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Raman spectra of purified arc-discharge single-walled carbon nanotubes (SWCNTs)
were measured at temperatures up to 750 K. The temperature-induced frequency shift is
reversible for the tangential G modes and irreversible for the radial breathing modes
(RBMSs). The residual softening of the RBMSs increases with the tube diameter, whereas its
dependence on the treatment temperature exhibits a threshold-like character. The mode
softening can be attributed to removal of adsorbents and/or destruction of random C—C
bonds between adjacent nanotubes caused by the high temperature treatment (HTT).

Keywords Raman spectra, Single-walled carbon nanotubes

Introduction

The temperature dependence of the nanotube diameter and the expansion of the bundle
lattice due to anharmonicity of the van der Waals interaction were studied by X-ray
diffraction (1). The thermal expansion coefficient for the tube diameter is very small,
while the expansion coefficient of the bundle lattice is larger than that of graphite in the c-
axis direction (1). Another X-ray diffraction study revealed the important role of adsorbents
in the temperature behavior of bundled SWCNTSs (2). The temperature dependence of the
lattice constant of purified SWCNTs differs for the first heating and cooling cycles, indicat-
ing the shrinkage of the SWCNT bundles. The second and subsequent temperature runs
show temperature dependence similar to that of the first cooling cycle, while exposure of the
samples in the atmosphere leads to the recovery of the initial temperature dependence. The
shrinkage of the SWCNT bundles under heating was attributed to removal of adsorbents,
which are present in the interstitial channel sites or inside the nanotubes due to the high
adsorption ability of bundled SWCNTs of atmospheric N, and O, gases (3). In addition, the
temperature shift of the RBM and the G mode frequencies in bundled single- and double-
walled carbon nanotubes was studied by Raman spectroscopy at temperatures up to 800 K
(4,5). The Raman study and molecular dynamics simulations of bundled HIPCO SWCNT
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has shown important contributions of the intratubular bond softening and the softening of the
van der Waals intertubular interaction in the temperature shift of the RBM and the G band
(4). Molecular dynamics simulations show small radial expansion of nanotubes, which does
not contribute much in the temperature shift of the Raman peaks (4). This result is consistent
with the X-ray diffraction study, which suggests even negative temperature expansion of the
tube diameter (1).

The important feature of SWCNTs is their ability to aggregate in bundles. The isolation
of individual nanotubes is possible only by ultrasonic exfoliation of bundles in water-
surfactant dispersions (6). The aggregation is due to high cohesive energy of the van der
Waals interaction, which is a few times higher than that of the Cg fullerene molecules for
equivalent tube length (7). Taking into account the long length of nanotubes, their interaction
becomes very strong, resulting in the formation of a hexagonal lattice of aligned closed
packed nanotubes. Another reason for strong bonding may be the interlinking via C—C
intertubular bonds due to a large number of unsaturated double C=C bonds similar to
polymerized Cg fullerene. The illumination of Cgy by light results in covalent bonding
between adjacent Cgy molecules and the creation of fullerene dimers and oligomers, while
the high pressure/high temperature treatment of Cg results in the formation of bulk crystal-
line polymers (8-10). The interlinking of nanotubes assumes their deformation in radial
direction requiring high pressure (11). Numerical calculations predict one- and two-
dimensional networks of interlinked SWCNTs, some of which are energetically more stable
than the hexagonal lattice formed via the van der Waals interaction (11). The SWCNT
bundles under high pressure/high temperature treatment show irreversible changes in their
structure and Raman spectra that provide evidence for covalent interlinking through sp’
C—C bonds (12). The random interlinking of nanotubes caused by light illumination at
ambient conditions similar to the photopolymerization of Cgo cannot be excluded. On the
other hand, the treatment of the fullerene polymers at temperatures higher than ~550 K
results in the destruction of intermolecular C—C bonds and recovering of the initial fcc
structure (13). Similarly, the HTT of bundled SWCNT may result in the destruction of
random C—C bonds, if interlinking really takes place. In view of this, we investigated the
Raman spectra of purified bundled SWCNTs at temperatures up to 750 K. We find that the
temperature shift of the RBM frequencies is partially irreversible, resulting in a residual
softening of the RBMs. The softening is larger for large tube diameters, whereas its
dependence on the treatment temperature has a threshold-like character.

Experimental Details

The starting SWCNT material was synthesized by the arc discharge evaporation method in
helium atmosphere at a pressure of 0.86 bar using a metallic Ni/Y catalyst. A purification
method based on the multistep oxidation in air and reflux in HCI resulted in a ~90wt%
content of SWCNTs. No surfactants were applied during the purification procedure. The
main impurities were graphite particles in the order of 2—4 pm, while the total content of
metal impurities was ~1.3%. The final material was a black fluffy powder that consisted of
~100 pm nanotube mats (14). The purified SWCNTs were annealed in vacuum at 873 K for
5 hours. The average diameter of the nanotubes was 1.5 nm, as it follows from the
preparation method, the transmission electron microscopy, and Raman characterization.
Raman spectra from small SWCNT samples were recorded in-situ in the back-scattering
geometry using a micro-Raman setup comprised of a triple monochromator (DILOR XY)
and a CCD detector system, cooled at liquid nitrogen temperature. The 514.5 nm Ar" laser
line was focused on the sample by means of a 20 x objective in a spot of ~3 um diameter,
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while the beam intensity on the sample was ~1 mW. For the high temperature measure-
ments, a home-made high temperature cell with temperature controller that maintained
temperatures up to 750 K with an accuracy £2 K was used.

Results and Discussion

The Raman spectrum of the purified SWCNTSs recorded at ambient conditions in the regions
of the RBM and the G modes is shown in Figure la. The G band corresponds to the
tangential C—C stretching vibrations of SWCNTs that splits to the G~ (circumferential
component for a semiconducting nanotube) and to the G* (axial component for a semicon-
ducting nanotube) bands, located at 1568 cm™' and 1591 cm™", respectively. The RBM band
is composed of a prominent peak at 170 cm ™', and shoulders at ~179 cm™" and ~160 cm™".
The RBM frequency, wg, is inversely proportional to the tube diameter, d;, while its value is
upshifted due to the intertube interaction within a SWCNT bundle, as it follows from one of

the empirical relations (15):

dy(nm) = [234nm - cm™'] /[or (em™') — 12em™] e

According to equation (1), the main RBM peak at 170 cm™" corresponds to a SWCNT with a
diameter of ~1.48 nm, whereas the shoulders at 160 and 179 cm™" correspond to SWCNTs
with diameters ~1.58 nm and ~1.4 nm, respectively. Figures 1b and 1c show the Raman
spectra after high temperature treatment of the SWCNTs at 530 K and 630 K, respectively.
The RBMs soften after HTT; the softening is larger for large tube diameters and higher
treatment temperatures, resulting in better separation of bands. The HTT does not affect the
G modes within the accuracy of the measurements.
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Figure 1. Raman spectra in the RBM and the G band frequency regions of (a) purified SWCNTs, (b)
SWCNTs after HTT at 530 K, and (¢) SWCNTs after HTT at 630 K. All spectra are recorded at the same
sample site and at ambient conditions.
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The temperature dependence of the RBM and the G mode frequencies, obtained from
Raman spectra of the purified SWCNTs in three temperature runs, are shown in Figure 2.
The open (solid) symbols denote the results of the heating (cooling) temperature cycle. The
Raman spectra of the heating cycle were measured with a step of 25 K. The increase of
temperature, its stabilization at the new value and the accumulation of Raman signal takes
about 1 hour. The cooling cycle performed with a step of 50 K lasts longer due to the
relatively large mass and thermal inertia of the heater. The circles in Figure 2 clearly show
the irreversible temperature dependence of the RBM frequencies, which results in a residual
softening of the modes during the first temperature run in the region 300—430 K. Squares in
Figure 2 show the temperature dependence of the RBM frequencies obtained during the
second temperature run performed in the region 455-530 K. The Raman spectra, recorded at
the same sample site, show again an irreversible temperature dependence of the RBM
frequencies and further residual softening of modes. The residual softening of the RBMs
depends on the tube diameters; its value decreases with the decrease of the tube diameter and
for the smallest ones becomes zero within the experimental accuracy. The third temperature
run, performed in the temperature region 300-730 K, is reversible (triangles in Figure 2).
The temperature dependence of the G mode frequencies obtained during the same tempera-
ture runs is also shown in Figure 2 and is reversible within the experimental accuracy.

The residual softening of the RBMs under various HTT conditions was studied in a
number of independent temperature runs. The magnitude of the residual softening was
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Figure 2. Temperature dependence of the RBM and the G mode Raman frequencies of the purified
SWCNTs. The open (solid) symbols denote the heating (cooling) cycle. Circles: first temperature run
(300430 K), squares: second temperature run (300—530 K), triangles: third temperature run (300-730
K).
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Figure 3. The dependence of the RBM residual softening on the treatment temperature. Open circles:
SWCNTs with diameters ~1.48 nm, solid circles: SWCNTs with diameters ~1.58 nm.

determined as the difference of the RBM frequencies of the room temperature Raman spectra
measured before and after sample treatment at temperatures up to 750 K for ~30 minutes.
Spectra were recorded at the same site of the sample, and a new sample was used in each
temperature run. The dependence of the RBM residual softening on the treatment tempera-
ture is illustrated in Figure 3. The open and solid circles correspond to the softening of the
RBM related to tube diameters 1.48 nm and 1.58 nm, respectively. The softening of the
modes is rather small for treatment temperatures up to ~430 K. At higher temperatures, the
softening rapidly increases to almost its maximum value above ~530 K. Further increase of
the treatment temperature does not result in a significant increase of the RBM residual
softening.

The most interesting effect in the temperature behavior of the Raman spectra of bundled
SWCNT is this threshold-like dependence of the RBM softening with a threshold tempera-
ture in the range 430-530 K. The softening of the RBMs should be related to the irreversible
increase of the tube diameter and/or decrease of the intertube interaction near the threshold
temperature. According to molecular dynamics calculations, the influence of the intertube
van der Waals interaction on the vibrational spectrum of bundled SWCNT was found to
diminish with increasing phonon frequency, and the effect of interaction is negligible at
phonon frequencies higher than 500 cm™ (16). Consequently, the influence of the intertube
interaction potential on the G mode frequency is negligible, explaining its reversible
temperature dependence irrespectively from any changes in the interaction potential. On
the contrary, the influence of the intertube interaction on the low frequency vibrations is
strong and may result in an irreversible softening of the RBMs when the interaction is
decreased. In addition, the influence increases with the decrease of the RBM frequency
resulting in larger softening of the low frequency RBMs (16).

To clarify the nature of the irreversible temperature effects in bundled SWCNT, we have
to analyze various effects that may cause irreversible changes in the intertube interaction
and/or in the tube diameters after HTT. Regarding to the tube diameter, its thermal expansion
coefficient is almost zero, so the tube diameter remains practically unchanged under sample
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heating (1). The irreversible increase of the tube diameter is possible due to coalescence of
nanotubes observed after HTT at ~1800 K in H, atmosphere, resulting in diameter-doubled
nanotubes (17). Obviously, this is not our case because of the different temperature condi-
tions and the considerably larger mode softening anticipated due to the doubling of the
nanotube diameter.

The irreversible changes in the intertube interaction under HTT may be caused by
removal of adsorbed atmospheric N, and O, gases, which may be present in the interstitial
channel sites or inside the nanotubes due to the high adsorption ability of bundled SWCNT
(3). The bundle lattice constant of the purified SWCNTs decreases irreversibly from 17.1 to
16.9 A in the first heating/cooling run due to desorption of molecules from the intertube
space of SWCNTs heated under vacuum (2). The radial shrinkage of SWCNT bundles takes
place in the temperature region 300—600 K. The decrease of the bundle lattice constant
should result in the increase of the intertube interaction and the upshift of the RBM
frequencies in contrast to our experimental observations. One may assume that the presence
of adsorbed molecules in the interstitial channel sites of bundles results in the enhancement
of the intertube interaction and thus their removal will decrease the overall interaction
despite the intertube distance shortening. Unfortunately, there are no computer simulation
data related to the influence of adsorbents on the van der Waals interaction in bundled
SWCNT for a quantitative estimation of this possibility.

The irreversible increase of the intertube distance may be caused by destruction of
random C—C bonds between the nanotubes under HTT of bundled SWCNTs. The random
interlinking of nanotubes that might take place under light illumination at ambient condi-
tions assumes a decrease of the mean intertube distance and local deformation of the
nanotubes in the radial direction near the link. The HTT of bundled SWCNTs may result
in the destruction of C—C intertube bonds similar to the case of HTT of crystalline polymers
of Cgp (13). Then, the threshold-like character of the RBM softening can be interpreted as an
indication of such destruction.

Conclusions

The Raman data presented in this paper clearly show the irreversible changes in the intertube
interaction of bundled SWCNT caused by their treatment at high temperature. The nature of
these changes is not quite clear yet and additional investigations, like differential scanning
calorimetry and time-dependent annealing experiments, will be required.
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