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Water solubilization of carbon nanoparticles (nanocarbons), single�walled nanotubes
(SWCNTs), nano�onions (NOs) and nanodiamonds (NDs) has been achieved through their
covalent functionalization by fluorination and subsequent derivatization with sucrose. The
covalent bonding of sucrose to the surface of the fluorinated nanocarbons was attained by a
one�step fluorine substitution reaction with sucrose�derived lithium monosucrate under soni�
cation in DMF at room temperature. This chemical process provides a simple, inexpensive,
and easily scalable method for hydrophilic chemical modification of SWCNT, NO, and ND
surfaces to produce sucrose�functionalized nanocarbons that become soluble in water, DMF,
ethanol, and other polar solvents. The sucrose�functionalized nanocarbon particles are
expected to be biocompatible due to the abundance of hydroxyl groups available for hydrogen
bonding and further chemical modification. Relevant examples have been given.
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Single�walled carbon nanotubes (SWCNTs), nano�
onions (NOs), and nanodiamond (ND) particles possess
extraordinary mechanical, electronic, thermal, and tribo�
logical properties. They have significant potential for use
as components for design of new functional materials and
devices.1–7 The development of methods for solubiliza�
tion of nanoparticles is essential to make feasible their
application in polymer composites, coatings, ceramics,
and biomaterials. Specifically, water�soluble carbon
nanomaterials have attracted much recent attention for a
number of biomedical applications, including biosensing
and drug delivery.8 However, most of the previous work
on water solubilization of carbon nanostructures was based
upon surface activation through strong oxidizing acid
treatment followed by several�step derivatization and cou�
pling reactions8–10

 
which utilize expensive polyethylene

glycol (PEG)�derived coupling reagents.8,11 In particular,
the most recently developed methods for solubilization of
carbon nanotubes require severe oleum functionalization
conditions,11,12 which cause the sidewall etching and

degradation of mechanical strength of the nanotube. For
these reasons, finding functionalization routes for carbon
nanoparticles which can utilize mild reaction conditions
and inexpensive reagents is important. It is expected that
organic molecules possessing the terminal carboxyl,
amide, hydroxyl, and other hydrophilic moieties can serve
as the reagents of choice in these studies.

Fluorination is a powerful tool for surface modifica�
tion of carbon nanoparticles and therefore this process is
extensively studied, particularly for carbon nanotubes.13—15

Our previous studies have shown that fluoronanotubes
(F�SWCNTs)13a,14b,15 and fluoronanodiamonds (F�NDs)16

can be used as convenient precursors for subsequent
derivatizations through displacement of fluorine in the
C—F bonds by strong nucleophiles. The reactions of
F�SWCNTs and F�NDs with amino acids and urea have
yielded nanocarbon derivatives with terminal carboxyl and
amide moieties which formed relatively stable colloidal
suspension solutions in water.16—19 SWCNTs with co�
valently attached hydroxyl�terminated functional groups
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have also been prepared through substitution of fluorine
in F�SWCNTs by monoalkoxides derived from diols and
glycerol.20

 
The "hydroxyl�SWCNTs" produced by this

method are soluble in water. However, their solubility is
not higher than 40 mg L–1 and their precipitation from
solutions is observed in less than a week. Nevertheless,
the results of this early work20 suggest that an increase in
the number of free hydroxyl groups in the side chain of
each molecule covalently attached to the surface of a
carbon nanoparticle should assist in enhancement of
water solubility. For that reason, we have chosen for the
present study a polyol�type reagent, such as sucrose, because
it contains as many as eight hydroxyl groups per mol�
ecule, is highly soluble in water, and is inexpensive.
Sucrose is also of biomedical importance as a carbo�

hydrate playing an important role in human nutrition and
health.

The lithium monosucrate derivative, generated from
sucrose through a treatment with lithium hydroxide, has been
reacted with fluorinated nanocarbons (F�SWCNTs, F�NOs,
and F�NDs) used as precursors in the C—F bond substi�
tution reactions (Scheme 1). As a result of these reactions,
sucrose functionalized carbon nanotubes (Suc�SWCNTs),
nano�onions (Suc�NOs), and nanodiamonds (Suc�ND)
were produced in a simple one�step process. These par�
ticles showed enhanced water solubility and were expected
to be biocompatible. Besides the biomedical field, these
functionalized carbon nanostructures are expected to find
applications in mechanically reinforced composites21,22

due to improved interfacial interaction and dispersion in

Scheme 1

i. Sonication, DMF

F�SWCNT Suc�SWCNT

F�NO Suc�NO

F�ND Suc�ND
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polymers, ceramics, and cements being enabled by sucrose
functional groups and their subsequent derivatization.

Experimental

F�SWCNTs were obtained from Carbon Nanotechnology
Inc. (at present Unidym) where they have been produced by
fluorination of SWCNTs with F2 gas at 150 °C.13a SWCNTs
have been synthesized through a HipCO process originally
invented at Rice University23a and then commercialized by
Carbon Nanotechnology Inc. An XPS analysis of the F�SWCNTs
done on at least five spots of the sample yielded an average C2F
stoichiometry for this fluorocarbon. Electron probe microanalysis
of the TGA solid residue yielded about 0.2 at.% Fe content in
the F�SWCNTs. Atomic force microscopy (AFM) analysis has
shown that relatively short tubes with length distribution in the
range of 200—700 nm and an average diameter of about 1.3 nm
make up more than 90% of F�SWCNTs. The carbon nano�
onions used in the present work were received in a powder form.
The NO powder was synthesized from carbon black by a
proprietary inductive heating batch method that produces very
high purity material in large quantities with NO diameters
ranging from 30 to 100 nm.23b Nanodiamond powder produced
by detonation method was purchased from Nanostructured and
Amorphous Materials Inc. (Houston). The phase purity of the
ND powder was higher than 97% (less than 2.5% of graphite and
amorphous carbon, 0.1—0.15% Fe, 0.1—0.3% Si) with the
particle sizes ranging from 3.5 to 6.5 nm. The NO and ND
powders were fluorinated with a fluorine (10%)�helium (90%)
gas mixture purchased from Spectra Gases.

The fluorination of nanocarbon powders was carried out in a
custom�built fluorination apparatus described elsewhere.13

Direct fluorination was used to attach fluorine atoms to the
surface of NO and ND particles at reaction temperatures of
350 °C and 310 °C, respectively, by following a previously
developed procedure.7,16

 
The fluorine content in the fluorinated

NO and ND (F�NO and F�ND) powders was 44.2 and 14.0 at. %,
respectively, according to XPS analysis (Table 1).

Sucrose functionalization of all fluorinated carbon nano�
structures was carried out using the same procedure. First,
50 mg of F�SWCNTs (F�NOs, F�NDs) was dispersed in DMF

by sonication in a 100 W bath sonicator for 90 min to obtain
a suspension having approximately 1 mg mL–1 concentration.
In a separate vial, a lithium monosucrate LiOR solution was
prepared by sonicating equimolar amounts of sucrose and lithium
hydroxide in DMF at room temperature, also for 90 min (see
Scheme 1).

In a final step, the two solutions were combined into one
flask and sonicated at room temperature for another 90 minutes
to initiate the reaction between fluorinated carbon nano�
structures and LiOR (see Scheme 1). Optimum results were
obtained at a 5 : 1 molar ratio of LiOR to fluorinated carbon
material. After the reaction completion, the end products,
Suc�SWCNT and Suc�NO, were collected on a Teflon mem�
brane (pore size 0.2 μm) by filtration. In the case of Suc�NDs,
first the solvent (DMF) was removed in vacuo at 50 °C using a
rotary evaporator, the solid residue was dissolved in water, and
the soluton was filtered through a polycarbonate membrane (pore
size 0.05 μm). Suc�NDs in the form of finely dispersed powder
was precipitated onto the menbrane. All products were washed
with large amounts of water to assure complete removal of
nonbonded sucrose and then dried overnight in a vacuum
dessicator at room temperature.

The epoxy derivatization of Suc�SWCNTs yielding
Epoxy�SWCNT product was carried out by dispersing 50 mg of
Suc�SWCNTs in 200 mL of anhydrous acetone, adding 12 mg
of 4,4´�methylenebis(phenylisocyanate), and stirring the mix�
ture at room temperature for 24 h. Then, 10 mg of glycidol
(Scheme 2) was added and the mixture was stirred for an

Table 1. XPS elemental analysis data (at.%) for
fluorinated and sucrose functionalized carbon
nanostructures

Compound C1s F1s O1s

F�SWCNT 62.6 35.7 1.7
Suc�SWCNT 70.1 18.4 11.5
F�ND 79.1 14.0 5.1
Suc�ND 81.6 12.7 5.7
F�NO 55.7 44.2 0.1
Suc�NO 73.5 21.8 4.7

Scheme 2

Suc�SWCNT

Epoxy�SWCNT
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additional 24 h. An Epoxy�SWCNT product was formed and
precipitated onto a Teflon membrane (pore size 0.2 μm) during
filtration of the mixture.

The fluorinated and sucrose functionalized SWCNT, NO,
and ND materials were characterized by FTIR, Raman, and
UV—Vis spectroscopies, XPS, TGA�DTA, scanning electron
(SEM), transmission electron (TEM), and atomic force (AFM)
microscopies. The FTIR spectral measurements were performed
using a Thermo Nicolet Nexus 670 FTIR Spectrometer. The
transmission mode FTIR spectra were collected from samples
pressed into KBr pellets.

The Raman spectra were collected with a Renishaw 1000
Microraman System operating with 514�nm and 780 nm laser
sources. UV—Vis spectra were obtained using a Cary 5000
UV—Vis—NIR spectrophotometer. Thermal analysis was done
with a TA�SDT�2960 TGA�DTA analyzer by heating samples in
a platinum pan from room temperature to 800 °C in an argon
atmosphere. XPS data were collected with a PHI Quantera
X�ray photoelectron spectrometer using a monochromatic Al�Kα
radiation source with a power setting of 95.4 W and an analyzer
pass energy of 26 eV. To examine the surface morphology, SEM
was performed on a FEI Quanta 400 ESEM FEG instrument at
30 kV beam energy in high vacuum mode. TEM images were
obtained using a JEOL JEM�2010 electron microscope operating
at an accelerating voltage of 100 kV. AFM analysis was done
with a Nanoscope IIIA AFM equipped with a Silicon tip.

Results and Discussion

Sucrose Functionalization of Nanocarbons. Sucrose is
a non�reducing disaccharide, and for that reason is con�
sidered relatively stable toward alkali�catalyzed degrada�
tion proceeding very slowly at ambient temperatures. Ear�
lier studies have shown that treatment of sucrose solu�
tions with concentrated alkali hydroxides produces soluble
monosubstituted metal sucrates, unlike reactions of
sucrose with alkali earth and other metal bases, which can
yield polysubstituted products.24 More recent works25,26

have found that the alkaline substitution takes place at
the most acidic proton of the hydroxyl group, which is
attached to the C(1´) atom of the fructose ring in the
sucrose. In view of these studies it was reasonable to
assume that our treatment of the sucrose solution in DMF
by LiOH under sonication at room temperature yielded a
lithium monosucrate LiOR product according to Scheme 1.

The obtained solution of LiOR showed no color,
unlike the intense brown�colored products observed to
appear in refluxed water solutions (100 °C) of sucrose in
the presence of alkali due to degradation of sucrose.25,27

The subsequent reactions of LiOR with F�SWCNTs,
F�NOs, and F�NDs (see Scheme 1) were also carried out
in DMF since these fluorinated nanocarbons are soluble
in DMF.7,13–16 The final products, Suc�SWCNTs and
Suc�NOs, were isolated from DMF solutions by straight�
forward precipitation on a Teflon filter membrane (pore
size 0.2 μm). The separation of much smaller sized
Suc�ND nanoparticles was done after the solvent was first

evaporated in vacuo and then the solid residue obtained
was washed with water on a polycarbonate membrane
(pore size 0.05 μm). Since evaporation of DMF required
heating at 50 °C, the batch solution was observed to turn
light�yellow, indicating that some degree of alkali�induced
degradation of sucrose groups in Suc�NDs could possibly
take place.

FTIR spectroscopy. The FTIR spectra provide struc�
tural information on the functional groups present on
the surface of carbon nanoparticles before and after the
derivatization reaction. In the spectrum of the F�SWCNT
sample (Fig. 1), the absorption band of the C—F stretch
shows at 1204 cm–1, while the band of activated sidewall
C=C stretches appears near 1537 cm–1, in agreement
with the IR characterization data on fluorinated HipCO
SWCNTs.13–15

In the spectra of Suc�SWCNTs, the strong broad peak
at 3429 cm–1

 
corresponds to O—H stretches. The two

peaks in the interval 2800—3000 cm–1
 

are due to the
C—H stretches of the sucrose functional groups. The small
peak at 1632 cm–1 is most likely related to moisture
absorbed on the hydrophilic surface of Suc�SWCNTs.
Peaks observed at 1542 cm–1 and in the 1350—1460 cm–1

region are related to activated sidewall C=C stretching
and sucrose C—H bending motions, respectively. A shoul�
der peak near 1200 cm–1 is most likely due to the C—C
stretches, while strong bands at 1091 and 1022 cm–1 and
a weaker band at 796 cm–1 characterize the sucrose C—O
stretching modes.28,29

The spectrum of fluorinated NOs (Fig. 2, a, curve 1)
shows a dominant peak at 1209 cm–1, which belongs to
the stretching vibrations of the tertiary C—F bonds7

formed by covalent addition of fluorine to graphene
layers in the NOs. A very weak absorption observed in the
spectra at 1574 cm–1 is assigned to the vibrational mode of
the “fluoroolefinic” C=C bonds in F�NOs which become
IR active due to breaking of the aromatic structure of the
NO graphene layers through the addition of fluorine. The
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Fig. 1. FTIR spectra of functionalized carbon nanotubes:
F�SWCNT (1), Suc�SWCNT (2), and Epoxy�SWCNT (3).
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band of the C—F stretch weakens and shifts in the spec�
trum of Suc�NOs (Fig. 2, a, curve 2) along with the
appearance of the peaks characterizing the sucrose moi�
eties28 at 3400 cm–1 (O—H stretch), 2917 and 2847 cm–1

(C—H stretch), 1413 cm–1
 

(CH deformation), in the
1200—900 cm–1 range and at 794 cm–1 (C—C and C—O
stretches).

The C—F stretches in the spectrum of F�NDs (see
Fig. 2, b, curve 1) appear in the 1100—1400 cm–1 inter�
val,16 at higher wavenumbers than in the spectra of
F�SWCNTs and F�NOs, indicating a stronger C—F
bonding at the ND surface. Very weak bands at 1798 and
1630 cm–1 belong to residual surface C=O and C=C
groups which remain virtually unchanged after transfor�
mation of F�NDs into Suc�NDs.

The FTIR spectrum of Suc�NDs (see Fig. 2, b, curve 2)
shows the absorptions of sucrose O—H stretching vibra�
tions at 3424 cm–1

 
and C—C and C—O stretches in the

1250—950 cm–1 region.28,29 Also, the figure shows IR
peaks of the C�H stretches at 2923 and 2853 cm–1 and of
the deformation modes at 1465 and 1413 cm–1.

Raman spectroscopy. The Raman spectra (Fig. 3) pro�
vide evidence of sidewall functionalization of carbon
nanotubes13a,14,15 by showing a strong increase (with re�
spect to pristine SWCNTs) in intensity of the D�peak
near 1300 cm–1 which is generally accepted to be due to
introduced sp3 carbon atoms acting as defects required in
the underlying double�resonant Raman process.14a It is
also clear from comparison of the spectra of fluorinated
and sucrose functionalized carbon nanotubes (see Fig. 3)

that fluorine removal and substitution took place during
the reaction, resulting in bonding of sucrose molecules
to the sidewalls. This is reflected by the decrease in the
intensity and a shift of the D�peak from 1293 cm–1 in
F�SWCNTs to 1301 cm–1 in Suc�SWCNTs, and a shift of
the G�peak from 1580 cm–1 in F�SWCNTs to 1582 cm–1

in Suc�SWCNTs.
In contrast, the integrated D/G peak relative intensity

in the Raman spectra of Suc�NOs does not change sig�
nificantly in comparison with F�NOs, aside from slight
shifts of the peaks (Fig. 4, а). Based on the earlier estab�
lished fact that F�NOs are structurally built of fluoro�
graphene multilayers,7 the minor changes observed in the
Raman spectrum of Suc�NOs can be explained by the
substitution of fluorine by sucrose taking place only at
the external surface layer in F�NOs while the internal
fluorinated layers remain intact.

The Raman spectrum of fluoro�nanodiamond is simi�
lar to that of pristine nanocrystalline diamond powder,
showing two broad peaks at 1324 and 1630 cm–1 (Fig. 4, b)
which are slightly shifted from the 1326 and 1625 cm–1

peaks observed for NDs.30–32
 
The first band is typical of a

nanosized diamond consisting of small atomic clusters
of ordered sp3�bonded carbon. The second band at
1625—1630 cm–1 indicates the presence of weakly
ordered clusters of sp2�bonded carbons considered both
as an impurity in the initial powder and partly as a con�
stituent of the outer shells of nanoparticles creating bonded
sp2/sp3 state carbons so that not only aromatic but also
isolated C=C double bonds are present on ND and F�ND
surfaces.30,31

In comparison with the F�NDs, in the Raman spec�
trum of Suc�NDs (see Fig. 4, b) two new stronger peaks at
1139 and 1517—1530 cm–1 are found in addition to weaker
“nanodiamond peaks” at 1327 and 1635 cm–1. These
new peaks are not detected in the Raman spectra of
Suc�SWCNTs and Suc�NOs, synthesized under the same
conditions as Suc�NDs (see Experimental).

By taking into consideration the possibility of LiOH
mediated partial degradation of the sucrose structure in
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Fig. 2. FTIR spectra of functionalized NO (a) and ND (b);
(а) F�NO (1) and Suc�NO (2); (b) F�ND (1) and Suc�ND (2).
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Fig. 3. Raman spectra (λ = 780 nm) of functionalized SWCNTs:
F�SWCNTs (1) and Suc�SWCNT (2).
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Suc�NDs in the course of removal of DMF solvent from
the reaction batch on the rotary evaporator, these bands
can be attributed to vibrations of HC=C—O units formed
in the fructose or glucose rings of the sucrose structure
during the secondary reactions.25

TGA�DTA studies. These studies present further veri�
fication of covalent derivatization of carbon nanostruc�
tures by sucrose molecules. The TGA�DTA plots for all
sucrose�functionalized samples (Fig. 5) show a weight
loss in the temperature interval 200–350 °C. This is due
to sucrose that detaches from the surface of the func�
tionalized nanostructures and undergoes thermal degra�
dation. The weight loss at temperatures above 400 °C is
associated with removal of the residual fluorine from the
surface of the fluorinated and derivatized carbon nano�
particles in the form of CF4.13–16 Sucrose functionalized
SWCNTs exhibit the largest weight loss (Fig. 5, a). This
fact can be explained by a higher reactivity of fluorinated
nanotubes in comparison with the F�NDs (see Fig. 5, b)
and F�NOs (see Fig. 5, c) and also by the fact that the
internal carbon layers in the latter two nanostructures
remain intact and thus do not contribute to weight loss
during TGA. From the weight loss data, the degree of

sidewall functionalization by sucrose in Suc�SWCNTs was
calculated to be 1 in 42 carbons.

XPS Analysis. The results of XPS surface analysis,
which usually provides sampling at only a few nanometers
depth from the solid surface, showed carbon, fluorine,
and oxygen peaks for all samples. The elemental analysis
data are summarized in Table 1.

The high�resolution XPS C1s spectra of sucrose
functionalized SWCNTs, NOs, and NDs are shown in
Figure 6. These data provide information on the extent of
fluorine removal from F�SWCNTs, F�NOs, and F�NDs
both through displacement by sucrose and defluorination
reactions. All fluorinated nanocarbons have shown a
reduced fluorine content after reactions with lithium
sucrate LiOR. The most notable reduction in the fluorine
content was found for Suc�SWCNT and Suc�NO deriva�
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Fig. 4. Raman spectra (λ = 514 nm) of functionalized NO (a)
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tives, from 35.7 to 18.4 at.%, and 44.2 to 21.8 at.%, re�
spectively, while for Suc�NDs, the extent of fluorine con�
tent reduction was found to be much smaller, from 14.0
to 12.7 at.% (Table 1), indicating a lower reactivity of the
C—F bond in F�NDs than in F�SWCNTs and F�NOs.

The high�resolution XPS C1s spectra of functionalized
graphene�type nanostructures, Suc�SWCNTs and
Suc�NOs (Fig. 6, a, b), are quite similar, each showing
after a curve�fitting analysis the peaks at 284.5, 285.0—285.1,
286.0—286.2, 287.6, and 289.0—289.3 eV due to the C=C,

C—C, C—O, C—CF, and C—F bonded carbons, respec�
tively. Although the peaks found through a curve�fitting
in the C1s spectrum of Suc�NDs (see Fig. 6, c) appear at
positions close to those in the spectra of Suc�SWCNTs
and Suc�NOs, they show significantly different relative
intensities. For instance, the peak at 284.2 eV shows a
very low intensity and most likely characterizes the sp2

carbons from the C=C bonds formed during partial thermal
degradation of sucrose groups. The most intense peaks in
this spectrum (see Fig. 6, c), at 287.4, 287.9, and 288.5 eV,
are due to the sp3 carbons located in different bonding
environments, such as C—CF, OC—C—CF, and C—F,
respectively. The less intense peaks at 285.0, 286.9, and
289.5 eV characterize the sucrose group carbons of the
C—C, C—O, and O—C—O units.

Microscopy analysis. Our previous studies of covalently
functionalized carbon nanostructures by microscopy
methods have shown that the combination of SEM, TEM,
and AFM can provide the most informative data in sup�
port of occurrence of surface functionalization when ap�
plied to functionalized SWCNTs.7,13–20 The microscopy
data, obtained for sucrose�functionalized SWCNTs are
shown in Fig. 7. According to the SEM image (see Fig. 7, a),
the surface morphology and the extent of nanotube bundling
of Suc�SWCNTs within bulk nanotube samples are dif�
ferent from the pristine and fluorinated SWCNTs.13–15,19

The presence of sucrose on the SWCNT surface facilitates
aggregation of Suc�SWCNTs through the hydrogen bonds
formed by hydroxyl groups. Such aggregates appear like a
cellulose wool in the SEM image (see Fig. 7, a).

The TEM and AFM images (see Fig. 7) provide direct
evidences of covalent functionalization of SWCNTs. The
TEM image (Fig. 7, b) clearly shows very thin bundles of
Suc�SWCNTs which are surface�modified. The sucrose
molecules attached to the nanotube sidewalls appear as
buds or short twigs. The AFM image of the specimen
from Suc�SWCNTs (see Fig. 7, c) shows coating on the
backbones of nanotubes. From the cross�section height
analysis indicated by the flags in Fig. 7, d the size of the
individual nanotubes with sidewall�attached molecules
was estimated to be 2.573 nm. This value reasonably agrees
with the sum of the average F�SWCNT diameter (about
1.3 nm) and approximate size of a sucrose molecule
(~1.0—1.3 nm).

Solubility. It is always regarded that pristine carbon
nanostructures, as well as their fluorinated derivatives,
are insoluble in water.1,13—15 By contrast, our results
show that all sucrose�functionalized nanocarbons pre�
pared in this work are soluble in water and other polar
solvents. The photographs of water suspensions taken
after sonication followed by one week standing are shown
in Fig. 8. The fluorinated nanocarbons, due to their
hydrophobic nature, do not disperse and remain on top
of water, while the samples functionalized with the highly
hydrophilic sucrose form either dark (Suc�SWCNTs and
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Suc�NOs) or light�yellow (Suc�NDs) solutions. It should
be noted that the addition of only a small amounts of
2 M HCl followed by 1 h sonication causes complete
precipitation of water�solubilized nanocarbons due to
cleavage of sucrose groups, which is known to occur
under acidic conditions.29

The quantitative estimation of the solvation of func�
tionalized SWCNTs, NOs, and NDs was performed by

dispersion (through 1h sonication) of 25 mg sucrose�
functionalized carbon nanomaterial in 50 mL of selected
solvents (water, ethanol, and DMF). The dispersions
were left standing for 7 days. Then the top 40 mL of each
solution were decanted and the solid residues in the rest
of the solutions were collected by filtration through the
membrane, dried in vacuo overnight, and then weighed.
The solubility data (mg L–1) obtained are presented
in Table 2. They show that the sucrose�functionalized
sphere�shaped nanocarbons, such as Suc�NOs and
Suc�NDs, are about twice as much soluble as one�
dimensional tubular nanocarbons (Suc�SWCNTs) in all
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Fig. 7. Microscopy data on sucrose�functionalized SWCNT samples: a SEM image (а); a high�resolution TEM image of very thin
bundles consisting of three (left) and two (right) sucrose functionalized nanotubes (b); an AFM image showing several individual
nanotubes having different lengths (c); nanotube height measurement profile obtained by section analysis run along the backbone of
individual Suc�SWCNT shown in Fig. 7, c (d).

1 2 3 4 5 6

Fig. 8. Photograph of water dispersions of pristine and sucrose
functionalized nanocarbons: SWCNT (1), Suc�SWCNT (2),
ND (3), Suc�ND (4), NO (5), and Suc�NO (6).

Table 2. Solubility (mg L–1) of sucrose�functionalized
SWCNT, NO, and ND in water, ethanol, and DMF

Compound Water Ethanol DMF

Suc�SWCNT 100 110 140
Suc�NO 200 220 400
Suc�ND 180 190 360
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three polar solvents tested. Also, the lower density of
hollow spheres facilitates the overall best solubility of
Suc�NO nanocarbon material.

UV—Vis spectroscopy. The solubility of sucrose�
functionalized nanocarbons enables their characteriza�
tion by UV—Vis spectroscopy, which serves as a probe for
the effect of functionalization on surface electronic con�
figuration. In the case of SWCNTs and nano�onions, the
covalently attached fluorine and sucrose functional groups
can transform the nanocarbon surface from π�bonded
polyaromatic structures into polyene structures, while for
the σ�type bonded nanodiamond a much smaller change
is expected. The UV—Vis spectra of sucrose functionalized
nanocarbons dispersed in water are shown in Fig. 9. The
spectra of Suc�SWNTs (see Fig. 9, a) and Suc�NOs (see
Fig. 9, b) show single absorption peaks at 255 and 263 nm,
respectively, characteristic of π—π* electron transition in
the polyaromatic system of curved graphene layers. The
absence of additional peaks in the 200—220 nm region,
related to π—π* electron transitions in the polyene�type
structures and exhibited by F�NOs in particular,7 is most
likely due to a larger extent of surface defluorination and
restoration of aromatic structure than substitution of fluo�
rine (see Scheme 1). In comparison with the spectra of
graphene�type Suc�SWCNT and Suc�NO samples, the
UV—Vis spectrum of an aqueous solution of Suc�ND
(see Fig. 9, c) was clear of any absorption bands in the
200—1100 nm region.

Derivatization of Suc�SWCNTs. The presence of ter�
minal hydroxyl groups on sucrose molecules covalently
bonded to nanocarbons provides opportunity for further
chemical derivatization tailored for specific applications.
In this work, Suc�SWCNTs were chosen as an example
for demonstration of the derivatization route for producing
the sidewall functionalized SWCNTs with the terminal
epoxy groups which were expected to enable dispersion
and integration of SWCNTs into an epoxy polymer.33

This derivatization (see Scheme 2) was carried out through
subsequent coupling reactions of Suc�SWCNTs with
4,4´�methylenebis(phenylisocyanate) (step 1) and glycidol
(step 2), both proceeding at room temperature. The final
product, Epoxy�SWCNT (see Scheme 2), was charac�
terized by FTIR spectroscopy and tested for solubility in
water and dispersion in EPON 862/W Cure epoxy poly�
mer system. The IR spectrum of the Epoxy�SWCNT
sample (see Fig. 1) shows a broad band in the region
3000—3600 cm–1 with the peak at 3414 cm–1 (O—H
stretch) and a distinct shoulder at 3309 cm–1 (N—H stretch
of the amide group) which is overlapping the weaker bands
of the C—H stretches of phenyl and glycidyl groups in
the 3000—3100 cm–1 region. Bands at 1645, 1538, and
1508 cm–1 characterize the C=O stretch and N—H bending
modes of the C(=O)NH amide units, while the peak at
1594 cm–1 can be related to the aromatic C=C stretches in
the Epoxy�SWCNT structure (see Scheme 2). The low and

medium intensity peaks in the 1100—1400 cm–1 region are
due to the deformation and bending modes of the CH2 and
CH of sucrose, glycidyl, and aromatic units.34 The absorp�
tions due to the C—O stretches in the sucrose and epoxy
rings can be associated with a shoulder band observed at
1079 cm–1 and weaker bands at 919, 851, and 806 cm–1.

Unlike Suc�SWCNTs, the Epoxy�SWCNT derivative
does not form stable suspension solutions in water, show�
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Fig. 9. UV spectra of sucrose functionalized nanocarbons dis�
persed in water: Suc�SWCNT (a), Suc�NO (b), and Suc�ND (c).
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ing complete precipitation just after overnight standing.
Nevertheless, these functionalized SWCNT derivatives
both show a quite uniform dispersions of their 0.015 wt.%
loadings into EPON 862/W Cure epoxy polymer system,
demonstrated by the photographs taken from samples
cured in a borosilicate glass mold (Fig. 10). Optical micro�
scope images taken on the same samples at 20X magnifi�
cation, however, revealed the presence of Epoxy�SWCNT
nanotube agglomerates which are much smaller than
those of Suc�SWCNTs, indicating a higher degree of
debundling of Epoxy�SWCNTs and stronger interfacial
interaction with the epoxy polymer. This should lead to
enhancement of mechanical properties of epoxy compos�
ites processed with Epoxy�SWCNTs. Work on process�
ing, fabrication, and testing this type of composites is in
progress.

We have demonstrated an efficient one�step method
for covalent surface modification of fluorinated SWCNTs,
carbon nano�onions, and nanodiamond particles with
sucrose molecules. Covalent bonding has been confirmed
by the use of several techniques of material characteriza�

tion that showed that the local environment of the fluo�
rine atoms has been modified through this newly developed
functionalization method. The sucrose functionalized
nanomaterials obtained are soluble in water and are
supposed to be biocompatible nanostructures. This im�
proved property will facilitate applications of sucrose�
functionalized nanocarbons in nanomedicine and biology.
Subsequent derivatization of hydroxyl groups in sucrose
functional moieties creates an opportunity for tailoring
the nanocarbons to specific applications in composites,
coatings and sensors. Further functionalization reactions
and corresponding properties of functionalized nano�
carbons are being investigated.

This project was carried out under support through
Awards N RUE 2�2659�MO�05 and N RUE2�2894�TI�07
from the US Civilian Research and Development Founda�
tion for Independent States of Former Soviet Union (CRDF),
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and the Ministry of Science and Education of Portugal
(MCTES — sabbatical grant).
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Fig. 10. Dispersions of 0.015 wt. % Suc�SWCNT and Epoxy�SWCNT in EPON 862/W Cure epoxy system: Suc�SWCNT (а, b) and
Epoxy�SWCNT (c, d); photographs (a, c) and optical microscope 20X images (b, d) taken after curing of the samples.
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