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Abstract

The results of synthesis and characterization of single wall carbon nanotubes functionalized by hydroxyethyl cellulose
have been presented. The properties of pristine and modified single wall carbon nanotubes have been compared by dif-
ferent techniques: thermo-gravimetric analysis, Raman spectroscopy, Fourier transform infrared and UV-Vis-NIR spec-
troscopy. Raman analysis reveals that smaller amount of hydroxyethyl cellulose is required for functionalization of me-
tallic single wall carbon nanotubes compared to semiconducting ones. FTIR analysis has shown the presence of hydrox-
yethyl groups which is strong evidence for nanotube modification.
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1. Introduction

Due to their unique physical and chemical proper-
ties, single wall carbon nanotubes (SWCNTs) discovered
by Iijima in 1991', have attracted a great attention of
many researchers.” They found numerous applications in
electronics such as field emission displays, diodes and
transistors, sensors etc. Many carbon-based compounds
(fullerenes) with different biological targets have been
synthesized, displaying a range of biological activities po-
tentially useful in anticancer or antimicrobial therapy,
cytoprotection, enzyme inhibition, controlled drug deli-
very and contrast- or radioactivity-based diagnostic ima-
ging.%” Thus, biological applications of nanotubes could
be very interesting but low solubility of nanotubes might
be a problem.®’ Moreover nanotubes are difficult to sus-
pend in water. They easily aggregate because of substan-
tial van der Waals interactions between them.!® Lack of
solubility has imposed great limitations to the use of
SWCNTs. It is possible to improve solubility by applying
chemical methods such as covalent modification of
SWCNTs'" and sidewall functionalization.'? Main disad-

vantage of covalent modification is that attached chemical
groups cause changes in physical properties of SWCNTSs.
In this way, non-covalent procedures are desirable for dis-
persion of carbon nanotubes because they can maintain
their own structure and electronic properties, which
should be free from the presence of extensive covalent
type chemical functionalization."

Due to their abilities to bind cells and across the cell
membrane, functionalized SWCNTSs can be used as a na-
novector for drug delivery and phototherapy.'*' Saito et
al. demonstrated that multiwall carbon nanotubes
(MWCNTs) have good bone-tissue compatibility, permit
regeneration of broken bone and closely integrated with
bone tissue.'® In recent studies, SWCNTSs have been used
as an antibacterial agent due to their ability to absorb bac-
teria.'” The SWCNTs as well as multiwall carbon nanotu-
bes could be functionalized with biological active mole-
cule and biological species including carbohydrates, ami-
no acids, peptides and nucleic acids.'®*

In this study we chose hydroxyethyl cellulose
(HEC) to non-covalently functionalize the SWCNTSs be-
cause several controlled drug release formulas are deve-

Jovanovi€ et al.: Functionalization of Single Wall Carbon Nanotubes ...



Acta Chim. Slov. 2009, 56, 892—-899

loped on the base of HEC as drug matrix and due to the
reinforcement and protection of carbon nanotubes (CNT-
s), cotton textiles exhibit enhanced mechanical proper-
ties, extraordinary flame retardancy, improved UV-bloc-
king and super water repellent properties.?'*? The HEC is
a nonionic cellulose derivative with hydroxyethyl groups
attached to the polymer. Hydroxyethyl groups attach to
the OH groups of the structure by ether linkages.”® A
high degree of substitution (from 1.5 to 2.5 out of 3 maxi-
mum) gives HEC superior solubility in water and various
brines.**

2. Experimental

2. 1. Materials

Purified SWCNTSs (diameter 5 nm, length 4 um, pu-
rity >95%) were purchased from BuckyUSA. The surfac-
tant-HEC (SE Tylose GmBH&Co KG Wiesbaden, Ger-
many) was used as received.?*

2. 2. Preparation of dispersion of SWCNT's

A stock solution containing 20 mg of HEC in 100
ml distilled/deionized water was made up, respectively. A
dispersion of pristine SWCNTs in tetrahydrofurane (THF)
was ultrasonicated for comparing to functionalized ones.
An amount of 25 mg of as-prepared SWCNTSs was added
to 100 mL to the stock solutions. The SWCNT solutions
were sonicated (ultrasonic bath with power 750 W) for 3
hours. After sonication, all samples were centrifuged with
Sigma, 2-16 at 4000 rpm (rcf = 2575 x g) for 1 h. For each
sample the well-dispersed supernatant was taken for cha-
racterization leaving behind the precipitate.

The concentration of nanotube dispersion was deter-
mined by gravimetric method: 10 ml of nanotube disper-
sions was dried at 60 °C in air and the mass was measu-
red. The obtained concentration was 40 mg/L.

2. 3. Characterization of Dispersion

2. 3. 1. Thermo-gravimetric Analysis

The thermal stabilities of pristine SWCNTs, HEC
and SWCNTSs/HEC dispersion were investigated by non-
isothermal thermo-gravimetric analysis (TGA) and diffe-
rential thermal analysis (DTA), using a SETARAM SET-
SYS Evolution-1750 instrument. SWCNTs/HEC disper-
sion was dried at room temperature in air. The measure-
ments were conducted at a heating rate of 10 °C/min in a
dynamic argon atmosphere (flow rate 20 cm*/min) in the
temperature range from 30 to 700 °C.

2. 3. 2. UV-Vis-NIR Spectroscopy

UV-Vis-NIR spectra were recorded at room tempe-
rature in a Brand disposable plastic UV cuvette with

thickness of 10 mm using the Fiber optics UV-Vis-NIR
AVANTES spectrophotometer.

2. 3. 3. Fourier Transform Infrared Spectroscopy

For the Fourier transform infrared (FTIR) spectros-
copy analysis, nanotube dispersion was dried at tempera-
ture of 60 °C. Pristine and dried modified nanotubes as
well as HEC were mixed with KBr powder and pellets
were formed. FTIR spectra were measured at room tem-
perature in the spectral range from 400 to 4000 cm™, on a
Nicollet 380 FT-IR, Thermo Electron Corporation spec-
trometer.

2. 3. 4. Raman Spectroscopy

Raman spectra of pristine and modified SWCNTs
were obtained by Micro Raman Chromex 2000 and JY
1000 Raman system using 532 nm of a frequency doubled
Nd:YaG laser and 647 nm from Ar ion laser with power of
2mW, respectively. The spectral resolutions were 4 and
0.2 cm™, respectively. Samples of pristine and dried mo-
dified nanotubes were pressed in the shallow hole of in-
dium substrate.

2. 3. 5. Verification of Stabilization Mechanism

In order to check the stabilization mechanism of
SWCNTSs/HEC dispersion we added 10 mg/L, 50 mg/L,
100 mg/L and 1000 mg/L NaCl to 25 ml of SWCNT-
s/HEC dispersion, respectively.

3. Results and Discussion

3. 1. Thermo-gravimetric Analysis

The thermo-gravimetric analysis (TGA) of pristi-
ne and functionalized SWCNTs as well as HEC is pre-
sented in Fig.la. TGA of prepared SWCNTs/HEC sam-
ple was studied to understand the details of its decom-
position process and to know the thermal stability of
prepared SWCNTs/HEC specimen. Thermal degrada-
tion of SWCNTSs/HEC consists of two main phases. As
can be seen from Fig. 1a, the initial weight loss of
5.58% (up to 200 °C) is due to the evaporation of physi-
cally adsorbed water. The subsequent loss of 46.86 %
(200-800 °C) is due to the decomposition of hydrox-
yethyl cellulose.

3. 2. UV-Vis-NIR Spectroscopy

In Fig. 1b, UV-Vis- NIR spectra of HEC and modi-
fied SWCNTs are presented. As for HEC itself one could
observe three peaks at 216, 217 and 220 nm, respecti-
vely. As for functionalized SWCNTs, the broad peak ob-
served at 254 nm is due to dispersed and non-bundled
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Fig. 1. (a) TGA curves of 1) pristine SWCNTs, 2) dried SWCNTs
modified by HEC and 3) HEC, (b) UV/Vis NIR spectra of HEC 1),
SWCNTs modified by HEC 2) as well as magnified SWCNT-
s/HEC spectrum in the upper right corner (c) FTIR spectra of pristi-
ne nanotubes (curve 1), dried SWCNTSs modified by HEC (curve 2)
and HEC (curve 3).

SWCNTSs.? The most prominent peak observed at 254
nm of SWCNTSs/HEC spectra is magnified and shown in
the upper right corner of Fig. 1b. This indicates the pre-
sence of carbon nanotubes dispersed by HEC in the sol-
vent.

3. 3. FTIR Spectroscopy

The FTIR spectra of pristine SWCNTs, functionali-
zed SWCNTs and HEC in the region from 4004000 cm™
are presented in Fig. 1c. Curve 1 shows peaks at 1607
cm™! which stem from aromatic C=C stretching bonds as
well as 2850 and 2920 cm™' which from C-H bonds.***’
Curves 2 and 3 show peaks at 1015 and 1260 cm™ which
stem from hydroxyl groups as well as broad bands at 1600
and 3300cm™.?” Also, curves 2 and 3 show peak at 790
cm' and broad bands at 1350 and 2900 cm™' which origi-
nate from ethyl groups.”® Based on the presented FTIR
spectra we could conclude that there was a good agree-
ment of FTIR spectra of HEC-Fig. 1c (curve 3) and func-
tionalized SWCNTs-Fig. 1c (curve 2). Therefore, these
results could indicate successful functionalization of
SWCNTs by HEC.

3. 4. Raman Spectroscopy

Resonance Raman spectroscopy has played an im-
portant role in the characterization of carbon nanotubes,
both in terms of the diameter distribution in single wall
carbon nanotube bundles and whether a nanotube is me-
tallic or semiconducting.?’ In Fig. 2a, Raman spectra of
pristine and modified SWCNTs by hydroxylethyl cellulo-
se are presented. The peaks stem from nanotubes has been
found at 155, 268, 1350, 1590 and 2625 cm™'. The most
intense feature is the G-band at 1590 cm™ which is asso-
ciated with several tangential C-C stretching transitions of
the single wall carbon atoms. The peak at 1350 cm™ is
usually called D-band, which is associated with the vibra-
tion of sp>-bonded carbon atoms existed at the defects in
the hexagonal graphitic layers. G’-band at 2625 cm™ is a
second-order related harmonic.*® The G’-band is an intrin-
sic property of the nanotube and the graphite, and present
even in defect-free nanotubes for which the D band is
completely absent.

Raman active radial breathing mode (RBM) of pri-
stine SWCNTs and SWCNTs/HEC observed in range
from 100 to 300 cm™" is presented in Fig. 2b. In this mode,
all carbon atoms are moving in-phase in the radial direc-
tion. For 532 nm excitation, RBM signals in the regions of
130-150, 150-215 and 230-300 cm™ originate from the
van Hove electronic transitions of semiconducting single
wall carbon nanotubes (s-SWCNT-E,*, s-SWCNT-E,,*)
and metallic single wall carbon nanotubes (m-SWCNT-
E, ™), respectively. As a result, relative content of m- and
s- SWCNTs before and after functionalization in this re-
gion can be evaluated from the resonant Raman spectra.
Ratio of semiconducting to metallic nanotubes after treat-
ment was determined in accordance with procedure deve-
loped earlier.®' Distributions of semiconducting and me-
tallic nanotubes are fitted with two Lorentzians. Relative
quantity of semiconducting and metallic nanotubes after
functionalization was determined by dividing the areas of
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the Lorentzians by the areas of corresponding Lorentzians
of pristine nanotubes. Mean diameters of semiconducting
and metallic nanotubes were determined from central po-
sitions of Lorentzians, using relations between nanotube
diameter and RBM frequency.
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Fig. 2. (a) Raman spectra of pristine (1) and modified SWCNTs by
HEC (2); (b) RBM spectra of pristine (1) and modified SWCNTs
by HEC (2).

The important point about RBM band is the fact that
the energy (wavenumber) of these vibration modes only
depends on the diameter of SWCNTSs. The ratio of the
number of m-SWCNTSs to number of s-SWCNTs in the
observed samples, hereafter referred to the M:S ratio can
be found by approximating the mean diameter distribu-

tions for m- and s-SWCNTSs. Results of fitting procedure
assuming that the ratio of metallic to semiconducting na-
notubes is 1:2 are presented in Table 1.

Results in Table 1 indicate us that HEC interacts bet-
ter with metallic nanotubes and mean diameter of functio-
nalized metallic nanotubes is almost identical to pristine
SWCNTs. It means that only few HEC molecules are ne-
cessary for functionalization of metallic nanotubes. For
functionalization of s-SWCNTs, more HEC molecules are
necessary which results in significantly larger mean dia-
meter than that of pristine nanotubes.

During ultrasound treatment, cavities are formed on
the surface of powder of nanotubes. Surface of powder is
shocked with water bursts that remove smaller nanotubes
first. Process is quite similar to removal of dirt in ultra-
sound cleaners where smaller particles are removed easier
than larger. Since metallic nanotubes are thinner, they de-
part bundles easier than larger semiconducting nanotubes.
Also due to size, smaller number of HEC molecules are
required for suspension of lighter metallic SWCNTs than
for heavier semiconducting SWCNTs.

Metallic and semiconducting SWCNTs have been
found to exhibit different Raman lineshapes for the G-
band. Early studies of ensemble of SWCNT indicate that
laser radiation with energy 2.41 eV resonates dominantly
with s-SWCNTs. Red and infrared laser excitations reso-
nate better with m-SWCNTSs.** Profile of G band of s-
SWCNTs is composed of basically four Lorenzian com-
ponents.* Raman spectra of m-SWCNTs exhibit only two
strong peaks with Lorentzian and Breit Wigner Fano line
shapes.**

To track changes in the G band positions and width
we have carried out lineshape analysis designed to mini-
mize the number of independent fitting parameters. The
intensity of all peaks was normalized to yield the same in-
tensity for the G band at 1590 cm™. In the case of pristine
nanotubes, we have fitted the region from 1500-1750
cm™ with the sum of four Lorentzian components. As for
modified nanotubes, the region from 1500-1750 cm™ has
been fitted with the sum of two Lorentzian functions. In
Fig. 3, fitted Raman spectra of G- band of pristine and
modified SWCNTs are presented. As could be observed in
Fig. 3a, four components with peaks at 1533, 1565, 1587
and 1602 cm™ could be identified.

The intensity of components at 1533 and 1602 cm™
is very small. After nanotube functionalization, only two

Table 1. The positions of G~ and G*-band, the enrichment factors of m- and s-SWCNTs and mean dia-

meters of nanotubes in these fractions at E,  =2.41 eV.
G G* s-SWCNTs m-SWCNTs  d-gwenrs  Qumswonts
(Cm_l) (cm_l) (%) (%) (nm) (nm)
pristine 1565.15+ 1587.88+ 67.0 33.0 1.65+ 0.98+
SWCNTs 3.99 0.36 0.01 0.01
SWCNTSs/ 1571.76x 1589.72+ 54.6 454 1.70+ 0.98+
HEC 4.67 0.59 0.04 0.02
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Fig. 3. Deconvoluted Raman spectra of pristine (a) and modified
SWCNTs by HEC (b). E,  =2.41eV.

laser

peaks (G~ and G*) could be identified. Recently, Husanu
et al showed that only two G-peaks could be observed in
Raman spectra after nanotube functionalization because
nanotubes were debundled.*® The G*-feature is associated
with carbon atom vibrations along nanotube axis (LO
phonon mode) and its frequency @, is sensitive to charge
transfer from dopant additions to SWCNTs.* The G-fea-
ture is associated with vibrations of carbon atoms along
circumferential direction of the SWCNTSs (TO phonon)
and its lineshape is highly sensitive to whether the
SWCNTs is metallic or semiconducting.

After HEC processing, we have found that position
of G and G* band components are shifted several cm™.
G peak of SWCNTS/HEC is upshifted 6 cm™, while G*
peak is downshifted 2 cm™'. Previous Raman studies of
modified SWCNTs have shown that removing electrons
from SWCNTSs results in a downshift of the G*-band peak
as observed here.*® In fact, G*-band downshift is probably
associated with electron transfers from nanotube to gluco-
se unit of HEC.

In order to investigate the vibrational properties of
metallic SWCNTs, Raman spectra of pristine and modi-
fied nanotubes were measured by red laser with energy of
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Fig. 4. Deconvoluted Raman spectra of pristine (a) and modified
SWCNTs by HEC (b). E, =191 eV.

laser

1.91 eV as well. In Fig. 4, deconvoluted Raman spectra of
G band of pristine and modified nanotubes are presented.
The spectra were fitted by the sum of Breit-Wigner-Fano
(BWF) and Lorentzian functions. The lower frequency
G ™-modes from metallic tubes were fitted by applying
BWEF function, while the G*-mode for semiconducting tu-
bes was fitted by Lorentzian function, in accordance with
resonance Raman studies on isolated SWCNTs.*

Charge transfer to SWCNTSs can lead to an intensity
increase or decrease of the BWF feature.*® As can be seen
from Fig. 4, the intensity of BWF feature of functionali-
zed nanotubes decreases. The decrease of BWF contribu-
tion occurred as a consequence of the decrease in electro-
nic density and therefore of the electron-phonon coupling
effect in metallic nanotubes. In fact, it has been suggested
that the plasmon coupling between tubes controls the in-
tensity of the BWF contribution to the G-band for metallic
tubes controls the intensity of the BWF contribution to the
G-band for metallic tubes.*’

Based on data presented in the diagram that relates
positions of BWF and Lorentzian with nanotube diameter,
the mean diameters of metallic and semiconducting
SWCNTs were calculated and listed in Table 2.%

Jovanovi€ et al.: Functionalization of Single Wall Carbon Nanotubes ...



Acta Chim. Slov. 2009, 56, 892—-899

Table 2. The positions of G~ and G* bands and mean diameters of s-SWCNTSs and m-SWCNTs. The la-

ser energy was 1.91 eV.

G (cm™) G*(em™) d-gwenrs (NM) 4, -swenr(NM)
Pristine SWCNTSs 1550.01+0.95 1589.23+0.13 1.37+0.08 1.09+0
SWCNTSs/HEC 1550.01+0.42 1586.90+0.05 1.49+0.08 1.09+0

Concerning the values of mean diameters of pristine
and modified SWCNTs, we concluded that HEC disperses
metallic SWCNTs better than semiconducting ones. The-
re is a difference between values of diameter obtained
from RBM and G Raman spectra because both methods of
diameter calculation depend on literature results that are
not quite conclusive.

3. 5. The Stabilization Mechanism
of Prepared SWCNTSs

The SWCNTs were sonicated in HEC aqueous me-
dium. During ultrasonication, the surfactant adsorbed on
nanotube surface may cause the exfoliation of nanotube
by steric*® and electrostatic*’ repulsions. The ultrasonica-
tion treatment provided local high shear especially at the
end of bundle.*' When gaps formed at the bundle end, the
surfactant could be absorbed and caused the separation of
the single nanotube from the bundle.*?

The HEC belongs to group of the nonionic polyme-
ric surfactants. It differs from plain or regular cellulose so
that some or all of the hydroxyl groups of the glucose re-
peat unit have been replaced with hydroxyethyl ether
groups.?* These hydroxyethyl groups get in the way when
the polymer tries to . Because it cannot crystallize, HEC is
soluble in water.

In previous studies concerning nanotube stabiliza-
tion mechanism it was established that polymer was wrap-
ped around nanotubes.*"** The possible mechanism of
stabilization of SWCNTs by HEC is presented in Fig. 5.
We assumed that glucose repeat units were adsorbed on
sidewall defects of SWCNTs while ethyl groups were
wrapped around carbon skeleton. Van der Waals interac-
tion between hydrophobic moieties of polymer and side-
wall SWCNTs were accomplished.'**' The length of
hydroxyethyl groups was not long enough to wrap around
whole nanotube but only partially. Our estimate of linear
dimension of hydrophobic moiety is 0.8 nm. HEC is
slightly chiral molecule and the nanotubes with corres-
ponding chirality could be functionalized.** This was a
reason for low dispersion efficiency of SWCNTs by HEC.

We have assumed that the stabilization mechanism
of SWCNTSs by HEC was realized on two levels: the elec-
trostatic stabilization and the steric. Electrostatic stabili-
zation was caused by hydroxyl groups of HEC that were
oriented to dispersion medium and made hydrogen bond
with aqueous molecules. Steric stabilization was largely
driven by repulsive steric force between adjacent hydrox-
yethyl groups bound to polymer chain.* The stabilizing

© carbon atom from SWCNTs

b% glucose unit from HEC

Fig. 5. Possible stabilization mechanism of SWCNTSs using
hydroxyethyl cellulose. Backbone of polymer HEC is wrapped
around SWCNT due to absorption of glucose repeat units on the si-
dewall of SWCNT.

moieties that reach out into dispersion medium have to be
mutually repulsive in order to effectively keep the partic-
les at a distance from each other.

To check our presumptions about possible stabiliza-
tion mechanism of SWCNTSs/HEC dispersion, we added
different amounts of NaCl to SWCNTs/HEC dispersion. In
the case of exclusive ionic stabilization, adding the salt
would cause precipitation of dispersion particles. On the ot-
her hand, particles stabilized sterically would not precipita-
te in the present of high concentration of salt. In our experi-
ment, SWCNTSs/HEC dispersion was stable for long time.
Only small amount of SWCNTSs/HEC precipitated after a
few days. This result confirmed mechanism of stabilization
through two levels of stabilization of carbon nanotubes.

4. Conclusion

In this paper, SWCNTs were functionalized by us-
ing nonionic surfactant hydroxyethyl cellulose. FTIR
analysis has verified the presence of hydroxyl and ethyl
groups in modified nanotube dispersions. Raman analysis
reveals that smaller amount of hydroxyethyl cellulose is
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required for functionalization of metallic SWCNTs com-
pared to semiconducting ones. Stabilization mechanism
of SWCNTs nanotubes by HEC was realized on two le-
vels: steric and electrostatic.
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Povzetek

V delu so predstavljeni rezultati sinteze in karakterizacije enostenskih ogljikovih nanocevk po funkcionalizaciji s hi-
droksietil celulozo. Lastnosti prvotnih in funkcionaliziranih ogljikovih nanocevk smo primerjali z razli¢nimi metodami:
termogravimetricno analizo, Ramansko spektroskopijo, FTIR spektroskopijo in UV-VIS-NIR spektrofotometrijo. Ra-
manska spektroskopska analiza je pokazala, da je za funkcionalizacijo kovinskih enostenskih ogljikovih nanocevk po-
trebna manj$a koli¢ina hidroksietil celuloze v primerjavi s polprevodnimi nanocevkami. FTIR spektroskopska analiza je
potrdila prisotnost hidroksietilnih skupin, kar dokazuje funkcionalizacijo nanocevk.
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