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ABSTRACT We performed resonant Raman/fluorescence spectroscopic studies on double-walled carbon
nanotubes (DWNTs) that were dispersed in an aqueous single stranded DNA solution. The luminescence signals
from the inner tubes of DWNTs are intensified in the isolated state of each individual DWNT. The completely
depressed radial breathing modes (RBMs) associated with the outer tubes (whether semiconducting or metallic)
via the mechanical wrapping and the strong charge transfer between DNA and the outer tubes support our
interpretation that the bright luminescence and sharp absorption spectra come from only the inner tubes, and
not from isolated SWNTs. The circumferentially wrapped DNA on the outer tubes of individually isolated DWNTs
in an aqueous solution gives rise to strong charge transfer to the semiconducting and metallic outer tubes as well

as to generating physical strain in the outer tubes.
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ouble-walled carbon nanotubes

(DWNTs) have attracted a great

deal of attention' because their in-
trinsic coaxial structures make them me-
chanically, thermally, and structurally more
stable than single walled carbon nanotubes
(SWNTs).> Geometrically, the bufferlike
function of the outer tubes in DWNTs al-
lows the inner tubes to exhibit exciting
transport and structural properties®° that
make them promising in the fabrication of
field-effect transistors,” '° stable field emit-
ters"" and lithium ion batteries.'? In addi-
tion, selective functionalization of the outer
tubes makes DWNTSs useful for anchoring
semiconducting quantum dots'? as well as
for use as an effective multifunctional filler
in producing tough, conductive transparent
polymer films,'* while the inner tubes with
diameters below 0.9 nm preserve their exci-
tonic transitions.’® Up to now, the vibra-
tional properties of the inner tubes in the
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solid form of a DWNT sample have been sys-
tematically studied using Raman spectros-
copy as a characterization tool,’®”%? where
strong Raman lines associated with the in-
ner tubes have been used as a fingerprint
for identifying the growth of the inner tubes
in the hollow core of large diameter SWNT
hosts.

On the other hand, optical studies on a
density gradient-enriched DWNT solution®®
suggested that the luminescence originates
not from the inner tube of the DWNT but
from impurity SWNTs by referring to the ab-
sence of luminescence in peapod-grown
DWNTs,** even though several studies re-
ported bright and stable luminescence from
the inner tubes in a sodium dodecylben-
zene sulfonate (SDBS)-dispersed DWNT
solution.?> 22 In this context, our group
has confirmed the bright luminescence
coming from the inner tube from peapod-
grown DWNTs without the presence of any
impurity SWNTs, in a DWNT sample that
was prepared by thermally treating a pea-
pod sample above 1700 °C in an argon at-
mosphere.® On this basis, it is expected
that DWNTs will someday replace SWNTSs
in biomarkers®' and optoelectronics? ow-
ing to their strong and stable luminescence.

Therefore, when considering the promis-
ing application potential of DWNTSs as stable
luminescent biomarkers, a long-time stable
and homogeneously dispersed DWNT solu-
tion with a high biocompatibility should be
prepared. In this sense, we have selected
single-stranded DNA as the dispersing
agent because DNA is well-known to be ef-
fective for dispersing and sorting
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Figure 1. Raman/fluorescence spectra taken with laser exci-
tation of 785 nm for pristine DWNTSs, and for DNA-dispersed
DWNT solutions at different dispersion states (sonicated,
remnant, and supernatant). The inset shows the magnified
low-frequency Raman spectra for the corresponding
samples.

SWNTs*37 3¢ and the interaction of DNA with SWNTs
has been studied both theoretically and
experimentally.3” 44

In this account, it is very important to understand
the interaction between DNA and the outer tubes in a
DWNT solution, where the inner tubes are structurally
shielded by outer tubes, and where a possible charge
transfer occurs from the outer tubes to the inner tubes,
thereby affecting the luminescence from the inner
tubes. We have thus prepared DNA-dispersed DWNT so-
lutions at different dispersion states, and then carried
out detailed Raman and luminescence spectroscopic
studies on a DNA-dispersed DWNT aqueous solution in
comparison to a corresponding SDBS-dispersed DWNT
solution using three different laser lines (532, 633, and
785 nm). We observed intensified luminescence signals
and as well as preserved radial breathing modes (RBMs)
in the Raman spectra coming from the inner tubes in
both individually dispersed DWNT solutions, though
the RBMs coming from the outer tubes were severely
depressed after DNA wrapping, regardless of the outer
tube metallicity.

RESULTS AND DISCUSSION

We used highly pure (ca. 99%), highly crystalline
DWNTs (absence of the D-band in their Raman spec-
tra)*> in which nanotubes with an outer diameter of ca.
1.6 nm were packed in hexagonal arrays within the
bundles. Then we prepared a homogeneously dis-
persed DWNT aqueous solution using single stranded
DNA, as described in our previous study.*® Figure 1
shows Raman/fluorescence spectra taken with laser ex-
citation of 785 nm for pristine DWNTs, and DNA-
dispersed DWNT solutions at different dispersion states.
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From the Raman spectra of pristine DWNTs, we could
see a strong G-band (E,4; mode) at around 1592 cm™,
while below 500 cm™', several RBMs (which correspond
to a coherent vibration of the carbon atoms normal to
the tube axis) could be seen along with the second or-
der symmetry-allowed G’-band at around 2600 cm~".%”
However, by sonicating DWNTs in a DNA aqueous solu-
tion, several strong luminescence peaks start to ap-
pear, indicating that individually dispersed DWNTs are
generated through the interaction with DNA, because
we are not able to see bright luminescence from the
bundled sample due to the presence of entrapped me-
tallic (M) tubes which quench the luminescence.*®
Moreover, by concentrating individually isolated
DWNTs in a DNA solution through the removal of thin
bundled DWNTSs using ultracentrifugation, we found
that the intensity of the luminescence peaks becomes
very strong and comparable to the intensity of the
G-band in the supernatant sample.

Since the RBMs of SWNTSs are well-known to pro-
vide information on the chirality and diameter,**~>"
the low-frequency Raman spectra is magnified (see in-
set in Figure 1). Because of their intrinsic coaxial geom-
etries, DWNTs are able to have the four configurations
(i.e., S@S, S@M, M@S, and M@M, where S@M denotes a
semiconducting (S) inner tube within a metallic (M)
outer tube). Thus, by using a theoretical Kataura plot
based on the extended tight binding exciton model for
SWNTSs,>? we could assign the inner tubes with diam-
eters of ca. 0.8 nm that are in resonance with 785 nm la-
ser excitation to be S tubes, while the outer tubes with
diameters of ca. 1.56 nm were identified to be M tubes.
It is noteworthy that the RBM signals are arising from
an ensemble of different DWNTSs, and not from an indi-
vidual DWNT. The intensity of the peak at 267 cm ™' de-
creases through a debundling process and finally disap-
pears in individually isolated DWNTs. On the other
hand, the frequencies and intensities of the RBM associ-
ated with the semiconducting inner tubes are con-
stant regardless of the dispersion state of the DWNTs.
However, the depressed intensity of the RBM at 160
cm™ ! associated with the metallic outer tube is quite
different from the behavior of the peak at 267 cm ™' be-
cause the outer tubes are in contact with DNA and
their electronic structure is modified by charge transfer
from the negatively charged DNA.

To understand the effect of DNA (which is known
to helically wrap around carbon nanotubes)**3® on
the RBMs and luminescence peaks in detail, we have
compared Raman/luminescence spectra taken with the
laser excitation of 785 nm for SDBS- and DNA-dispersed
DWNT solutions (Figure 2). The strong luminescent
peaks in the SDBS-dispersed DWNT solution could be
assigned to the (6,4), (9,1), (8,3), (6,5) and (7,5) nano-
tubes.>® Noticeably, the luminescence spectra of DNA-
dispersed DWNT solution (Figure 2) are red-shifted
compared to that of the SDBS-dispersed DWNT solu-
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Figure 2. Comparative Raman/fluorescence spectra taken
with laser excitation of 785 nm for SDBS- and DNA-dispersed
DWNT supernatants. The inset shows the magnified low fre-
quency Raman spectra, where M indicates metallic and S in-
dicates semiconducting tubes.

1000

tion. This shift should be explained by environmental
dielectric screening effects,>* 2 since the accessibility
of water to the surface of DWNTs in DNA-dispersed
DWNTs is expected to be greater than for SDBS-
dispersed DWNTs, thereby allowing water molecules
to interact strongly with the outer tubes. In addition, a
strong luminescence peak from the (8,3) tube is ob-
served from the SDBS-dispersed DWNTs solution, while
the (6,4) tube shows the strongest peak in the DNA-
dispersed DWNT solution. This result suggests differ-
ences in DNA- and SDBS-dispersed DWNTSs species due
to their intrinsically different interactions with their
wrapping molecules. This assumption is clearly verified
in the drastic change of the RBMs for both solutions (see
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Figure 3. (a) PL map and (b) UV—visible absorption spectra of DNA-dispersed
DWNT solution at pH = 8.0, (c, d) their corresponding TEM images. Note
that DWNTs are individualized with the help of helically wrapped DNA. The
color represents the PL intensity on a linear scale.
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inset in Figure 2). The RBM intensity associated with
the outer tube in the DNA-dispersed DWNT solution is
highly depressed, whereas the corresponding RBM in
the SDBS-dispersed DWNT solution maintains its inten-
sity comparable to a pristine DWNT. This RBM depres-
sion can be explained by direct charge transfer from
DNA to the outer tubes, thus filling states below the
resonant van Hove singularity of the metallic outer tube
of the DWNT, as previously demonstrated in the de-
tailed Raman study carried out on individual semicon-
ducting and metallic SWNTs.>® Moreover, we observed
an upshifted RBM frequency (ca. 4 cm™') associated
with outer tubes, indicating that the circumferentially
generated and concentrated stress due to the presence
of the helically wrapped DNA along the outer surface
of the DWNT suppresses the coherent RBM vibration of
the carbon atoms in a direction normal to the tube
axis. However, the absence of a change in the frequency
of the RBMs associated with the inner tubes suggests
the absence of stress transfer from the outer to the in-
ner tubes, as evidenced by the fluorescence study of
polyvinlypyrrolidone-dispersed DWNTs.?® This result
also supports the protective function of the outer tubes
in DWNTs.

However, the depressed RBM intensity at 265 cm ™'
in the DNA-dispersed solution is unexpected, because
the protective effect of the outer tubes maintains the
intensity of their RBMs which appear at around 240
cm™'. Using the inverse relationship between the RBM
frequency (w) and the tube diameter (d) (w = 218.3/d +
15.9),°° we are able to assign the two RBMs at 265 and
150 cm ™" as due to a semiconducting inner tube having
a diameter of 0.88 nm and a metallic outer tube hav-
ing a diameter of 1.63 nm (S@M DWNT), as confirmed
by a resonance Raman study on isolated DWNTs.®' Very
recently, two separate Raman studies®*°* showed a se-
verely modified electronic structure for metallic SWNTs
due to the presence of helically wrapped DNA, where
water molecules activated a transition from metallic to
a p-type semiconducting behavior in a SWNT. There-
fore, in the case of the S@M DWNT configuration, strong
charge transfer between the outer tube and the
wrapped DNA is thought to be one of the reasons for
the substantial depression of the RBM at 265 cm ™.

Furthermore, to confirm the individually isolated
state of the DWNTSs in the supernatant, we have car-
ried out photoluminescence mapping (PL), UV—vis ab-
sorption spectra, and TEM observations. The appear-
ance of three strong PL peaks (corresponding to the
inner tubes with chiralities (8,3), (7,5), and (10,2)) in the
PL map (Figure 3a) indicates the presence of individu-
ally isolated DWNTSs in the DNA solution. In addition,
DWNTs dispersed in a DNA solution exhibited well-
resolved and sharp optical absorption peaks due to
their excitonic transitions between van Hove singulari-
ties (Figure 3b), thus indicating that individual nano-
tubes were isolated. The observed red-shifted E;; emis-
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sion (ca. 45 meV) (Figure 3a) and UV absorption
peaks (Figure 3b) as compared to the SDBS-
dispersed DWNT solution are ascribed to their differ-
ent environmental dielectric screening effects.>* >8
To confirm these effects, an SDS solution (1 wt %)
was steadily added to the DNA-dispersed DWNT so-
lution and then sonicated for 10 min. Interestingly,
we then observed a blue shift in the DNA- and SDS-
dispersed DWNT solution. Such a blueshift can be
explained by the increased coverage of the DWNTs
by surfactants resulting from the combination of
long and helical DNA and particle-like SDS mol-
ecules on the outer surface of the outer tubes, which
gives rise to a decreased dielectric constant. Visu-
ally, we have verified the individually dispersed
DWNTs in low resolution TEM (Figure 3c). Interest-
ingly, typical high resolution TEM (Figure 3d) re-
vealed that DNA is helically wrapped along the
outer surface of DWNT in an irregular pattern, and
bare nanotube surfaces are partially present and al-
low water molecules to interact with the outer tube,
which is closely related with the redshift of the Ey;
emission (Figure 3a) and absorption peaks (Figure
3b).

We also have measured Raman spectra using a
laser excitation of 633 nm for pristine DWNTs, DNA-

dispersed DWNT solutions at different dispersion states

(Figure 4a). Here we could see a broad peak coming
from the O—H stretching transitions of water mol-

ecules® at around 3300 cm™' from the individually iso-
lated DWNT solution. To see Raman changes in greater

detail, we have magnified the RBMs below 400 cm ™,
the G-band and the G’-band (Figure 4b—d), respec-
tively. According to the calculated diameter from
the sharp RBMs (Figure 4b), we are able to assign
two possible configurations (i.e., dominantly S@S
and partially M@S). We could see a severely de-
pressed RBM intensity (which is associated with the
semiconducting outer tube) at 150 cm ™" in the su-
pernatant. Concurrently, the RBM associated with
the metallic inner tube at 220 cm™" is also de-
pressed, while the RBM for (semiconducting inner
tube) at 258 cm ™! retains its intensity and the RBM
for semiconducting inner tube at 280 cm ™ is signifi-
cantly intensified. These facts tell us that metallic in-
ner tubes could be affected through charge trans-
fer from DNA-wrapped outer tubes. When looking
at the G band (Figure 4c), the broad and asymmet-
ric Breit—Wigner—Fano (BWF) line®® in the pristine
DWNT sampile is strongly depressed and shifted to a
low frequency with the increasing dispersion state
of the DWNTs in the DNA solution. In addition, the
width of the G’ band is decreased for the individu-
ally isolated DWNTs in solution (Figure 4d).

Finally, we have measured Raman spectra using
the 532 nm laser excitation for pristine DWNTs and
DNA-dispersed DWNT solutions at different disper-
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Figure 4. (a) Wide-range Raman spectra taken with laser excitation of 633 nm
for pristine DWNTSs, and for DNA-dispersed DWNT solutions at different disper-
sion states (sonicated, remnant, and supernatant), and their corresponding (b)
radial breathing mode (where S indicates semiconducting and M indicates me-
tallic tubes), (c) G-band (asterisk indicates the BWF line associated with metallic
outer tubes) and (d) the G’-band Raman spectra, respectively.

sion states (Figure 5a). With increasing the dispersion

state of the DWNTs in DNA solution, the OH-stretching
transitions from water molecules become intense con-
secutively. From the low-frequency Raman spectra (Fig-
ure 5b), we can easily assign the RBM at 265 cm™' to a
metallic inner tube and the RBM at 158 cm ™' to a semi-
conducting outer tube (in a M@S configuration). The
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Figure 5. (a) Wide-range Raman spectra taken with laser excitation of 532 nm for
pristine DWNT, and DNA-dispersed DWNT solutions at different dispersion states
(sonicated, remnant, and supernatant), and their corresponding (b) radial breath-
ing mode (where S indicates semiconducting and M indicates metallic tubes), (c)
the G-band (asterisk indicates the BWF line associated with metallic inner tubes)

and (d) the G’-band Raman spectra, respectively.
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RBM intensity at 158 cm ™' decreases continuously with
increasing dispersion state of the tubes, and finally dis-
appears in the individually isolated DWNT solution. The
G-band consists of two Lorentzian peaks at 1592 and
1572 cm ™' and a broad metallic tail at 1519 cm ™" be-
cause both the inner and outer tubes are resonant with
the laser excitation of 532 nm. By increasing the disper-
sion state of the DWNTSs in the DNA solution, we could
see a consecutive decrease in the G-band coming from
the semiconducting outer tubes at 1570 cm ™! (Figure
5c). Therefore, we could assign the strong G band at
1592 cm ™ to the metallic inner tubes with the clear ob-
servation of the broad and asymmetric BWF line at
around 1525 cm™ " in the supernatant. As shown in Fig-
ure 5d, the G’-band of pristine DWNTSs consists of two
Lorentzian peaks. Two previous studies have assigned
the Raman line at ca. 2630 cm ™" to the inner tubes and
the Raman line at 2677 cm ™' to the outer tubes by ana-
lyzing the Raman spectra in peapod-derived
DWNTs.°%7 In addition, a recent study showed that
the presence of defects in SWNTs was a reason for the
evolution of the low frequency component of the G’
band.®® For individual isolated DWNTs in the DNA solu-
tion, our results show that the outer tube-induced Ra-
man line at 2677 cm ™' becomes highly depressed and
correlated with the disappearance of the RBM.

CONCLUSIONS

Here we report, for the first time, detailed Raman/
luminescence spectroscopic studies on ssDNA-
dispersed DWNT solutions at different dispersion

EXPERIMENTAL SECTION

We purchased herring sperm DNA (degraded free acid)
from Nacalai Tesque, Inc. To prepare single stranded DNA (ss-
DNA), we carried out the following procedures: first, we ob-
tained short DNA sequences with 200 base pairs, we dis-
solved 10 mg of herring sperm DNA in 10 mL of distilled
water under mild sonication for 5 min, and then added 1
mL of 1 N sodium hydroxide solution. Following incubation
of the solution for 5 min, we neutralized the DNA solution by
adding 1 mL of 1 N hydrochloric acid and subsequently sta-
bilized the DNA solution by adding 2 mL of 1 M trihydrochlo-
ric buffer solution (pH = 8). The prepared highly pure DWNTs
(ca. 3 mg) were individually dispersed (or isolated) in an
aqueous solution (10 mL) with the help of ssDNA wrapping
under strong sonication (KUBOTA UP50H, ca. 470 W/cm?) for
1 h at 4 °C, and subsequent ultracentrifugation (Optima Max-
XP, Beckman Coulter, 240000g). Their supernatant (70%),
rich with isolated nanotubes, was characterized in solution
by transferring these solutions to a quartz cuvette. Raman
spectra at 785 nm excitations were obtained using a Ren-
ishaw setup fitted with a macroscopic sampling kit. We also
obtained Raman spectra using 532 and 633 nm laser excita-
tions produced by a Kaiser HoloLab5000 system. To confirm
the individually dispersed DWNTs in the DNA solution, we
measured their UV—vis absorption spectra (SolidSpec-3700,
Shimazu) and photoluminescence maps (NIR-PL system, Shi-
mazu). Finally, we used TEM (JEOL2010FEF) for studying the
dispersed state of the DWNTSs.
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states, in comparison with an SDBS-dispersed DWNT
solution using three different laser lines, in order to
understand the interactions between DNA and the
outer tubes, and the effect of these different DWNT
environments on the vibrational and luminescence
behaviors. By increasing the dispersion state of the
DWNTs in an aqueous DNA solution, the lumines-
cence peaks were intensified and shifted to longer
wavelengths, indicating that DWNTs are individually
dispersed in an aqueous solution, which is strongly
supported by the strong PL map and the sharp ab-
sorption spectra as well as high-resolution TEM ob-
servations. Noticeably, we observed cases of com-
pletely depressed RBM intensities associated with
the outer tubes (regardless of their metallicity) for
three configurations of DWNTs (S@M, S@S, and
M@S). This result strongly supports the interpreta-
tion that the evolved luminescence and sharp ab-
sorption peaks (Figure 3a,b) solely come from the
semiconducting inner tubes of the DWNTSs, not from
impurity SWNTSs. In addition, the metallic inner tubes
are partially affected by the DNA-wrapped outer
tubes. Conclusively, the circumferentially wrapped
DNA on the outer tubes of individually isolated
DWNTSs in an aqueous solution gives rise to strong
charge transfer to the semiconducting and metallic
outer tubes as well as generating physical strain in
the outer tubes. Therefore, we envisage that DNA-
dispersed DWNTSs are highly promising for produc-
ing strong and stable luminescence signals as well as
for high yield optoelectronics applications.
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