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Abstract

Single-wall carbon nanotube (SWNT) samples grown by the CoOMoCAT method are investigated by resonance Raman scattering and
optical absorption. The environment effects in the population of the different (n,m) nanotubes present in the samples are characterized
for DNA-wrapped nanotubes and the results are compared with SDS-wrapped CoMoCAT nanotubes. A significant decrease in the
Raman intensity of metallic nanotubes is observed in the DNA-wrapped sample as compared to the SDS-wrapped sample, supporting
the DNA-based separation method. This result is confirmed by optical absorption measurements in both samples.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

The production of carbon nanotube samples with well
defined (n,m) tube type distribution is one of the most
important goals in the field. Specially, the metallic vs. semi-
conducting separation is crucial for applications. Beside the
development of separation methods, the development of a
precise method to characterize the abundance of the differ-
ent (n,m) species present in a sample is definitely necessary.
SWNT samples, grown by Co—Mo catalysts (CoMoCAT),
within bundles and dispersed in sodium dodecyl sulfate
(SDS) suspension have been previously investigated by res-
onance Raman spectroscopy, where the (n,m) population
for nanotubes dispersed in SDS solution was determined
[1].

In this work we present a complete resonance Raman
characterization of DNA-wrapped carbon nanotubes sam-
ples dispersed in aqueous solution in the region from 1.82
to 2.71 eV. The Raman results obtained for DNA-wrapped

* Corresponding author.
E-mail address: cfleite@fisica.ufmg.br (C. Fantini).

0009-2614/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2007.03.085

nanotubes, compared with those obtained for SDS-
wrapped nanotubes [1], reveal that the Raman intensities
for metallic nanotubes change substantially by changing
the wrapping agent, while the results for semiconducting
tubes remain the same. A reduction in the total Raman
intensity for metallic nanotubes by about three times is
observed in the DNA-wrapped sample when compared to
the SDS-wrapped sample, showing that a semiconducting
enriched nanotube solution is obtained when the nano-
tubes are dispersed in DNA. This result reinforces the
assumption that DNA can be used to metal/semiconduct-
ing SWNT chromatographic separation, previously
observed by Raman measurements [2] and predicted by
theoretical calculations [3].

For a complementary characterization of the sample,
analysis of the optical absorption spectra is also presented
here. Usually, the separation is difficult to be observed with
optical absorption because the metallic and semiconduct-
ing signals overlap. Methods to determine the nanotube
population of (n,m) species based on the analysis of optical
absorption spectra have been recently proposed [4,5], but
the fitting of the optical absorption spectra is not trivial
because in general each feature is a sum of the absorption
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peaks of several different nanotubes. However, a better
analysis of the optical absorption spectra can be obtained
when combined with Raman results. The optical absorp-
tion spectra for the two samples investigated here are ana-
lyzed by using a procedure based on the assignments made
by the Raman study.

2. Experimental details

Resonance Raman experiments have been performed
at room temperature and pressure using a DILOR XY tri-
ple-monochromator in a backscattering configuration,
equipped with a liquid N, cooled charge coupled device
(CCD). The samples were excited by a tunable laser system
composed by a dye laser, with three different dye solutions
(Rhodamine 110, Rhodamine 6G, and DCM special) that
allow us to change continuously the laser excitation energy
in the range 1.82-2.30 ¢V and an Ar—Kr ion laser, that pro-
vide 10 laser lines in the 2.34-2.71 eV range. A total of 65
different laser lines were used in the experiments. For each
laser line the Raman spectrum of CCl, was also obtained
and its intensity was used to normalize the intensity of
the SWNT spectra obtained for each laser line. Optical
UV-Vis absorption spectra were recorded using a Shima-
dzu UV-PC spectrophotometer in the 400-750 nm wave-
length range. A carbon nanotube sample synthesized by
CoMoCAT method [6] was used in the experiments. The
DNA-wrapped SWNTs were obtained by sonication of
CoMoCAT nanotubes in the presence of GT-DNA oligo-
mers, followed by centrifugation at 15,000 rpm for
30 min. The preparation of SDS-wrapped CoMoCAT
SWNTs used in the experiments has been described in ref-
erence [1].

3. Results
3.1. Raman measurements

From the measurements of the radial breathing mode
frequency (wrpm) for different semiconducting and metal-
lic nanotubes with different chiral indices (n,m) in the
DNA-wrapped CoMoCAT nanotube sample, we obtained
the two-dimensional map of Ejr VS. wrpm shown in
Fig. 1a, where the color scale represents a linear scale of
the intensities. We can see on the map high intensities asso-
ciated with nanotubes (6,4), (6,5), (7,5) and (8, 3), in agree-
ment with SWNT + SDS results [1]. On the other hand, the
intensity is much lower for metallic nanotubes, when com-
pared with the SDS-wrapped sample results. When we rep-
resent the intensity of the Raman map on a logarithmic
scale Fig. 1b many other optical transitions related to £,
and E)| can be observed. From the analysis of the experi-
mental data, we obtained the optical transition energies
(E;) associated with each (n,m) nanotube. The circles in
Fig. 1b represent the Ej; vs. wrpm for each (n,m) nanotube
after the analysis of the resonance behavior of each RBM
peak, as explained in Ref. [7], and the numerical values
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Fig. 1. Two-dimensional map obtained from the RBM Raman spectra of
the DNA wrapped CoMoCAT carbon nanotube sample, by changing the
laser excitation energy from 1.85 ¢V to 2.71 eV. The intensity is given by a
linear color scale (a) and a logarithmic color scale (b). The white circles in
(b) are the results of E;; obtained from the analysis of the spectra. (For
interpretation of the references to colour this figure legend, the reader is
referred to the web version of this article.)

are shown in Table 1. The results obtained on SDS-
wrapped CoMoCAT sample [1] are also shown in Table
1. A general behavior observed in Table 1 is that the
RBM frequency for DNA-wrapped CoMoCAT nanotubes
exhibits a small up-shift (4@rgm = 1.3 cm™ ') when com-
pared with the SDS-wrapped CoMoCAT nanotubes, and
also when compared with SDS-wrapped and bundled
HiPco nanotubes (see Ref. [7]). Although this is a small
number, it is a real effect since it was observed for most
of the RBMs obtained with different laser lines, and cali-
brated by the CCly spectra. This result indicates a different
interaction between the DNA and the nanotube when com-
pared to SDS.

The resonance Raman profiles were obtained from the
plot of the intensity of each RBM peak as a function of
the laser energy FEj.,.. Fig. 2 represents the resonance
Raman profiles for the four strongest RBM features
observed in Fig. 1a. The experimental intensities of the res-
onance Raman profiles observed in Fig. 1 are also shown in
Table 1. These values have been normalized in order to
make the sum of the intensities of all resonance Raman
profiles equal to 100 and, thus, corresponds to the percent
relative intensity of the resonance Raman profile associated
with each (n,m) nanotube. After correcting for the (1n,m)
dependence of the Raman cross section [8], these numbers
should represent the (n,m) population in one sample [1,9].
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Table 1

Experimental values for the optical transition energies (eV), RBM
frequencies (cm ') and RBM resonance Raman profile intensities (nor-
malized to give 100 for the sum of all intensities) for the SDS (Ref. [1]) and
DNA-wrapped (this work) CoMoCAT nanotube samples

SDS DNA

(n,m) E5, WRBM ! E)I(SPM E5 WRBM 1 E)I(ZPM
(6,4) 2.09 337 5.57 2.10 338 6.98
(6,5) 2.18 309 10.82 2.15 311 11.85
(7,5) 1.88 284 21.81 1.88 286 27.38
(7,6) 1.90 266 1.78 1.89 267 2.74
(8,3) 1.87 299 2545 1.85 300 32.86
9,2) 2.23 291 1.09 2.22 291 2.33
(10,3) 1.90 254 1.53 1.92 256 1.70
(11,1) 2.00 259 1.60 2.03 259 1.75
(n,m) EN WRBM IE?M EM WRBM IE);;pM
(6,6) 2.69 288 144 271 288 0.79
(7,4) 2.58 308 808 259 308 1.62
(7.7 243 250 110 244 251 0.63
(8.2) 2.45 318 276 245 318 0.55
(3.5) 247 265 246 244 267 115
9,3) 235 274 3.30

(9,6) 2.3 233 029 223 234 0.85
9,9) 2.03 198 0.10

(10,1) 2.28 280 5.50 2.28 279 1.23
(10,4) 2.20 242 0.71 2.21 244 1.20
(11,2) 2.19 245 2.17 2.17 248 1.23
(11,5) 2.06 215 0.15 2.05 217 0.41
(12,0) 2.16 247 0.87

(12,3) 2.04 220 023 204 223 0.90
(13,1) 2.02 224 0.27 2.02 227 1.10
(14,2) 1.92 202 087 192 205 0.74

The values for semiconducting and metallic nanotubes are shown on the
top part and the bottom parts of the table, respectively.
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Fig. 2. Resonance Raman profiles obtained for the four most intense
radial breathing modes observed in Fig. la, associated with the (6,4),
(6,5), (7,5) and (8, 3) nanotubes. The line-width of the resonance windows
are 70, 85, 60, and ~40 meV, respectively.

However, since we are interested in comparing the metallic
vs. semiconducting behavior, we will consider hereafter
only the experimental values, which do not involve the
adoption of any theoretical model for the Raman cross-
section.

Fig. 3 shows the resonance profile intensities obtained
from Table 1 for the semiconducting nanotubes as a func-
tion of nanotube diameter Fig. 3a and chiral, angle Fig. 3b
and for the metallic nanotubes as a function of nanotube
diameter Fig. 3c and chiral angle Fig. 3d. The black
and gray bars represent the results for DNA-wrapped
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Fig. 3. Dependence of the resonance profile intensity for different semiconducting nanotubes (a) on the diameter and (b) on the chiral angle. Dependence
of the resonance profile intensity for different metallic nanotubes (c) on the diameter and (d) on the chiral angle. SDS-wrapped and DNA-wrapped
nanotubes are represented by gray bars and black bars, respectively. Results are given as a percentage of the overall (semiconducting plus metallic)

intensity.
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(this work) and SDS-wrapped [1] samples, respectively. We
can see in Figs. 3a and 3b that the intensities of the Raman
profiles for the semiconducting nanotubes are practically
the same for the DNA and SDS-wrapped samples. The
slightly smaller percent intensities for SDS-wrapped tubes,
when compared to DNA-wrapped ones, is a consequence
of the clearly larger contribution from metallic tubes in
the SDS-wrapped sample when compared to the DNA-
wrapped one as discussed below.

For the metallic nanotubes, the intensities are much
lower for the DNA-wrapped sample when compared with
the SDS-wrapped one, mainly in the low-diameter range.
In the large diameter range some metallic DNA-wrapped
SWNT, such as (9,6) exhibit higher intensity than in
SDS-wrapped sample (see Table 1), due to the diameter
dependence of the intensities of metallic SDS-wrapped
SWNT observed in Fig. 3c. The sum of the intensities of
the resonance profiles for all metallic nanotubes in the
SDS-wrapped sample corresponds to ~1/3 of the total
intensity, while in DNA-wrapped sample it corresponds
to ~1/9 of the total intensity.

3.2. Optical absorption

In this section the optical absorption results obtained
for both DNA- and SDS-wrapped samples are presented
and compared with that obtained by resonance Raman
spectroscopy. The analysis of the optical absorption spec-
trum for the DNA-wrapped nanotube sample is shown in
Fig. 4a. In this Fig. 4a we can see the contribution of sev-
eral (n,m) nanotubes for the optical absorption features,
considering the energy range between 1.8 and 2.7 eV. For
comparison, we show in Fig. 4b the optical absorption
spectrum for the SDS-wrapped CoMoCAT nanotube sam-
ple used in our previous population analysis [1].

The optical absorption spectra has been analyzed con-
sidering the results obtained from Raman spectroscopy.
Fig. 4c shows an Ej; vs. wrpm plot for the experimental
data obtained in Fig. 1 where black circles and gray
squares represent the semiconducting and metallic tubes,
respectively. The theoretical data from the extended tight-
binding model including many-body corrections are also
shown in the figure represented by ‘X’ symbols [10].
Fig. 4d presents the optical absorption spectrum for the
DNA-wrapped CoMoCAT sample, in the same energy
range of Fig. 4c. The solid (dashed) arrows connect each
different semiconducting (metallic) nanotube in Fig. 4c
with its contribution to the optical absorption features.
Four main bands are observed in the optical absorp-
tion spectra. The first band (around 1.9 eV) is composed
mainly by contributions from the (7,5), (7,6) and (8,3)
semiconducting nanotubes, with a small contribution from
the (14,2) metallic nanotube. The second band in the opti-
cal absorption spectra, between 2.0 and 2.3 eV, is com-
posed of contributions associated with  both
semiconducting and metallic nanotubes, while the third
band, around 2.4 ¢V, is associated basically with optical
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Fig. 4. Analysis of the optical absorption spectra for the DNA-wrapped
(a) and SDS-wrapped (b) samples. Black and gray features are associated
with semiconducting and metallic nanotubes, respectively. (¢) Ej; VS. Wrpm
plot. The black circles and gray squares represent the experimental data
for semiconducting and metallic nanotubes, respectively, in the DNA-
wrapped sample. x symbols represent values from Ref. [10]. (d) Optical
absorption spectra for the DNA-wrapped nanotubes in the same energy
range of the Raman measurements. The solid (dashed) arrows connect the
semiconducting (metallic) nanotubes in the Ej vs. wgrpm plot to their
contribution in the optical absorption spectrum.

absorptions by metallic nanotubes in the EM region.
Finally, the fourth band (around 2.7eV) is related to
absorptions by both metallic and semiconducting nano-
tubes in the E) and E3, regions, respectively. Note that
some low intensity peaks in this E3, region are indeed
observed in the Raman measurements (see Fig. 1b).

According to Raman results, the SDS and DNA-
wrapped samples exhibit a similar amount of semicon-
ducting nanotubes. Thus, in the analysis of the optical
absorption spectra, the intensities for DNA-wrapped and
SDS-wrapped samples can be normalized by the intensity
of the first band (~1.9 eV), originating mostly from contri-
butions from semiconducting nanotubes. In the analysis of
the absorption spectra, the bands associated with semicon-
ducting nanotubes present the same intensities in both sam-
ples, as we can see for the features indicated in Fig. 4a and
b associated with nanotubes (6, 5), (6,4) and (7, 5). The line-
width (FWHM) for the optical absorption features, that
are predicted to be (n,m) dependent [11], have been consid-
ered in the analysis to be the same as obtained for the RBM
resonance Raman profiles (Fig. 2).
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The absorption features associated with metallic nano-
tubes exhibit lower intensities for the DNA-wrapped sam-
ple (Fig. 4a) when compared with the SDS-wrapped sample
(Fig.4b). In the second band the semiconducting peaks
show the same intensity in the two samples, while the
metallic features associated with the families 2n + m =24
and 27, indicated in Fig. 4a and b by M24 and M27, respec-
tively, are strongly decreased in the DNA-wrapped sample.
The third band in the optical absorption spectra, indicated
by M21, associated basically with metallic nanotubes from
family 2n+m =21 (and a small contribution from
2n + m = 18) is also reduced in the DNA-wrapped sample.
The same effect is observed for the highest energy band
where the intensities for the features associated with
metallic nanotubes from family 2n# + m = 18 are decreased,
while the feature associated with the E3, optical absorp-
tion exhibits the same intensity in the spectra for both
samples.

Thus, the optical absorption results show a reduction in
the intensity for metallic nanotubes in agreement with res-
onance Raman measurements, revealing a reduction in the
amount of metallic nanotubes when the nanotubes are dis-
persed with DNA instead of the SDS surfactant. The
intensities of metallic nanotubes correspond to 1/3 of the
total intensity of the absorption spectrum for the SDS-
wrapped sample and 1/6 of the total intensity for the
DNA-wrapped sample, that although is not the same value
obtained by the Raman measurements it reveals a reduc-
tion in the amount of metallic nanotubes. It must be
emphasized that the resonance Raman and the optical
absorption intensities are not proportional to the relative
population of the (n,m) nanotubes present in the sample,
since both intensities depend in a different way of the
(n,m) nanotube species [9]. Moreover, in the optical
absorption spectra the (6,5) nanotube exhibit the most
intensive feature, due to the higher population of this
nanotube in the samples, as can also be obtained by the
ratio between the experimental and calculated intensi-
ties as discussed in Refs. [1,8]. The results show a good
agreement between Raman and optical absorption mea-
surements when combined for characterization of the
nanotube sample population.

4. Conclusions

In summary, CoMoCAT nanotube samples wrapped
with different surfactant (DNA and SDS) were character-
ized by resonance Raman and optical absorption spectros-
copies. The experimental results reveal different interactions
for semiconducting and metallic nanotubes depending on
the type of surfactant used. Despite the fact that the deter-
mination of the absolute semiconducting to metal popula-
tion rate depends on the Raman cross-section calculation,
the large enrichment of semiconducting vs. metallic tubes
(~3 times) when using DNA as a surfactant can be directly
seen from the resonance Raman profiles. The result is con-
firmed by the analysis of the optical absorption spectra that,
when combined with Raman results, provides a precise
characterization of nanotube samples and probes the sepa-
ration process induced by the DNA-wrapping.
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