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Abstract: Surface-enhanced Raman scattering (SERS) was applied to detecting pentagon-heptagon pairs,
the so-called Stone-Wales defect, in single-wall carbon nanotubes (SWCNTs). When a probing laser light
was scanned over a SWCNT-dispersed silver surface, two distinct SERS spectra were obtained: (1)
temporally stable spectra similar to that of resonance Raman spectra of bulk SWCNTs and (2) temporally
fluctuating spectra with additional peaks which were not observed in the non-SERS spectra. The fluctuations
in the SERS spectra are discussed in association with dynamic reconstruction of defective structures of
SWCNTs (nonhexagonal arrangements of carbon atoms) in the vicinity of SERS-active sites under irradiation
of the laser light.

Introduction

All carbon atoms comprising a single-wall carbon nanotube
(SWCNT) are regarded as surface atoms. This feature offers
the possibility of SWCNTs as a candidate for materials
providing superhigh surface areas.1,2 For wide application of
the material, in addition to a high surface area, elucidation of
its surface chemistry is essential. Surface defects play a critical
role in surface chemistry; for example, molecules react with
topological defects to vary the surface property and catalyst
metal atoms can be favorably adsorbed on so-called topological
defects in the graphene wall.3 Defects in SWCNTs should be
essential in various chemical and physical properties of
SWCNTs.4-6 It is thus necessary to investigate the defect-
associated nature of SWCNTs for their use in chemical and
physical applications.7

Raman spectroscopy is widely applied to carbon materials
as a characterization tool for defects. Every possible defect is
thought to induce a so-called D band.8 The plausible assignment
of the D band is ascribed to a phonon mode that stems from

the hexagonal structure of graphite.8,9 The hexagon, however,
is not the only possible configuration for atoms in a carbon
nanotube; that is, pentagon, heptagon, and octagon configura-
tions, referred to as topological defects,10-13 are also possible
candidates for geometrical units in carbon nanotubes. Suenaga
et al. succeeded in observing topological defects on an SWCNT
using a sophisticated high-resolution transmission electron
microscopy (TEM) technique.14 The presence of topological
defects changes the symmetry of a carbon nanotube, such that
characteristic vibrational modes associated with the topological
defects are expected. Such vibrational modes have not been
experimentally confirmed by Raman spectroscopy for nanotubes
thus far. However, a vibrational mode localized on a closed-
cap structure of a SWCNT, for example, was investigated by
inelastic electron tunneling spectroscopy.15

An ultrasensitive technique is thus required for probing
vibrational modes associated with topological defects. Surface-
enhanced Raman scattering (SERS)16-21 satisfies this require-
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ment, due to the huge enhancement of the Raman cross-section
in the vicinity of metal surfaces (for example, assemblies of
nanoparticles or rough surfaces of noble metals) in SERS.22 The
SERS phenomenon stems mainly from two mechanisms: surface
plasmon resonance and/or resonance accompanying the elec-
tronic transition between a metal and a molecule.22 Under
contribution from an extremely small number of molecules,
ensemble averaging turns out to be the specific behavior from
each molecule. This may give rise to temporal fluctuations of
intensities and frequencies.21 An intriguing phenomenon is the
migration of topological defects on an SWCNT surface under
electron irradiation.14

In this context, we attempted to detect the dynamic behavior
of topological defects on SWCNTs using Raman spectroscopy,
which can be widely applied to SWCNTs in environments of
various gases and liquids. In this letter, we report temporally
fluctuating SERS spectra from SWCNTs, which can be assigned
to the dynamic behavior of topological defects.

Experimental Section

Purified SWCNTs produced by a laser ablation method were
used.23,24 A silver foil (purity 99.95%, 0.015 mm thickness) was
purchased from Wako Pure Chemical Industries, Ltd., and used as
the SERS-active metal. The surface geometry of the silver foil was
examined by scanning electron microscopy (SEM) and was found
to have partially a step and terrace structure with an interval of
∼100 nm (see the Supporting Information, Figure S1). The SWCNT
sample was added to trichloroethylene and sonicated for 30 min.
A droplet of the SWCNT-dispersed trichloroethylene solution was
dropped onto the silver foil, which was washed by ethanol with
sonication before adding the solution. The SWCNT-dispersed silver
foil was then pretreated in an in situ Raman cell (Japan High Tech
Co. Ltd., Model MVH-5) at 423 K under 2 × 10-3 Pa pressure for
2 h. After natural cooling to ambient temperature without exposure
to air, SERS measurements were carried out with a single-
monochromator micro-Raman spectrometer using a backscattering
configuration (JASCO NRS-3100) under vacuum. For the in situ
Raman cell, a 20× long-distance objective was used. SERS
measurements were conducted with 532 nm (Nd:YAG laser) and
632.8 nm (He-Ne laser) excitation. The laser power density was
∼108 W m-2 at the sampling points. A collection time of 10 s was
used for each SERS measurement.

Results and Discussion

When the probing laser light (λ ) 532 nm) was scanned over
the silver surface dispersing SWCNTs, two types of SERS
spectra were obtained: (1) one similar to a non-SERS spectrum
without any temporal fluctuation of frequencies and intensities
(Figure 1) and (2) SERS spectra exhibiting additional peaks,
absent in a non-SERS spectrum (Figure 2). The latter case shows
strong spectral fluctuation with time. The time interval was ∼10
s between the acquisition of two spectra.

For the SERS spectrum (1) shown in Figure 1, a narrower
peak of the so-called G+ band centered at ∼1590 cm-1

compared to the bulk spectrum is seen. A normalized non-SERS
spectrum of the bulk sample is also shown in Figure 1 for clarity.
The minimum value of the full width at half-maximum (fwhm)
of the G+ band in the SERS spectrum obtained by our
measurements is 9.6 cm-1. This value is very close to that of

the natural fwhm of an ideal SWCNT (∼10 cm-1),25 indicating
that the SERS spectrum is the consequence of a small number
of SWCNTs or even down to single SWCNT detection. It was
also confirmed for single SWCNT detection that the frequency
of the G+ band is not averaged out in the SERS spectra and
deviates from position to position due to the varying chirality
of SWCNTs26 (see the Supporting Information, Figure S2). The
SERS spectrum (1) is in good agreement with previously
reported results.25,27
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Figure 1. Selected SERS spectrum (1) and a non-SERS spectrum from
the bulk sample, indicated by solid line and dotted lines, respectively. The
fwhm of the G+ band at ∼1590 cm-1 is given by ∆ω (cm-1). Both spectra
were recorded with 532 nm excitation. The narrowing of the G+ band on
the SERS spectrum implies a small number of SWCNTs, even single
SWCNT detection.

Figure 2. Temporally fluctuating SERS spectra (2) (solid lines) and a non-
SERS spectrum (dotted line) from the bulk sample. A magnified (46×)
Raman spectrum for the non-SERS spectrum is also shown for clarifying
the obtained weak Raman signals. Each SERS spectrum was acquired from
the bottom to the top with a time interval of ∼10 s. The upper and lower
bars at the top indicate calculated frequencies for graphite, which are
predicted by the double-resonance theory,9 and graphene with an STW
defect (scaled by a factor of 0.9943 from the frequencies reported in
reference48), respectively. Each spectrum was recorded with 532 nm
excitation.
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An intriguing case is the SERS spectra (2) in Figure 2, which
show much richer spectral information than the SERS spectrum
(1) shown in Figure 1. A number of unexpected peaks are
obvious in the SERS spectra shown in Figure 2. Furthermore,
these peaks exhibit intense temporal fluctuations. In general,
temporal fluctuations of peak frequencies and intensities are
often observed in SERS measurements.16,18,20,21,28-35 This
phenomenon is usually referred to as the blinking effect. Though
interpretations of this blinking effect are still controversial and
are under discussion, surface diffusion of molecules16,20,21

against so-called “hot spots” on SERS-active metals, where
strong enhancement may occur, and photoinduced structural
changes28,35 are possible explanations of the blinking effect.
Since an SWCNT is too large to diffuse on the silver surface
under our experimental conditions, the fluctuations could be
attributed to structural changes in the SWCNT in the vicinity
of SERS-active sites. High-resolution TEM investigations have
revealed that topological defects migrate on the hexagonal
surface under electron irradiation.14,36-39 We infer from ex-
perimental results by TEM observations that tentative assign-
ment of the fluctuating SERS peaks turn to vibration modes
related to topological defects.

We first discuss assignments for SERS peaks, which are
absent in the non-SERS spectrum, considering the ideal
structures of SWCNTs. Group theory predicts 15 or 16 Raman-
active modes and 6-9 infrared (IR) -active modes for an ideal
SWCNT, depending on the chirality.40 An IR-active mode may
not be ruled out for SERS spectra, because matter is influenced
by a strong electric field.41 On the basis of the relation between
band gap energies and diameter of the SWCNT, the so-called
Kataura plot,42 the SWCNT sample used in this study is
dominantly in resonance with semiconducting SWCNTs under
532 nm excitation (see the Supporting Information, Figure
S3(a)). This indicates that predicted Raman-43-45 or IR-active43,46

modes of armchair SWCNTs can be tentatively ruled out, since

armchair SWCNTs are classified as metallic SWCNTs. Though
the presence of metallic SWCNTs in the SWCNT sample is
confirmed by the 632.8 nm excitation (see the Supporting
Information, Figure S3(b)), semiconducting SWCNTs are
selectively probed under 532 nm excitation due to enhancements
in combination with SERS and resonance Raman scattering,
which occurs when an excitation light accompanies the elec-
tronic transition of an SWCNT. SERS spectra of an SWCNT
sample recorded using 632.8 nm excitation are shown in the
Supporting Information, Figure S4. Since the SWCNT sample
also includes carbon impurities (for example, amorphous carbon
and graphite), vibrational modes for graphite should be taken
into account. The double-resonance theory can explain experi-
mentally observed weak Raman signals of graphite, which are
not well understood.9 The calculated frequencies of graphite
with an excitation energy of 2.33 eV (λ ) 532 nm) are shown
in Figure 2 as bars (top of the plot). Some of the theoretical
values seem to be related to the SERS signals; the obtained
SERS spectra, however, show more peaks than the calculated
spectrum. We focus on the SERS signals observed around
1100-1200 cm-1 because theoretically obtained first-order
frequencies both for the semiconducting SWCNTs43,45,46 and
graphite9 are absent in this frequency region.

Assignments for the observed SERS peaks depend on
theoretical calculations of Raman spectra using the second-
generation reactive empirical bond order (REBO) potential47

for graphene with a specific arrangement of pentagon-heptagon
pairs known as a Stone-Wales defect (SW defect).48 Though
the term SW defect is widely used,49 we will use a new term,
Stone-Thrower-Wales defect (STW defect), instead of SW
defect hereafter.50 According to an expression by Wu and
Dong,48 some of the calculated peaks could be ascribed to
atomic motions localized on an STW defect. The frequency
values of the localized modes are shown in Figure 2 as bars
(lower set). Since the calculated frequency for perfect graphene
slightly overestimates the G band frequency (1591 cm-1),48 the
frequencies for graphene with an STW defect are scaled by a
factor of 0.9943 ()1582 cm-1/1591 cm-1). Here, the G band
frequency at 1582 cm-1 was used as the standard value.43

Figure 3 shows a selected SERS spectrum, with explicit peaks
around 1100-1200 cm-1. The inset in Figure 3 shows a
magnified spectrum with Lorentzian fits around 1100-1200
cm-1. Since the vibrational modes related to perfect SWCNTs
and graphite can be ruled out around 1100-1200 cm-1, we
assign the observed peaks at 1139 and 1183 cm-1 to those
predicted at 1122 and 1173 cm-1 for STW defects, respectively.
These peaks are also dominant in the SERS spectra of single-
wall carbon nanohorns,51 composed of an aggregation of
defective tubular structures of a graphene layer. In particular,
for the theoretical vibrational mode at 1173 cm-1, a correspond-
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ing local vibrational state is also predicted by Vandescuren et
al. for (10,10) SWCNT,52 the diameter of which is close to that
of the SWCNT sample used in this study. According to their
calculation,52 the vibrational mode shows a slight decrease when
the tube diameter increases, converging to that of graphene (a
frequency shift of 9 cm-1 from the frequency for (10,10)
SWCNT). When the frequency shift due to the curvature of a
graphene layer is taken into account, the vibrational mode at
1173 cm-1 shows a value closer to the experimental value at
1183 cm-1. Both the SERS peaks, at 1139 and 1183 cm-1, show
intense fluctuations with time, likely indicating diffusion of
pentagonal and heptagonal arrangements consisting of STW
defects and/or reconstruction of STW defects. It is ambiguous
whether an STW defect is inherently present in the SWCNT or
is induced by an enhanced electric field in the vicinity of a
SERS-active site; however, as can be seen in the polymerization
of C60,

53 C-C bond reconstructions could be induced by a laser
power density of ∼108 W m-2 (see the Supporting Information,
Figure S5). Since the SWCNTs are exposed to extremely high

temperatures during the growth process by laser ablation,
topological defects including STW defects should be built into
the SWCNT surface during the synthesis process.54 The above
results strongly suggest the potential of the SERS technique to
further develop SWCNT-related science and technology. Since
SERS can probe type (1) and (2) SERS spectra which are
assigned to a highly crystalline and a defective SWCNT,
respectively, the SERS technique can be applied to probe the
crystallinity evaluation of a single SWCNT.

Another characteristic vibrational mode localized on an STW
defect is predicted at 1810 cm-1. This mode is fully localized
on a C-C bond centered at a STW defect, and its vibrational
frequency depends on orientation of the C-C bond with respect
to the tube axis.55 According to the calculation for (3,3) SWCNT
with an STW defect by Miyamoto et al.,55 tilting of the C-C
bond from an orientation parallel to the tube axis causes a
frequency shift from 1962 to 1450 cm-1 due to the curvature
of the SWCNT. A missing SERS peak around 1810 cm-1

implies that the C-C bond centered at the STW defect may be
tilted with respect to the observed tube axis.

Conclusions

In conclusion, temporal fluctuations of the SERS spectra of
an SWCNT are ascribed to dynamic behavior of an STW defect
in the SWCNT. Theoretical frequencies at 1122 and 1173 cm-1

for the STW defect are evidenced by the SERS method. The
higher frequency mode predicted at 1810 cm-1 is missing in
our experimental observations, probably due to the effect of
orientation of the C-C bond centered at an STW defect. Since
two types of SERS spectra are observed, that is, (1) a pattern
similar to that of the non-SERS spectrum except for the fwhm
narrowing and (2) a strongly fluctuating spectral feature offering
dynamic behavior of an STW defect, the SERS spectra (1) and
(2) indicate probing of highly crystalline and defective regions
of the SWCNT, respectively, which allows for characterizing
crystallinity in a single SWCNT. This indicates that the SERS
technique can be applied to evaluation of the local crystallinity
of SWCNTs.
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Figure 3. (a) Selected SERS spectrum exhibiting explicit peaks around
1100-1200 cm-1 recorded with 532 nm excitation. The bars indicate
calculated vibrational modes, the same as in Figure 2. The inset shows a
magnified SERS spectrum around 1100-1200 cm-1. A fitting line with
two components of the Lorentzian function is indicated by the bold line in
the inset. The characteristic vibrational frequencies related to the STW defect
around 1100-1200 cm-1 are shown by bars. Experimental values around
this frequency region are 1139 and 1183 cm-1. (b) Selected vibrational
modes associated with the STW defect.48 The dominant atomic motions
are excluded in ref 48.
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