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A high-speed vibration milling (HSVM) method was applied to synthesize water dispersible single-
walled carbon nanohorns (SWNHs). Highly reactive free radicals (HOOCCH,CHje) produced from
an acyl peroxide under HSVM conditions react with hydrophobic SWNHs to produce a highly water
dispersible derivative (f-SWNHs), which has been characterized in detail by spectroscopic and
microscopic techniques together with thermogravimetric analysis (TGA) and dynamic light scatter-
ing (DLS). The carboxylic acid functionalized, water-dispersible SWNHs material are versatile

precursors that have potential applications in the biomedical area.

Introduction

Carbon nanomaterials have been attracting great attention
as novel biomaterials for potential use in the field of nano-
medicine.' Single-walled carbon nanohorns (SWNH) re-
ported by Iijima et al. in 1999 are similiar in structure to
single-walled carbon nanotubes (SWNTs). In contrast to
SWNTs, high-purity SWNHs are produced by laser electric
arc vaporization of pure graphite without the use of metal
catalysts, thereby making them very cost-effective. SWNHs
are typically composed of tubes of about 2—3 nm in diameter
and 50 nm long with closed conical tips.* During the synthesis
process, SWNHs aggregate within spherical structures with
diameters between 40 and 200 nm. The aggregate diameter
depends on the individual SWNHs length which can be
adjusted from roughly 5—>50 nm by limiting the growth time
with an adjustable pulse-width laser.* The specific surface
area can easily be increased from ~500 m?/g to over 2000 m?/
g by oxidative activation treatments, which open slit pores to
access the inner surface of the SWINHSs. The large specific
surface areas and variable porosity of SWNHs make them
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promising candidates for hydrogen and methane storage,””®
and catalyst electrodes in fuel cells.” Because SWNH are free
of metal contamination, they also can be used as laser
therapeutic agents,'™'" antiviral materials,'* carriers in drug
delivery systems (DDS),"*”'® and magnetic resonance ima-
ging (MRI) contrast agents."”
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Dispersion of this hydrophobic carbon nanomaterial
under aqueous media is a foremost challenge and prerequisite
to facilitate applications in the biomedical area. To date, a
wide variety of approaches to make carbon nanomaterials
dispersible in water have been reported, i.e., both covalent
(chemical) and noncovalent modifications.”* 2> The nonco-
valent modifications to carbon nanomaterials include using
surfactants,” 27 polymers,'*>*73! and biopolymers.*> ¢
Covalent modifications have the advantage of being more
robust during manipulation and processing in comparison to
the noncovalent dispersants. Currently, there are two main
strategies used to attach functional groups to carbon nano-
materials. The first one consists of oxidative treatment using
strong acid solutions, leading to carboxyl groups at the tips
and defect sites of the SWNHs.*”'” The second type of
covalent functionalization is based on addition reactions to
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SWNT¥®¥ % or SWNHs.*'~*” Covalent modification is often
time-consuming and complicated because of the low solubi-
lity and reactivity of SWNHs in organic solvents.*® Recently,
Rubio et al. explored a microwave irradiation method to
functionalize SWNHs,*® which dramatically reduces chemi-
cal waste and reaction times. Herein, we report a facile
strategy to functionalize SWNHs by a high speed vibration
milling (HSVM) method,* which is solvent-free, simple, and
highly efficient to render the highly hydrophobic nanomater-
ial water dispersible by covalent modification with carboxylic
acid groups. The resultant product is a versatile precursor to
SWNHs based nanomaterials for applications in materials
and health sciences.

Experimental Details

Materials. Long, metal-free SWNHs (estimated carbon
purity =95%, metal free) were synthesized by Nd:YAG (4 =
1.064 um, 20 ms pulse width, 90 J/pulse, SHz repetition rate)
laser vaporization of carbon targets into argon (latm) at
1100 °C.>® Succinic acid acyl peroxide was synthesized as
previously reported;>' Pluronic F127 was purchased from
Invitrogen-Molecular Probes.

General Characterization Methods. The proportion of func-
tional groups on f-SWNHs was estimated by thermogravimetric
analysis (TGA Q5000) in an inert nitrogen atmosphere from
room temperature to 600 °C. In a typical experiment, 6—7 mg of
material were in a sample pan and the temperature was equili-
brated to room temperature. Subsequently, the temperature was
increased to 600 °C at a rate of 5 °C/min and the weight changes
were recorded. Fourier transform infrared spectroscopic
(FTIR) measurements using an attenuated total reflectance
(ATR) sample stage were performed on a Perkin-Elmer spectro-
meter. Raman spectra were measured on a a JY UV—Vis single
monochromator (633 nm line) spectrometer with a CCD detec-
tor. UV—Vis spectra were measured on a Cary 50 (Bio, Varian,
Inc.). The transmission electron microscopy (TEM) images were
obtained on a Philips EM 420 at an accelerating voltage of 100
kV. X-ray photoelectron spectroscopy (XPS) measurements
were taken with a PHI Quantera SXM scanning photoelectron
spectrometer microprobe using Al Ka radiation. Dynamic light
scattering (DLS) measurements were carried out by an ALV/
CGS-3 compact geniometer system using a He—Ne laser of 1g =
632.8 nm as a light source and ALV/LSE-5003 multi-7 digital
correlator with 288 channels. Autocorrelation functions were
collected at six different scattering angles (30, 45, 60, 75, and 90°)
at 25 °C. CONTIN analysis>> was used to obtain the hydro-
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Scheme 1. Depiction of Functionalization of SWINHs (above)
and Photographs of Dispersions of f-SWNHs in PBS, Water, and
Acetone (0.5 mg/mL), As Well As Pristine SWNHs in Water
(bottom)”

|. Succinic acyl acid peroxide
HSVM for 1.5 h CO0H,

1. Acetone wash, centrifugation

Pluronic F127

g

water aceton vter aceton

1d b
.!::)*

SWNHs f-SWNHs SWNHs

e —
f-SWNHs

“The f-SWNHs in PBS precipitated quickly, but can be resuspended
with the addition of Pluronic F127.

dynamic radius based on the diffusion coefficient and size
distribution.

Results and Discussion

Functionalized SWNHs (f-SWNHs) were synthesized
by the HSVM method. Briefly, 5 mg of SWNHs were
mixed with 100 equiv. (mass ratio) of succinic acid acyl
peroxide. The resulting mixture was put in a stainless steel
capsule and shaken vigorously for 1.5 h (SPEX 8000
Mixer/Mill, 1725 rpm), leading to an ultrafine powder.
This ultrafine powder was washed with a large amount of
acetone and centrifuged to remove any organic residues
not associated with the SWNHs. The supernatant was
carefully decanted. This process was repeated three times
and the solid was washed with pure water once. The final
product was sonicated in pure water or acetone for 20 min
to obtain a dark suspension. The f~-SWNHs are stable in
pure water and acetone for at least several months.
Scheme 1 shows the process for the production of the f-
SWNHs and the resultant stable dispersion in water (0.5
mg/mL) and in acetone (0.5 mg/mL).

In phosphate buffered saline (PBS) solution, a trans-
parent dark solution (0.5 mg/mL) was obtained after
sonication. Unfortunately, most of the f-SWNHs preci-
pitated from the PBS solution after 30 min because of the
presence of the salt. It is reported that Pluronic F127 is a
good stabilizer in similar formulations and exhibits bio-
logical nontoxicity at concentrations less than 1%.%
Herein, we found that the precipitate in PBS or 0.9%
NaCl,q can be dispersed to give a stable homogeneous
suspension with the addition of 0.25% Pluronic F127.
The solubility of f-~SWNHs in water, PBS/0.25% Pluronic
F127,and 0.9% NaCl,4/0.25% Pluronic F127is up to 0.1
mg/mL.

(53) Lynch, R. M.; Voy, B. H.; Glass, D. F.; Mahurin, S. M.; Zhao, B.;
Hu, H.; Saxton, A. M.; Donnell, R. L.; Cheng, M. D. Nanotox-
icology 2007, 1, 157.

Chem. Mater., Vol. 22, No. 2, 2010 349

12
O
3x10*
pristine SWNHs
——-SWNHs
2x10* ”
0 o
O
-
2
. X
1x10" o
0 T T T T T T T T T T 1
1000 800 600 400 200 0

Binding Energy (eV)

Figure 1. XPS survey of f~SWNHs (red line) and pristine SWNHs (black
line).

Asshown in Figure 1, XPS survey results reveal that the
O/C atomic ratio of as-prepared f-SWNHs (13.5:86.5)
dramatically increases relative to that of the pristine
SWNHs (3.3:96.7) and no other impurities were detected
except for gold from the substrate (gold foil). Considering
the composition of the functional groups, —CH,CH,-
COOH, and the impurities in the pristine SWNHs (3.3%)
from the XPS survey, the estimated payload of functional
groups is ca. 0.4 mg/mg SWNHs.

TGA provides a quantitative estimate of the degree of
the carboxylic acid functionalization of the SWNHs.
Pristine SWNHs are thermally stable under nitrogen
atmosphere up to 600 °C, though there is a 0.81% weight
loss (Figure 2, black line). This minor weight loss is from
defects or oxygen derived impurities, which has been
confirmed by XPS analysis. In sharp contrast, there is a
24.5% weight loss of the f-SWNHs under the same
conditions, indicating the loss of organic addends. Con-
sidering the impurity-derived weight loss and the weight
loss of the f~-SWNHs up to 600 °C, the percentage of the
organic moiety attached to the SWNHs can be calcu-
lated>* to be 0.31 mg/mg SWNHs.

Attenuated total reflectance infrared (ATR-IR) spec-
troscopy indicates the presence of the covalently attached
moieties on the SWNHs. As Figure 3 shows, as-prepared
f-SWNHSs (black line) exhibit strong characteristic ab-
sorptions for —CH,—CH,— (vc—yy = 2917, 2843 cm ™ )
and COOH (vc—o = 1727 cm™ '), indicating the existence
of —CH,CH,COOH groups. The low-intensity of free
acid around 3300 cm ™' may be due to the dehydration of
the free acid when the sample was heated at 80 °C in
vacuum oven overnight. It is noteworthy that carboxylic
acid groups (—COOH, vc—p = 1727 ecm™ ') rather than
carboxylate groups (—COO ™, ve—p = 1620 cm™ ") will
facilitate further versatile modification.*->
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Figure 2. Thermogravimetric analysis (N,, 5 °C/min.) of f~SWNHs
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Figure 3. ATR-IR spectrum of f-SWNHs.

The Raman spectrum of f-SWNHs exhibits one broad
peak at 1593 cm™ ! (“G-band”), assigned to tangential
vibrations in the sp>-bonded carbon network and another
broad peak at 1323 cm ™! (“D-band”), attributed to the
disruption of the basal plane lattice due to the conical
terminated tips of the nanohorns as well as to sp’ single-
bonding carbon atoms existing within SWNHs aggre-
gates.”” These results are closely consistent with that of
aryl diazonium functionalized SWNHs, which exhibit G-
band and D-band absorptions at 1593, 1341 cm™ ', re-
spectively.** The increased intensity around the D-band
of f-SWNHSs compared with pristine SWNHs indicates
the generation of sp’-hybridized carbon atoms in the
SWNHs framework.”’

The UV—Vis—NIR spectrum (Figure 5) of the car-
boxylic acid functionalized SWNHs exhibits a featureless
broad maximum at 256 nm, then monotonically decreases
toward the NIR region,** similar to that of pristine
SWNHs except for the NIR region. This weak absorption
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Sakai, H.; Abe, M.; Yudasaka, M.; Iijima, S.; Kaneko, K. J. Phys.
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Figure 6. Representative TEM images of (a) SWNHSs and (b) f-SWNHs.
Accelerating voltage: 100 kV.

of the f-SWNHs in the NIR region could be an important
signature that will facilitate biomedical applications.'”
TEM and DLS measurements were used to explore the
morphological characteristics and particle-size distribu-
tion of the functionalized SWNHs. Typical TEM images
of -SWNHs as well as the pristine SWINHs are shown
in Figure 6, indicating that the unique structure of
SWNHs as well as their spherical aggregation were
retained. Notably, the fraction of f-SWNHs seems to be
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SWNH—COOH stored at room temperature for four days (red line) in pure water (pH 7.0) (left) and f~SWNHs in different media (right).

less than that of pristine SWNHs, because of the damage
from the high-speed vibration milling process.

The intensity-weighted size distribution of the f-SWNHs
in pure water is clearly unimodal and the average hydro-
dynamic radii of the functionalized SWNH aggregates is
ca. 80 nm for the fresh solution with an increase to 105 nm
after 4 days storage at room temperature (Figure 7).
Notably, the distribution of the stored solution spans
from 35 to 200 nm, whereas that of fresh solution spans
the range from 43 to 200 nm. The smaller aggregates from
the stored solution may be ascribed to an aggregation/
deaggregation process. The hydrodynamic radii found in
the current study are somewhat smaller than those re-
ported for functionalized SWNHs (T7 Tag Ab-SWNHs)
for which a hydrodynamic diameter of 210 nm was re-
ported.”® Significantly, our f-SWNHs are relatively
stable, as confirmed by the DLS results. That is, after 4

daysstorage at room temperature, there is increase in the
average hydrodynamic radius and broadening in the
distribution. This result is consistent with the stability
of -SWNHSs in pure water as Scheme 1 shows. In
different media, the f-SWNHs have similar size distribu-
tions, as Figure 7 (right) shows, further indicating the
stability of the f-SWNHs. The slight increase in average
hydrodynamic radii in saline/0.25% Pluronic F127
relative to those in water and PBS/0.25% Pluronic

(58) Miyako, E.; Nagata, H.; Hirano, K.; Sakamoto, K.; Makita, Y.;
Nakayama, K.-i.; Hirotsu, T. Nanotechnology 2008, /9,

075106(1—6).

F127 may be due to electrostatic screening effects by
the salt.

Conclusions

In summary, we have functionalized SWNHs with
carboxylic acid groups by a facile solvent-free high-speed
vibration milling method, which constitutes an efficient
way for the chemical modification and solubilization of
these materials. The method is complementary to other
existing functionalization routes. Because the nanohorns
are not deaggregated during the reaction and the round-
shaped aggregates remain intact in solution, the water-
dispersible f~-SWNHs may be used in biotechnological
applications, such as drug and gene delivery systems, as
well as loading of the SWNHs side-walls with desirable
functional groups for specific tissue-targeting.
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