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Aqueous suspensions ofbundlesandindividual single-wall carbon nanotubes were prepared with the help of
surfactants. We study the changes in the Raman spectra of the suspensions with respect to powders, and of
exfoliated tubes with respect to bundles. The radial breathing modessRBMd upshift in suspensions because of
the internal pressure of the liquid. By contrast, no shift is observed in the RBM spectra after exfoliation in the
suspensions. However, we demonstrate a selectivity of the exfoliation process for tubes of small diameters.
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I. INTRODUCTION

Raman spectroscopy is certainly the most widely used
technique to study single-wall carbon nanotubessSWNTd.1,2

Raman scattering from SWNT is a resonant phenomenom
and therefore the signal is intense and easy to measure. The
popularity of the technique is also due to the availability of
simple models to interpret the Raman data which provide
useful information not only on the vibrational properties but
also on the structure and electronic properties of the nano-
tubes. Note however that the analysis of some specific fea-
tures of the spectra for small bundles and individual tubes is
still in debate.

Measurement of the radial breathing modessRBMd is the
most direct and efficient way to estimate the diameter distri-
bution of SWNT in a sample. Calculations using a force
constant approach earlier predicted that the frequency of the
RBM for an isolatedtube is proportional to the inverse of the
tube diameter.1–4 Note that this linear law was never really
checked by experiments because series of isolated tubes of
various diameter are not readily available. Indeed, most of
the available samples contain bundles of some tens to some
hundreds of nanotubes. Calculations were therefore extended
to bundles, in a first step to infinite ones, using tight
binding,5,6 or force constant4 models. The frequency of the
RBM was found to be upshifted of 5 to 15% depending on
the model. An experimental check of these calculations was
performed by Rolset al. on a series of samples featured by
different diameter distributions4 and good agreement was
found between the mean diameter estimated from x-ray dif-
fraction measurements and from RBM frequencies. The pe-
riodic photoselective resonance of SWNT in a polydisperse
sample was qualitatively well described by combiningab
initio calculations and evaluations of the resonance cross sec-
tions of the nanotubes.7 Therefore, a quantitative interpreta-
tion of the RBM spectra for bundles of SWNT can be
achieved providing tube-tube interactions within the bundles
are well taken into account.4,7 On the other hand, numerous
Raman studies were performed on isolated tubes,8,9 but only
a few experimental studies addressed the changes in the Ra-
man spectra when the nanotubes are exfoliated from the
bundles. Raoet al. compared the Raman signatures of dry
powdersscontaining essentially bundled tubesd and solutions
of individual functionalized tubes.10 They found an unex-

pected upshift of the RBM frequency for the solubilized
tubes. Recently, Helleret al. reported changes in the relative
intensities of the RBM bands as a function of the aggregation
state of the nanotubes in suspensions, floculates, powders,
etc.11 In these two studies, changes in the RBM spectra were
assigned to changes in the Raman resonance conditions, due
to changes in the electronic properties of the nanotubes as a
function of the aggregation state. However, it was shown by
Wood and Wagner that the internal pressure of the media
may induce a shift of some Raman modes, especially those
involving radial motions of the carbon atoms.12 Therefore, a
relevant comparison of the Raman spectra for bundles and
individual tubes can only be made when the nanotubes are
dispersed in the same fluid.

In this paper, we study aqueous suspensions ofindividual
SWNT sSISd and we focus on the changes in the Raman
spectra from powders to suspensions and from suspensions
of bundlessSBd to SIS. The preparation of the samples, their
characterization by several techniques, and the demonstra-
tion of exfoliation in SIS is presented in Sec. II. The raw
powders, the SB and the SIS made from the same samples
were studied by Raman spectroscopy using various laser
lines. The experimental results are presented and discussed
in Sec. III. In Sec. III A, we focus on the changes observed
in the RBM range for the suspensions with respect to pow-
ders. We show that the internal pressure of the liquid is re-
sponsible for an upshift of the RBM in the suspensions. In
Sec. III B, we study the changes in the Raman spectra after
exfoliation. No further shift can be observed in the RBM
range between SB and SIS. By contrast, the relative intensi-
ties of the RBM bands change. We consider two hypotheses
to explain these changes:sid changes in the electronic prop-
erties due to exfoliation andsii d selectivity of the exfoliation
process in favor of the smallest diameters.

II. EXPERIMENT

A. Preparation and characterization of the samples

In this study, we worked on three different kinds of
single-wall carbon nanotubes: raw and purified samples pre-
pared by the electric arcsEAd techniquesfrom Nanoledge,
Inc., Montpellier, France, and MER, Inc., Tuscon, Arizona,
respectivelyd and purified samples prepared by the HiPCO
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techniquesfrom CNI, Inc., Houston, Texasd. As far as RBM
are concerned, the Raman results are very close for raw and
purified EA samples and we will present only those for raw
samples in this paper. The powders were extensively charac-
terized by x-ray diffraction, scanning electron microscopy
sSEMd, high resolution transmission electron microscopy
sHRTEMd, Raman spectroscopy, and optical spectroscopy, in
order to check their homogeneity, purity, and to estimate the
distribution of diameter for the tubes and the bundles. A
selection of the results is presented in Ref. 13. The SWNT
diameter is typically between 1.2 and 1.5 nm for the EA
samples and between 0.7 and 1.3 nm for the HiPCO samples.
The bundle diameter is typically between 20 and 30 nm for
the EA samples and it is significantly smallersof the order of
10 nmd for the HiPCO samples.

Suspensions were prepared from the three batches of
samples, following the procedure described by Vigoloet al.
in Ref. 14 for the bundles and that described by O’Connellet
al. in Ref. 15 for individual tubes. For SB, we prepared
suspensions with about 200 mg l−1 of nanotubes. For all
samples, we prepared the suspensions using sodium dodecyl
sulfatesSDSd which is an ionic surfactant, also used in Refs.
15 and 16. We also prepared suspensions of bundles for the
EA samples using Triton X100TM sTX100d, which is a non-
ionic surfactant. No changes in the RBM spectra were ob-
served when the surfactant changes for raw EA and HiPCO
samples. By contrast, some changes were observed in the
spectra of the tangential modes for purified EA samples and
attributed to charge transfers between surfactant and tubes.
However, this falls out of the scope of this paper and this will
be addressed in details elsewhere. Note finally that some
suspensions were prepared using D2O instead of H2O in or-
der to prevent from optical absorption in the near infrared.
However, in our backscattering geometry, the beam can be
focalized on the front face of the cell so that absorption from
the dispersant is considerably reduced. As a matter of fact,
we experimentally checked that the Raman profiles in the
RBM and TM ranges are absolutely not affected by the na-
ture of the isotope.

The preparation of individual nanotubes was controled by
HRTEM. A dialysis of the suspensions in SDS with a pH 8.5
trisshydroxymethyldaminomethan buffer solution was first
achieved to remove the surfactant. The samples were then
diluted in ethanol, and a few drops of this latter solution

were deposited on HRTEM grids where the solvent was
evaporated. Typical images of bundlessfrom the powderd
and individual tubes are presented in Figs. 1sad and 1sbd,
respectively. Imaging the bundles is rather straightforward.
Well-crystallized bundles are observed, as stated by well-
defined interference fringes. A few individual tubes and a
few carbon and catalyst nanoparticles can be observed as
well. Imaging individual tubes is more difficult. No bundles
could be observed in the samples. Another important result is
that at “low” magnificationftypically that of picture 1sadg,
only a few individual tubes can be observed, those which
peep out of the carbon skin deposited on the gridssnot
shownd. For most of these individual nanotubes, one can
observe one of the extremities contrary to the bundles im-
aged in Fig. 1sad where both extremities are embedded in
other bundles or in the carbon skin. Therefore, we confirm
that the individual tubes are probably significantly shortened
by the sonication and centrifugation treatments, as already
claimed in Refs. 15, 16, and 17. However, it would be pre-
sumptuous to try to estimate the distribution of nanotube
lengths from the pictures since at higher magnificationfFig.
1sbdg, most of the imaged nanotubes are lying on the carbon
skin and their extremities cannot be identified accurately.

Other evidence of the exfoliation of the tubes was ob-
tained. First, for the two samples, SIS presents a strong pho-
toluminescencesPLd in the near infrared, while powders and
SB do notsFig. 2d. The PL spectra are in good agreement
with those reported in the literature for similar samples.16,18

Near infrared PL is direct evidence of the exfoliation of the
tubes in the suspensionsswe remind the reader that the con-
tacts between metallic and semiconducting tubes in the
bundles quench the fluorescence15d. Note that in the specific
case of HiPCO samples, fluorescence is also observed from
suspended bundlesfFig. 2sbdg, but with a weaker intensity.
This is an indication that HiPCO samples contain individual
tubes or thin bundles, which is not surprising since the typi-
cal diameter of the original bundles in the powders for
HiPCO samples is much smaller than for EA samples.13 Fur-
thermore, it is likely that the sonication process favors the
exfoliation of small tubes, especially if they are located at the
surface of polydisperse bundles, because of weaker van der
Waals interactions with neighbor tubes due to their strong
curvature angle and small diameter. We will give belowsSec.
III B d further evidence of this selectivity. Finally, we also

FIG. 1. High resolution trans-
mission electron microscopy from
raw electric arc samples:sad
bundles andsbd isolated tubes. See
details in the text.
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observed other evidence of the preparation of individual
tubes from photon correlation spectroscopy experiments19

and from optical limiting measurements.20

B. Raman scattering experiments

The Raman experiments were carried out for three
batches of samples under three formsspowder, SB, and SISd
at three laser energiess2.41 and 1.92 eV from an Ar-Kr ion
laser, and 1.16 eV from a Nd-YAG laserd. Measurements
were achieved in both slightly focusedsspot diameter of the
order of some hundreds micrometersd and tightly focused
sspot diameter of the order of ten micrometersd configura-
tions and gave the same results. The laser power was below
100 W cm−2 for the study of powders to prevent the samples
from heating. For the suspensions, we checked that the laser
power density can be increased by more than a factor of ten
without any changes in the profile of the Raman spectra i.e.,
without any significant heating of the samples. This is due to
the much larger thermal conductivity of the liquids with re-
spect to the air.

III. RAMAN RESULTS AND INTERPRETATION

A. Effect of environment

Figure 3 presents Raman spectra in a low-frequency range
excited with three different laser lines. All the peaks mea-
sured in this low-frequency range are assigned to radial
breathing modessRBMd. The relation between RBM fre-
quency and tube diameter was calculated using a force con-
stant model and was checked experimentally for powders of
bundled tubes4

nscm−1d =
224

dsnmd
+ 14. s1d

On the other hand, it is well known that Raman scattering
is a resonant phenomenom for SWNT. The resonance condi-
tions directly relate to allowed optical transitionssAOTd be-
tween pairs of van Hove singularities, which are commonly
reported as a function of tube diameter on the so-called “Ka-
taura plot.”1,2,21,22The RBM spectra for EA powdersfFig.
3sadg can be well interpreted using Eq.s1d and the Kataura
plot. The spectra at 2.41 and 1.92 eV correspond to reso-
nance on semiconducting and metallic tubes, respectively,
with diameters between 1.2 and 1.5 nm. The spectrum at
1.16 eV corresponds to resonance on semiconducting tubes
between 1.3 and 1.5 nm. The interpretation of the spectra for
tubes of small diameter, as in the case of HiPCO samples
fFig. 3sbdg, must be made with more care sincesid Eq. s1d
was experimentally checked only for tube diameters above 1
nm andsii d corrections to the simple zone folding model are
necessary to calculate the density of states, and therefore the
AOT, of small tubes.22,23 The RBM observed at larger fre-
quencies, between 200 and 300 cm−1, are assigned to smaller
tubes of diameter between 0.7 and 1.2 nm, with resonance on
metallic tubes at 2.41 eV and on semiconducting tubes at
1.92 and 1.16 eV. No RBM is measured below 185 cm−1

which confirms that there are essentially no tubes of diameter
above 1.3 nm in HiPCO samples.

The most striking feature of Fig. 3 is the systematic up-
shift of the RBM bunch when SWNT are dispersed in sus-
pensions. The upshifts can be as high as 7 cm−1 at low fre-
quenciesfFig. 3sadg and are more modest at high frequencies
fFig. 3sbdg. In order to estimate more precisely the diameter
dependence of the shift, all spectra were fitted with a set of
Lorentzians. The fitting procedure was the following:sid for
the powder spectra, the number of Lorentzians was first ad-
justed in order to fit well each secondary maxima. A line was
added if one of the linewidthsffull width at half maximum
sFWHMdg was larger than 15 cm−1, a line was removed if its
integrated intensity was below 2% of that of the whole
bunch, andsii d the fit of the spectra for the suspensions was
achieved with the same number of lines than the powder, and
started with the same fitting parameters. A line was removed
only if its integrated intensity was below 2% of that of the
whole bunch, which occurred occasionally.Systematicup-
shifts of the lines were observed. On the other hand, good fits
could neverbe achieved by fixing the line frequencies and
varying the intensities only.

The shift of each RBM peak from powder to suspension is
reported in Fig. 4 for each sample and each laser linesfor

FIG. 2. Raman and photoluminescence spectra for powders, sus-
pensions of bundles, and suspensions of individual tubes, as labeled
in the figures, forsad electric arc samples andsbd HiPCO samples,
excited with a 1.16 eV laser line. The spectra were normalized and
shifted along the vertical axis for clarity. The broad and intense
signal in the ranges 3200–3500 and 2300–2700 cm−1 is due to OH
or OD stretchings from H2O or D2O, respectively. The signal fluc-
tuations in the range 2100–2300 cm−1 are due to absorption by
atmospheric water.
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comparison, the inset illustrates the absence of shift after
exfoliation in the suspensionsd. The systematic upshift is in-
contestable, as well as its frequency dependence. For a given
RBM frequency, the best linear fit of the data is very close
for SB and SIS, for EA and HiPCO samples, for measure-
ments at 2.41 and 1.92 eVsnot shownd. Only for the results
at 1.16 eV, the shift was found to be significantly smaller
striangles in Fig. 4d. However, one can observe a rather im-
portant dispersion of the data. This dispersion can be due to
different bundle sizes for SB or different organizations of the
surfactant as a function of the chiral angle. This can also be
due to changes in the electronic properties of the tubes as a
function of chemical environment or bundle size, especially
for SIS. If this occurs, part of the measured shift may be
assigned to a change of the nature of the resonant tube. These
dispersion effects may explain why the apparent shift at 1.16
eV is smaller than for the other laser lines. Given the small
number of data at 1.16 eV, it would be presumptuous to go
further in the interpretation. Finally the best fit of the whole
datassolid line in Fig. 4d gives

Dnscm−1d = 12.2 − 3.7.10−2 nscm−1d. s2d

Shifts of the same order of magnitude were already re-
ported sid by Rao et al. and assigned to an exfoliation of
functionalized and shortened tubes in CS2 solutionssFig. 1 in
Ref. 11d, andsii d by Lebedkinet al. but not interpretedsFig.
3 in Ref. 19d. We claim that these upshiftsare not due to
exfoliation of the tubes since they are observed both for sus-

pensions of bundlesand individual tubes. For the same rea-
son, we rule out the assignment of the RBM shift to bundle
thickening, which was proposed by Kukoveczet al. to ex-
plain Raman results on functionalized nanotubes.24 On the

FIG. 4. Shift of the RBM in the suspensions with respect to
powders as a function of RBM frequency for powderssinset: shift
of the RBM after exfoliation in the suspensionsd. The solid and
open symbols are for SB and SIS, respectively. The squares, circles,
and triangles are for laser energies 2.41, 1.92, and 1.16 eV, respec-
tively. The error bars correspond to 95% confidence limits. The
solid line is the best linear fit for the whole datassee textd. The
dotted lines are guides for the eyes.

FIG. 3. RBM Raman spectra forsad electric
arc samples andsbd HiPCO samples for three dif-
ferents laser lines, as labeled in the figures. The
spectra were normalized and shifted along the
vertical axis for clarity. The vertical dotted lines
indicate the maxima of intensity in the spectra of
powders. The arrows mark the RBM peaks whose
intensity increase strongly after exfoliationssee
textd.
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other hand, a systematic upshift of the RBM cannot be ex-
plained by a systematic offset of the AOT due to changes in
the chemical environment, since the apparent RBM shift for
each peak of the bunch could be positive or negative depend-
ing on the laser line and the resonant tubes.

We claim that the RBM upshift must rather be assigned to
changes in the interactions between nanotubes and its envi-
ronment. Indeed, it is instructive to compare the shifts mea-
sured in Fig. 4 to those measured under hydrostatic
pressure.5,25An upshift of a few cm−1 was observed when the
samples were immersed in the pressure transmission fluid
smethanol/ethanol mixtured, but this shift was not discussed
further. On the other hand, this phenomenom was addressed
by Woodet al. in a systematic study of the frequency of the
second order overtone of theD bandsrefered to as theD* or
G8 bandd, of carbon nanotubes dispersed in various liquids.12

The upshift was shown to depend on the nature of the fluid
and to increase with its cohesive energy densitysCEDd.
Therefore, it was assigned to the internalsvan der Waalsd
pressure of the molecular liquids.12 Radial vibrations of the
carbon atoms are particularly expected to be sensitive to this
pressure. On the other hand, under hydrostatic pressure, both
the frequency of the RBM and TM bunches is found to up-
shift, following a linear pressure dependence at low pres-
sures of the order of 7 to 10 cm−1 GPa−1 sRefs. 5 and 25
respectivelyd.

We assign the upshift of the RBM from dry powders to
supensions to molecular interactions between the surfactant
molecules and the nanotubes. Since the chemical nature of
the hydrophobic part of both SDS and TX100 is close to that
of alcanes, one expects a molecular pressure of the order of
the CED of long alcanes, i.e., of a few hundreds MPa. The
shift of the RBM of the order of 5 to 6 cm−1 observed for EA
samplessFig. 4d is of the same order of that expected for a
hydrostatic pressure of a few hundred MPa,5 which gives
additional credit to our analysis. This analysis can also ex-
plain the experimental results by Raoet al.10 as well as those
by Lebedkinet al.18

B. Effect of exfoliation

From Fig. 3, one observes essentially no changes in the
RBM frequencies of suspensions after exfoliation. Figure 4
confirms that the upshift is globally the same for SB and for
SIS. This can appear as a surprising result since calculations
predict a downshift of 10 to 15 cm−1 for isolated tubes with
respect to infinite bundles.4–6 However, we point out that
even though our samples containindividual tubes, i.e., free
of any intertube interaction, the nanotubes cannot be consid-
ered isolated, since they are decorated by surfactants and
immerged in a fluid. In our opinion, the surfactant-tube in-
teractions explain why no shift is observed between SB and
SIS.

The most spectacular feature of the spectra after exfolia-
tion is the observation of new peaks at high frequencies for
SIS prepared with EA samplesfmarked with arrows in Fig.
3sadg. One also observes a significant increase of the highest
frequency peaks in the spectra of HiPCO tubesfarrows in
Fig. 3sbdg. According to Eq.s1d, these peaks correspond to

SWNT of small diameters0.8 to 0.9 nmd. It is tempting to
conclude that the exfoliation process is more efficient for
small diameters. However, one cannot rule outa priori an
effect of some changes in the electronic properties of the
tubes after exfoliation. Indeed, calculations show that bun-
dling makes the electronic properties vary.10,26 However, the
nature and amplitude of the changes is controversial. Raoet
al. found that intertube coupling leads to a broadening of the
van Hove singularities and to a net increase of the energy
spacing for bundled nanotubes. According to the Kataura
plot, such a blueshift of the AOT favors resonance on larger
tubes. Therefore, at fixed laser energy, the RBM intensity is
expected to decreasesincreased at high frequencies for
bundledsindividuald tubes. From their calculations, Raoet
al. assigned the upshift of the RBM for individual tubes in
solution to a redshift of the AOT due to exfoliation.10 Part of
this explanation may be right. However, we demonstrated
above that the upshift in solution must be primarily attributed
to tube-liquid interactions. On the other hand, Reichet al.
studied the effect of bundling on the electronic properties of
SWNT throughab initio calculations.26 They also reported
significant broadening and changes in the density of states.
However, they found that the amplitude of the changes de-
pends on the chiral angle of the tubes. Moreover, even the
nature of the change—redshift or blueshift—depends both on
the nature of the nanotube and on the order of the transition.
Recently, Helleret al. reported changes in RBM intensities
for nanotubes in various forms: suspensions, floculates, pow-
ders, etc.11 They assumed that a redshift of the AOT occurs
when nanotubes aggregate, which allowed them to interpret
well their experimental data. Unfortunately, the nature and
strength of intertube interactions in their different samples
were not well-characterized enough to conclude.

We ourselves tried to modelize the changes in the Raman
spectra of Fig. 3 following the same approach. Globally, the
intensity of the low-frequency peaks increases if one consid-
ers a blueshift of the AOT due to exfoliation, in opposition to
the experimental results. On the other hand, even by consid-
ering a redshift of the AO, we were not able to mimic the
strong increase of the high-frequency peaks except in assum-
ing unreasonable, downshifted, distribution of tube diam-
eters. More important, we could never modelize the appari-
tion of high-frequency peaks in the spectra of EA samples.
We conclude that simple electronic changes, i.e., a general
shift of the AOT, cannot explain the experimental results
alone. Therefore, another phenomenom is responsible for the
increase of the RBM intensity of small tubes in the SIS spec-
tra. We claim that the process used to prepare SISfavorizes
small tube diameters. Such a selective effect is supported by
the high signal measured for small tubes in PL experiments
on SIS.17 By contrast, the comparison of optical spectra for
ropes and individual tubes suggested that the diameter distri-
bution did not change after exfoliation.22 Crossed optical and
Raman measurements should be run to understand these dis-
crepancies. On the basis of our Raman results, we believe
that sonication is likely more effective for small diameters
because of larger curvatures and therefore a weaker van der
Waals cohesion, especially in polydisperse bundles. On the
other hand, centrifugation separates objects of different den-
sities and may therefore contribute to the diameter selection.
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Calculation of the diameter dependence of the tube densities
is not straightforward since the “thickness” of the tubes is
not known accurately. However, an experimental test of the
diameter selectivity could be achieved by performing cen-
trifugation in solvents of various densities.

IV. CONCLUSION

Well-characterized individual tubes in suspensions were
prepared from different production methods, with different
structural features. The samples were carefully characterized,
especially by HRTEM and near infrared photoluminescence,
to get unambiguous signatures of the exfoliation. We studied
the changes in the Raman profiles due to dispersion of the
powders in aqueous suspensions and to exfoliation into indi-
vidual tubes. Dispersion of the bundles in a liquid leads to a
systematic upshift of the RBM bunches. This is the first im-
portant result of this study. This upshift is assigned to mo-
lecular pressure-induced stress. The consequences of the
stress on the RBM frequencies are comparable to those of
hydrostatic pressure. Therefore, individual suspended tubes
are not relevant systems to probe the RBM shift due to in-
tertube interactions in the bundles. Experiments should be
run on dry deposits from the suspensions after dialysis or
heat treatment to remove the surfactant layers. After the
tubes are exfoliated from the bundles, no frequency changes
are observed in the RBM spectra. The main feature is the
strong increase of the Raman signature of small diameter
tubes. This phenomenom may be due in part to a redshift of
the allowed optical transitions when tubes are exfoliated.
However, it is necessary to consider a selectivity of the indi-

vidualization process in favor of the smallest nanotubes to
explain the whole data. Such a selectivity can be due to a
better effectiveness of the sonication and/or of the centrifu-
gation for small diameters. In the future, a better control of
the centrifugation process may be helpful to separate the
tubes as a function of their diameter.

Note added: Recently, several important papers were pub-
lished. Two of them are of particular interest for the readers.
In a detailed study of the near-infrared resonance Raman
spectra of aqueous suspensions, O’Connellet al. reported an
experimental blueshift of the AOT from dry powders to
SIS.27 Such a blueshift alone would lead to an apparent
downshift of the RBM because of the photoselection of
larger tubes. Since a systematic upshift is observed in the
experiments, this gives further credit to the role of the inter-
nal pressure of the solvent. On the other hand, a complete
assignment of the RBM peaks measured in aqueous suspen-
sions was recently achieved by comparing experimental and
calculated optical transition energies.28 The relation between
RBM frequency and tube diameter was derived from a fit
following these assignments. This very nice result is valid for
nanotubes dispersed in water. However, to our knowledge,
there is still no available experimental check of the relation
between RBM fequency and tube diameter for trulyisolated
nanotubes.
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