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ABSTRACT: Double-walled carbon nanotubes (DWNTs) have recently been zigzag
recognized as important members in the carbon nanotube family because they are W a o b
expected to have certain unique properties. For example, DWNTs are expected to s @ W)
replace single-walled carbon nanotubes (SWNTs) in biomarker applications and = . @ o
optoelectronics if the observed luminescence from DWNTs can be verified. \\“ O ity
However, due to unavoidable byproducts, such as SWNTSs, optical properties of \f'\ ol i @ g
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clearly resolve this debate through the study of carefully separated DWNTs.
DWNTs were successfully separated from SWNT's using density gradient ultra-
centrifugation. Here we clearly show that light is emitted from the inner wall of
DWNTs; however, the intensity of the emission is significantly quenched.
Interestingly, it was found that a very narrow range of diameters of the inner walls
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of DWNTs is required for PL to be observable. All other diameters led to complete PL quenching in DWNTs. In short, we have
shown that both sides of the debate are correct under certain situations. The real answer to the question is that some DWNTs do

emit light but most DWNTs do not.
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ouble-walled carbon nanotubes (DWNTs) have recently

been recognized as important members in the carbon
nanotube (CNTs) family because they are expected to have
certain properties superior to single-walled carbon nanotubes
(SWNTs) or multiwalled carbon nanotubes (MWNTs). For
example, DWNTs are expected to replace SWNT's in biomarker
applications' and optoelectronics,” if the observed luminescence
from DWNTs in these earlier reports can be verified. However,
due to unavoidable byproducts, such as SWNTs and MWNTs,
optical properties of DWNTs still remain controversial. There is
an ongoing debate in the research field concerning the ability of
DWNTs to exhibit photoluminescence (PL). Okazaki et al.
reported that a decrease in the interlayer distance enhances the
interaction between the inner and outer shells, resulting in a
higher degree of PL quenching.® Tsyboulski et al. also concluded
that near IR emission from their DWNTs enriched samples
resulted from SWNTs impurities rather than from the inner
shells of DWNTs.* In addition, Koyama et al. found that the
relative intensity of steady-state luminescence from the inner
walls in DWNTs is ~700 times weaker than that from SWNTs.>
On the other hand, Kishi et al. reported that light is emitted from
the inner tubes of a majority of DWNTSs (90%),° and Iakou-
bovskii et al. demonstrated DWNT's exhibit strong PL in their
experiments.” Furthermore, Hertel et al. showed evidence of
PL from the inner walls of DWNTSs and their red-shift of exci-
ton transition.® More recently, Muramatsu observed bright PL
from the inner walls of DWNT's synthesized using the peapods
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approach.” These seemingly contradictory observations fueled a
heated debate in the research field on whether DWNTs can
fluoresce at all.

In this report, we aim to clearly resolve this debate through the
study of carefully separated DWNTs. DWNTs were successfully
separated from SWNTs using density gradient ultracentrifuga-
tion (DGU). Here we clearly show that light is emitted from the
inner wall of DWNTSs; however, the intensity of the emission is
significantly quenched. Interestingly, it was found that a very
narrow range of diameters of the inner walls of DWNTSs is
required for PL to be observable. All other diameters led to
complete PL quenching in DWNTs. In short, we have shown
that both sides of the debate are correct under certain situations.
The real answer to the question is that some DWNTSs do emit
light but most DWNTs do not. As is true for SWNT, the PL
properties of DWNTSs are highly dependent on their helicity.

Cobalt (Co) and molybdenum (Mo) were used as catalysts,
and titanium silicalite zeolite (TS-1) was used as the catalyst
support, because its specific porosity promotes DWNT produc-
tion. Specifically, Co, Mo, and zeolites with a specific molar ratio
(Co:Mo = 6:1) were dissolved into methanol and heated on a hot
plate to evaporate all of the solvents. The resulting solid-phase
mixture was annealed at 530 °C to remove residual organic
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Figure 1. (A) Digital image of separated layers of CNTs using DGU method. All layers are labeled, and the time scale shown in the middle is
corresponding to the time in spectral plots. After 1200 s, all layers of nanotubes are extracted from the centrifuge tube. (B) TEM image of samples
extracted at 280 s, in SWNT region. (C) TEM image of samples extracted at 450 s, in DWNT region.

impurities. DWNT's were successfully synthesized at 900 °C with
ethanol as the precursor carried by argon. The raw DWNT's were
burned at 550 °C for S h in air to remove amorphous carbon
impurities, and hydrofluoric acid was used to remove zeolite
supports and metal seeds.

A 5 mL linear density gradient was created directly in the
centrifuge tube with OptiPrep 60% w/v iodixanol (Sigma-
Aldrich, Inc.) using a linear gradient maker (SG 15 gradient
maker, Hoefer, Inc.). It ranged from 22.5% w/v iodixanol and
2% w/v sodium cholate (SC) to 7.5% w/v iodixanol and 2% w/v
SC. The gradient was added on top of a 1.5 mL underlayer of 60%
w/v iodixanol 2% SC. An aliquot of the precentrifuged DWNT
suspension was mixed with 60% w/v iodixanol to create a final
iodixanol concentration of 20% w/v, and 1.0 mL of this suspen-
sion was added 5/6 from the top of the gradient at 0.1 mL/min
using a syringe pump (KD Scientific). Approximately 4.5 mL of
2% w/v SC was added to fill the remainder of the tube. This
method was adapted from the method by Arnold et al.'

The samples were ultracentrifuged for 12 h at 22 °C and
41000 rpm (Beckman-Coulter SW41 rotor). Upon completion,
the samples were fractionated utilizing upward displacement at
0.3 mL/min with Fluorinert FC-40 (Sigma-Aldrich) as the dense
chase medium. Fractionation was performed by placing the
centrifuge tube in a custom built fractionator, where the bottom
of the centrifuge tube was pierced with a 25 gauge needle
(BD 305122), and the top was sealed and connected to the inflow
tube of the flow cell. This tube was connected to a custom fluoro-
meter flow cell (Z-dimension 9 mm, nominal volume 40 uL,
Starna Cells, Inc.), where the near-infrared fluorescence (NIRF)
and absorbance of the samples were measured as they were
fractionated. Each fraction was then collected from the outflow tube
of the flow cell every 10 s. Teflon PFA tubing with I1.D. 0.020 in.
and O.D. 1/16 in. (IDEX, part #1500) was used as the inflow
and outflow tubing of the flow cell. NIRF and absorbance
were measured using a NS1 Nanospectralyzer (Applied Nano-
Fluorescence, LLC). The samples were excited with three lasers

(638,691, and 782 nm), and the resulting emission was detected
from 880 to 1580 nm with an InGaAs array detector cooled
to —18 °C. Fluorescence and absorbance were measured con-
tinuously until the entire sample was fractionated and passed
through the flow cell. One set of fluorescence and absorbance
measurements was taken every 10 s. The measurement para-
meters were as follows: 85 ms fluorescence integration time with
8 spectral averages for each excitation wavelength, and 60 ms
absorbance integration time with 1 spectral average. Further
details on fractionation method design and optimization along
with a photograph of the customized fractionation apparatus can
be found in the Supporting Information.

After purifying synthesized CNTs, high-resolution transmis-
sion electron microscopy (TEM) was used to determine CNT
species by counting the numbers of SWNTs, DWNTSs, and thin
MWNTs, as shown in Figure S1, Supporting Information. It is
found that major species of as-grown CNTs were DWNTs
(77%), and the other type of CNTs, such as SWNTs (9%) and
thin MWNTs (14%), coexisted together. In our studies, we have
used density gradient ultracentrifugation (DGU)'° to separate
DWNTs from other CNTs. The centrifuge tube shown in
Figure 1 illustrates separated layers, each containing different
species of CNTs. Upon completion of DGU, the layers were
fractionated utilizing upward displacement'' with Fluorinert
FC-40 (Sigma-Aldrich) as the dense chase medium. The layers
were pumped from the centrifuge tube through a custom flow
cell mounted in an NS1 NanoSpectralyzer (Applied NanoFluor-
escence, Houston, TX) where NIR absorption and PL spectra
were measured. In order to decrease the mixing of adjacent layers
and minimize peak aliasing, the flow rate was optimized by calcu-
lating the Nyquist limit for spectral acquisition. Details can be found
in the Supporting Information. A syringe pump (KD Scientific)
was used to achieve a stable flow rate, and time (in seconds) was
recorded during the extraction and plotted as the x-axis in
Figure 2. There was a clear separation of the PL from SWNT
and DWNT species at 320 s, as denoted by the resolution of the
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Figure 2. PL maps from separated SWNTs and DWNTs excited with: (A) 638, (B) 691, and (C) 782 nm lasers. X-axis is time frame in seconds, Y-axis is
the emission wavelength in nm, and (D) shows the absorption map with the same time frame. The color represents signal intensity in both PL (nW/cm)

and absorption spectra using the presented color scale.

two (9, 4) elution profiles as shown in Figure 2A. Because PL and
absorption spectra were simultaneously recorded, all x-axes in
Figure 2 represent the same time frame. The y-axis represents the
wavelength of the PL or absorption spectroscopy. In all of these
maps, the color represents the intensity of the peaks of the PL
and absorption using the presented color scale.

The intensity of absorption peaks is directly proportional to
CNT concentration in the DGU-separated suspensions.">
As shown in Figure 2D, we detected the start of the first CNT
layer at approximately 250 s after initiation of DGU tube displace-
ment. Full displacement of CNT's was completed in 1200 s. Samples
were collected into small vials every 10 s, corresponding to the
total time per set of absorption and PL measurements. These
samples were then characterized using HRTEM. It should be
noted that DWNTSs were observed only after 320 s in the
extraction time frame. TEM images in Figure 1 indicated typical
SWNTs (top) and DWNTs (bottom) isolated using this
strategy. Rance et al. recently reported no correlation between
structural parameter (diameter, length, and number of con-
centric layers) and extinction coefficients for all nanotube
samples they studied.'® Therefore, the absorption spectra in
Figure 2D indicates that as-synthesized CNTs include more
DWNTs compared to SWNTs because the intensity of the
absorption from DWNT region is much higher than that of
SWNTs. This was confirmed by TEM (Figure S1, Supporting
Information), which indicated a higher numerical density of
DWNT relative to SWNT. As is evident from the PL plots in
Figure 2, a strong, CNT-derived PL signal was detected at
approximately 250 s, corresponding to the time when SWNTSs

were extracted from the centrifuge tube. We carefully analyzed
the (n, m) chirality of these SWNTs based on their PL spectra
and found that these SWNTs were sorted by their diameter, as
shown in Figure 3A and B and will be described. On the other
hand, the PL signals from the DWNT's samples extracted around
1000 s were far less intense, in spite of the finding that the
concentration of DWNTs in these sections was higher than the
concentration of SWNTSs in earlier extracted sections. Therefore,
simultaneous comparison between PL and absorption map
clearly demonstrated PL quenching of DWNTs. In fact, we
could only detect PL signals from DWNTs with inner walls falling
within a very narrow range of diameters, as discussed below.

Figure 3 shows some important PL peaks isolated from the
SWNT region (240—300 s in the extraction process) and
DWNT region (after 330 s). We utilized an NS1 NanoSpec-
tralyzer (Applied NanoFluorescence) to collect PL and absorp-
tion spectra as well as to characterize (n,m) chirality and diameter
distributions of CNTs. As expected, SWNTs were sorted by their
diameter during DGU. For example, the major species was (8,3)
in the section around 260's; (7,5) in the section around 280 s; and
(7,6) in the section around 300 s. The corresponding theoretical
diameters of these nanotubes are 0.782 nm, 0.829 nm and
0.895 nm. In addition, the smallest nanotube we detected was
(8,1) with a diameter of 0.678 nm, and the largest one was (10,9)
with a diameter of 1.307 nm based on PL analysis. This diameter
range of SWNTs was well matched with Raman analysis of dried
SWNTs film using the extracted sections of CNTs suspensions
(240 s ~ 300 s) as shown in Figure S3 in the Supporting
Information.
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Figure 3. PL from DGU separated SWNT's excited with: (A) 638 and (B) 782 nm lasers and DWNTs layers excited with: (C) 638 and (D) 782 nm
lasers. Y-axis represents intensity, and x-axis represents emission wavelength (nm). For excitation, 638 and 782 nm wavelength lasers were used . Samples

isolated prior to 320 s correspond to the SWNT's region and after 320 s to the DWNTS region.

Table 1. Typical (n,m) Chirality Associated with the Inner
Walls of DWNTs Found in PL from DWNTs Region Using

638 and 782 nm Lasers

(n,m) E;; (nm) diameter (nm) angle (°)
(10,2) 1069 0.884 8.95
(94) 1118 0.916 17.48
(7,6) 1138 0.895 27.46
(8,6) 1188 0.966 25.29
(9,5) 1263 0.976 20.63
(10,3) 1281 0.936 12.73

More interestingly, there was a significant difference in the PL
spectra of SWNT and DWNT regions. We found more diverse
(n,m) distribution in the SWNT region than in the DWNT
region. Only a few peaks were observed from DWNT region.
Table 1 summarizes these peaks, showing (n,m) chirality with
theoretical diameter and chiral angle.

In this study, one of the most challenging questions to answer
is to ensure that PL detected in the DWNT region originated
from the inner walls of DWNTs rather than SWNT impurities.
Although sorted CNT layers were extracted from the centrifuge
tubes using an optimized extraction rate based on Nyquist limit
calculations, there was always a small possibility of the existence
of SWNTs in the DWNTs region. As summarized below, we have
shown using several experimental strategies that PL from the
DWNT region (i.e., after 320 s) originates from the inner walls of
DWNTs rather than from SWNT impurities.
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Figure 4. PL intensity comparison between select (n,m) nanotubes.
The PL wavelength corresponding specific (n,m) CNTs are 1152, 1120,
and 1212 nm for (9,2) (blackline), (9,4) (redline), and (11,3) (blue line),
respectively. The images of CNT's were created by nanotube coordinate
generator from http://www.photon.t.u-tokyo.ac.jp/~maruyama/wrap-
ping3/wrappinghtml. Only the (9,4) nanotube strongly fluoresced in
DWNTs region, while the PL from the other two nanotubes were weak.

The results of the first set of experimental results aimed at such
demonstration are shown in Figure 4. We observed the PL

dx.doi.org/10.1021/n12025745 [Nano Lett. XXXX, XXX, 000-000
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intensity change of the (9,2), (9,4), and (11,3) nanotubes as a
function of DGU displacement time. As expected, the highest PL
intensity of (9,2) nanotube was observed first followed by (9,4)
and then (11,3) in the SWNT region, indicating that SWNTs
were sorted by their diameter. However, a strong PL signal was
detected again only from the (9,4) nanotube around 350 s
(within the DWNT region). If the PL signal in the DWNT
region was derived from SWNT impurities, then the largest
(11,3) among these three nanotubes should have had a higher
probability to be found in this higher buoyant density region due
to its larger diameter. Furthermore, the intensities of the peaks
from (9,2) and (9,4) nanotubes are similar to each other, but only
(9,4) nanotubes were observed in the DWNTs region. If the PL
signals in the DWNT regions were derived from SWNT impu-
rities, then their intensity should have been similar in both
regions. This comparison suggests that the emission from (9,4)

nanotubes in the DWNT region was derived from inner tubes
of DWNTs.

More importantly, we have studied the effect of quenching on
the overall intensity of PL from unseparated nanotube suspen-
sions to further confirm the existence of PL from DWNT's with
specific inner tubes. Recently, McDonald et al. reported that the
addition of H,0, to suspensions of SWNTs results in PL
quenching from all nanotubes except the (7,5) nanotubes,
allegedly due to the protecting effect by sodium cholate surfac-
tants from H,0,."* Here we performed a similar experiment on
the mixture of SWNTs and DWNTs (Supporting Information).
Figure 5 shows PL from the suspension of CNT's before and after
H,0, treatment. From the data shown in Figure 5, (10,2), (9,4),
(7,6), (8,6), (9,5), and (10,3) nanotubes were detected after
H,0, treatment for 7 days in addition to the (7,5) nanotube
observed in the referencing reports. The insensitivity of the PL

dx.doi.org/10.1021/n12025745 [Nano Lett. XXXX, XXX, 000-000
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from these types of nanotubes is a good indication that they are
being protected from H,O, attack. It is also worth noting that all
of these six types of nanotubes were observed in the DWNT
region in Figure 3C and D. This result provides strong evidence
that PL observed from all of these six types of nanotubes
originated from the inner walls of DWNTs. This conclusion is
also supported by Figure S6, Supporting Information, when
sodium dodecyl sulfate (SDS) is used to stabilize the nanotube
suspension. In addition, it is worthwhile to note that, in addition
to the PL depression from small-diameter nanotubes, such as
(9,1), (8,3), and (6,5), we have also observed the PL depression
from large-diameter nanotubes, such as (11,3) and (9,7), as
shown in Figure 5.

Figure 6 illustrates the (n,m) chirality map on a graphene
lattice, indicating the population of each (1n,m) nanotube based
on PL analysis using the NS1 NanoSpectralyzer software.
The thickness of the blue hexagon edges represents PL peak inten-
sity detected from SWNTs, and red color fill represents PL peak
intensity from DWNTs. It is obvious that fewer (n,m) possibi-
lities were detected from DWNTSs region compared to that of
SWNTs. It is worthwhile to note that the average diameter of
these (n,m) nanotubes from the inner walls of DWNTSs was
approximately 0.929 nm and that all of these (1,m) nanotubes
have a relatively large chiral angle. This observation agrees well
with reports by Bachilo et al,'> reporting that the highest PL
intensity is expected from SWNT's with 0.930 nm diameter and
large chiral angles among all SWNTs due to the combinations of
trigonal warping and excitonic effects. These results pointed out a
possibility that in DWNTS, only those inner walls with highest
theoretical PL intensity could overcome the quenching effect
from the outer walls. Therefore, for applications of biomarkers or
photoelectronic devices, only DWNTs with certain inner walls
can be used if PL is the method of detection. All other DWNT's
could not be detected by PL due to strong quenching effects from
the outer walls. Our conclusion can be used to explain some of
the contradicting results in previous reports on fluorescence from
the inner walls of DWNTs.>~”

In summary, we have presented a comprehensive optical
characterization of purified DWNT's aimed at solving an ongoing
debate in the research field concerning whether the inner walls of
DWNTs produce NIR photoluminescence. In the experiments,
DWNTs were separated by the DGU method. TEM, absorption,
PL and Raman spectra demonstrated that mixtures of synthe-
sized CNTs were successfully sorted by their number of side
walls and diameter. We measured bimodal PL excitation maps
and compared DWNTSs and SWNTs. The results demonstrate
significant PL quenching in DWNTs. However, PL from the
inner wall of certain DWNTSs was observed. Careful analysis of
the data showed that only DWNTSs with inner walls approxi-
mately 0.93 nm in diameter and with high chiral angles could be
observed in the PL experiments. This observation can explain the
seemingly contradictory results in the literature on DWNT
photoluminescence. The final answer to the question on whether
DWNTs photoluminesce is that some do and some do not. The
PL emissions from DWNTs are highly dependent on their helicity.
This observation provides strong insight and guidance on the
application of DWNTs in biomarkers and photoelectronics.
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