 min by exposing the reaction mixture to the atmosphere.
The product of the reaction was a black solid, which was dissolved in al-
kaline aqueous solution (NaOH, pH 12). This solution was separated in

Figure 8. UV/Vis-NIR absorption spectrum of gold nanoparticles loaded
onto CNH–PMAA, obtained in water.

Figure 9. HR-TEM image of the gold nanoparticles loaded onto CNH–
PMAA.
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two parts. In the first one the solvent and the unreacted monomers were
removed by evaporation under vacuum (crude reaction product). The
second one was filtered through a Teflon membrane with 100 nm mean
pore diameter and washed with large amounts of distilled water to
remove the free polymer chains (purified CNH–PMAA).

Synthesis of gold nanoparticles : The synthesis of the gold nanoparticles
was performed at the surface of polymer-functionalized CNHs. In partic-
ular, an amount of bulk gold was dissolved in a concentrated solution of
HCl/HNO3 (3/1 v/v) leading to a 0.3m auric acid solution. Subsequently,
an amount of the above solution (100 mL) was added to a dilute solution
of the polymer-decorated carbon nanostructure (5 mL). This solution was
left to stand overnight for equilibration. Afterwards, a catalytic amount
of hydrazine was added for reducing the gold ions to metal nanoparticles.

Instrumentation : HR-TEM imaging was carried out by using a 002B
Topcon electron microscope operated at an accelerating voltage of
120 kV. EDX analysis was performed on a scanning transmission electron
microscope (HITACHI HD-2300) equipped with an EDX measurement

system. The UV/Vis spectra of the samples were recorded by using a
Perkin–Elmer (Lambda 19) spectrometer. Mid-infrared spectra in the
region 550–4000 cm�1 were obtained on a Fourier Transform IR spec-
trometer (Equinox 55 from Bruker Optics) equipped with a single reflec-
tion diamond ATR accessory (DuraSamp1IR II by SensIR Technologies).
Typically, 100 scans were acquired at 4 cm�1 resolution. Raman spectra
were measured on a Fourier transform instrument (RFS 100 by Bruker
Optics) employing approximately 350 mW of the Nd:YAG 1064 line in a
back-scattering geometry. The spectra were measured at 2 cm�1 resolu-
tion and typically represent averages of 11 000 scans (11 sets of
1000 scans). Thermogravimetric analysis of the sample was accomplished
by using a TGA Q-500 instrument (TA Instruments) with a heating rate
of 10 8C min�1. Light scattering experiments were performed on a ALV/
CGS-3 Compact Goniometer System (ALV GmbH, Germany), using a
JDS Uniphase 22 mW He–Ne laser, operating at 632.8 nm, interfaced
with a ALV-5000/EPP multi-tau digital correlator with 288 channels and
a ALV/LSE-5003 electronics unit for stepper motor drive and limit
switch control.
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