COMMUNICATION

www.rsc.org/chemcomm | ChemComm

Nanostructural control of cup-stacked carbon nanotubes with 1-benzyl-
1,4-dihydronicotinamide dimer via photoinduced electron transfert
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The photoinduced electron-transfer reduction of cup-stacked
carbon nanotubes (CSCNTs) with 1-benzyl-1,4-dihydronicoti-
namide dimer [(BNA),] results in the electrostatic destacking of
CSCNTs to afford CSCNTs with uniform size.

Among the wide range of nanocarbon materials prepared to date,
carbon nanotubes (CNTs) stand out because of their unique
physical and chemical properties, arising from their one-dimen-
sionality.! However, the main hurdle to the many specialized
applications of CNTs is the control of their diameter and size.
Although attempts have been made to fabricate nanotube samples
with uniform length or diameter,>> a more accommodating and
efficient approach is highly desired, particularly for commercially
available samples. In this context, the cup-stacked carbon
nanotubes (CSCNTs), consisting of truncated conical graphene
layers, have merited special attention.* The cup-stacked structure
provides a hollow tubular morphology, composed of cup-shaped
carbon units with diameters ranging from 50 to 150 nm and
lengths of up to 200 um,* in contrast with conventional carbon
nanotubes made of multiseamless cylinders in a hexagonal carbon
network. The availability of the inner and outer edges of these
stacked-cups to chemical functionalization or surface modification
opens up new ways to utilize them in electronic, catalytic, and
photovoltaic applications.>® The ball milling processes are
reported to result in a decrease in the average lengths of pristine
CSCNTs (up to 200 pum) to 7 pm after 24 h milling.” However,
CSCNTs with uniform size have yet to be obtained.

We report herein our discovery that the photoinduced electron
transfer from 1-benzyl-1,4-dihydronicotinamide dimer [(BNA),J*
to CSCNTs yields electrostatically destacked CSCNTSs, and thus
affords CSCNTs with controlled diameter and size (i.e., cup-
shaped carbons), as shown in Scheme 1. This approach opens an
easy access toward the development of a novel nanocarbon
material with uniform size, using a mild reductant that is stable in
air.

The CSCNTs used in this study were a gift from GSI Creos
Corporation, Japan. They were purified according to the
previously reported procedure.’” The CSCNTs with larger
diameters (>ca. 50 nm) were removed as follows: purified
CSCNTs were suspended in CHCl; (5 mg mL ™!, 10 mL) by mild
sonication (i.e., 70 W for 15 min). After centrifugation for 15 min
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1 Electronic supplementary information (ESI) available: UV-vis spectrum
and dynamic light scattering data. See DOI: 10.1039/b614181a

Photoinduced
Electron Transfer
Bz Bz T
INI hy (A>340 nm), INI
MeCN
o0y oy
y
Bz
(BNA),™
Fast C-C Bond

Cleavage

o
1}
CSCNTs Cup-Shaped Carbon™ CNH
P m 2
N
? Bz
~_CNH, BNA*
nl CY
N
Bz
BNA’
CSCNTs
econd
Electron Transfer
Cup-Shaped Carbon™
nBNA*

Scheme 1

at 1880g, the supernatant was filtered over a PTFE membrane
(pore size: 0.1 pm). (BNA), was prepared according to literature
procedures. 10

The CSCNTs with smaller diameters (<ca. 50 nm) were treated
with (BNA), under photoirradiation to obtain destacked
CSCNTs. The progress of the photoinduced electron transfer
from (BNA), to CSCNTs was detected by monitoring the
ultraviolet-visible-near infrared (UV-vis-near-IR) absorption
spectrum. Irradiation of 3.1 mL of an acetonitrile (MeCN)
suspension containing CSCNTs (0.05 mg) and (BNA), (2.1 x
1077 mol, Jmax = 348 nm) with UV-vis light (/. > 340 nm) results
in the disappearance of the absorbance due to (BNA),,
accompanied by the appearance of a new absorption band at 1 =
260 nm due to BNA*, with a clean isosbestic point.f The
absorption spectral changes indicate the consumption of (BNA),
(=69 x 10°mol ' dm® cm ') and generation of nearly 2 equiv.
of BNA* (6=6.3 x 10*mol " dm? cm™"), as shown in Fig. 1. The
reaction is started by photoinduced electron transfer from (BNA),
to CSCNTs to produce (BNA)," and reduced CSCNTs
(Scheme 1). This step is followed by a fast cleavage of the C-C
bond of the dimer to produce N-benzylnicotinamide radical
(BNA') and BNA".® The subsequent electron transfer from BNA®
to CSCNTs also occurs efficiently, because BNA" is known to act
as a strong electron donor.®'" Consequently, (BNA), acts as a
two-electron donor to produce 2 equiv. of BNA™ (vide supra). No
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Fig. 1 Time course of the spectral changes at 260 (@) and 348 (O) nm in
the photoreduction of CSCNTs with (BNA), in deaerated MeCN.
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Fig. 2 Solid-state ESR spectrum of CSCNTs (0.020 g) after chemical
reduction by (BNA),.

reaction occurs in the dark. Thus, CSCNTs can be reduced by
photoinduced electron transfer with (BNA), in deaerated MeCN.

We have also examined the solid-state electron spin resonance
(ESR) spectrum of reduced CSCNTs to confirm the reduction of
CSCNTs by (BNA), (Fig. 2).i The pristine CSCNTs were
virtually ESR silent at 298 K. This indicates that no paramagnetic
impurity is contained in the CSCNT sample. In contrast, the
reduced CSCNTs exhibit a broad ESR signal at 298 K together
with a sharp signal (g = 2.0018), which is virtually the same as
observed in K-doped graphite (¢ = 2.0027)."> The broad ESR
signal and its small g value, as compared to the free spin value
(2.0023), are characteristic of the delocalized electron on the
nanocarbon material."®

The scanning electron microscopy (SEM) images of pristine
CSCNTs revealed long straight carbon nanofibers with lengths of
up to submicrometre (Fig. 3a).§ On the other hand, pristine
CSCNTs were disassembled after the photoinduced electron-
transfer reduction with (BNA), to form destacked CSCNTs
(Fig. 3b).

The structural changes in CSCNTs induced by the photoreduc-
tion of CSCNTs with (BNA), were also checked using the

Fig. 3 SEM images of (a) pristine CSCNTs and (b) reduced CSCNTs.

(b)

Fig. 4 TEM images of (a) pristine CSCNTs and (b) reduced CSCNTs.

transmission electron microscopy (TEM) measurements shown in
Fig. 4.9 The cup-stacked structures of pristine CSCNTs (Fig. 4a)
are disassembled to cup-shaped carbons with relatively similar
diameters (ca. 50 nm) and lengths (ca. 200 nm) after the
photoinduced electron-transfer reduction with (BNA), (Fig. 4b).

Dynamic light scattering (DLS) measurements provide a
powerful tool for the detection of the electrostatically destacked
carbons generated by the photoinduced electron-transfer reduction
with (BNA), in solution.|| An MeCN suspension containing a
small amount of CSCNTs (0.05 mg per 3.1 mL) was adopted due
to monitoring the photoreduction with (BNA),. DLS in MeCN
(Fig. 5) reveals that destacked cup-shaped carbons after the
photoreduction with (BNA), show a narrow size distribution, with
a mean size of 210 + 57 nm, which is much smaller than pristine
CSCNTs (850 + 330 nm). This value is in good agreement with
that observed in the TEM measurement in Fig. 4b. The mean size
of the CSCNTs decreases with increasing (BNA), concentration
(b to ¢ in Fig. 5). This observation indicates that the amount of
injected electrons from the (BNA), to CSCNTSs, via photoinduced
electron transfer, plays an important role in the disassembly
process, because the electrostatic repulsion of the nanocarbon
increases with an increase in the amount of injected electrons. We
have examined the occurrence of restacking after oxidation by
oxygen (Fig. S21). The mean size of reduced CSCNTs increased
after oxidation (from 270 + 90 nm to 540 + 90 nm). This may
result from the occurrence of aggregation between cup-shaped
carbons together with restacking.

The elemental analysis afforded a chemical formula of
Cs77(C15H15N>,0)-26(H,0) and this indicates that one BNA™
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Fig. 5 Size distribution diagrams of (a) dispersion of pristine CSCNTs,
(b) reduced CSCNTs ([((BNA),] = 2.1 x 10~% mol), and (c) reduced
CSCNTs ([(BNA),] = 2.1 x 1077 mol) in deacrated MeCN at 298 K.
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counterion is attached per 577 carbon atoms.** Recently, Petit
et al. reported methodology for the advanced dissolution of single
walled carbon nanotubes by thermal electron-transfer reduction
using sodium naphthalenide.'* In this case, the carbon nanotubes
are soluble with a stoichiometry of one negative charge per 10
carbon atoms in polar aprotic solvents, which is much higher than
that of our result, ie., one negative charge per 577 carbon
atoms.tt Although the cup-shaped carbons are still insoluble in
solvents, even in the case of higher concentration of (BNA),, we
have succeeded in developing highly dispersible nanocarbon
materials with uniform size in solution by photoinduced electron-
transfer reduction with a mild organic electron donor.

In conclusion, we have demonstrated an accommodating and
efficient approach to obtain novel nanocarbon materials with
uniform size. CSCNTs were successfully destacked by the
photoinduced electron-transfer reduction with a mild electron
donor, (BNA),, to produce cup-shaped carbons with uniform size.
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Science and Technology, Japan. TEM measurements were
performed using a facility in the Research Center for Ultrahigh
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Prof. H. Mori and Dr T. Sakata for helpful advice and discussion
regarding the TEM measurements. K. S. expresses his special
thanks to the center of excellence (21COE) program “Creation of
Integrated EcoChemistry of Osaka University”.
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an Mn** marker.

§ SEM images were taken using a JEOL JSM-6700F microscope. The
specimens for SEM measurements were prepared by drop casting of a
dispersion to the sample holder via a piece of adhesive carbon tape (DTM
9101, JEOL Datum).

9 TEM images were collected on a HITACHI model H-800 transmission
electron microscope operating at an accelerating voltage of 200 kV. TEM
samples were prepared by depositing a drop of dispersion on carbon-coated
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[I DLS measurements were performed using a LB-500 particle size analyzer
(Horiba, Japan). The DLS instrument used in this study has a range
between 1 and 6000 nm, and thereby any structures over this limit cannot
be detected.

** Anal. Calcd for C577(C12H13N20)'26(H20)I C, 9306, H, 089, N, 0.37.
Found: C, 90.86; H, 0.85; N, 0.36%.

T1 In the case of “thermal” electron-transfer reduction of CSCNTs using
sodium naphthalenide, the stoichiometry is one negative charge per 161
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