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A resonance Raman study of C10H2 and C12H2 polyynes encapsulated in single-wall carbon nanotubes of
different diameters is presented. We show that the energy of the optical transitions associated with excited dark
states of the polyyne depends on the diameter of the nanotube, as a consequence of different dielectric
screenings. Strong changes in the shape of the G band of the metallic nanotubes are observed when they are
encapsulating the carbon linear chains, reflecting charge transfers between these two systems. From ab initio
calculations, we find that such electronic transfers are most likely occurring from the nanotubes to the polyyne
molecules.
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Polyynes are linear carbon chains terminated by other
kinds of atoms or chemical groups, such as the hydrogen
terminated polyyne chain C2nH2 �n�2�.1–3 They are ideal
systems to understand sp-hydrized carbon structures and to
study electronic correlation effects in one-dimensional sys-
tems with potential applications in nanoelectronics. Polyynes
are very unstable and the high reactivity between unsaturated
sp chains tends to cause an evolution from sp to sp2 carbon
structures.3 Interestingly, they become stable even at high
temperatures when encapsulated inside single-wall carbon
nanotubes �SWNTs�, allowing thus easier experimental
works.1,4 However, the electronic structures of both polyynes
and carbon nanotubes are extremely susceptible to environ-
mental interactions. We will show in this work that nano-
tubes with different diameters provide different dielectric
screening for the polyynes. Moreover, electron transfer from
the nanotubes to the polyynes is evidenced by the renormal-
ization of the nanotube phonon energies due to changes in
the Fermi level.

In a previous work, Malard et al.5 performed a resonance
Raman study of two kinds of polyynes �C10H2 and C12H2�
trapped inside SWNTs using many different laser energies in
the visible range, and observed that the intensity of the Ra-
man band associated with the stretching modes of the
polyynes inside SWNTs is strongly enhanced for laser ener-
gies around 2.10 eV. The energy of this resonance is much
lower than the energy of the absorption peaks of C10H2 and
C12H2 polyynes in organic solvents �4.9 and 4.5 eV, respec-
tively� or in gas phase �5.4 and 5.0 eV, respectively�. This
observed resonance was assigned to dipole-forbidden
�“dark”� transitions becoming allowed due to symmetry
breaking, when the polyynes are displaced from the axis of
the tube.5 DFT calculations estimated that the energy of these
“dark” states are between 2 and 3 eV, in agreement with the
Raman measurements.

In this Rapid Communication, we present a resonance Ra-
man study of C10H2 and C12H2 polyynes trapped inside

single-wall carbon nanotubes of different diameters, using
many different laser energies in the visible range. We show
that the polyyne resonance energies decrease with increasing
diameter of the nanotubes, as a consequence of changes in
the screening from the tubes of different diameters. We also
observe a redshift and strong changes in the shape of the G
band of the metallic nanotubes when they encapsulate
polyynes, reflecting charge transfers between these two sys-
tems. These charge transfers are interpreted using ab initio
calculations.

The preparation of the polyynes inside nanotube samples
is described in Refs. 1, 6, and 7. Before the encapsulation
treatment, SWNTs were purified by the H2O2 /HCl treatment
and thermal oxidation, and the SWNTs/polyyne/hexane solu-
tion was degassed by freeze-thaw process. Therefore, no
chemical functionalization is expected to occur during the
purification processes. The Raman measurements were per-
formed in aggregates of nanotube bundles. The diameters of
the nanotubes were estimated from the radial breathing
modes �RBMs� Raman spectra8 using the relation d
=A / ��RBM −B�, where �RBM is the RBM frequency, and A
=219 cm−1 nm and B=15 cm−1.8 The samples with average
large, medium, and small diameters were labeled as L�d
=1.45�0.15 nm�, M�d=1.35�0.15 nm�, and S�d
=1.2�0.1 nm�, respectively.

Raman-scattering experiments were performed at room
temperature using a triple monochromator micro-Raman
spectrometer Dilor XY. An Ar-Kr and a dye laser were used
and experiments were performed using many lasers lines in
the visible range from 1.92 to 2.71 eV �647 to 457.9 nm�.
The laser power used was around 1 mW with a spot diameter
of 1 �m using a 80� objective.

Ab initio calculations based on density-functional
theory9,10 �DFT� were used to obtain the structural and elec-
tronic properties of pristine and polyyne-encapsulated
SWNTs. The calculations were performed by the SIESTA

code,11 which performs self-consistent calculations solving

PHYSICAL REVIEW B 80, 161401�R� �2009�

RAPID COMMUNICATIONS

1098-0121/2009/80�16�/161401�4� ©2009 The American Physical Society161401-1

http://dx.doi.org/10.1103/PhysRevB.80.161401


the Kohn-Sham equations by means of numerical atomic-
orbital basis sets. We used double-zeta basis sets plus polar-
ization functions, the local-density approximation �LDA�
�Ref. 12� for the exchange-correlation potential, and norm
conserving Troullier-Martins pseudopotentials.13 Periodic
boundary conditions were used so that the lateral separation
between tube centers are 4 nm and the total length of the
tubes are 2.224 nm. This choice prevents spurious interac-
tions between polyyne molecules along the axial direction.
Brillouin-zone sampling has been made with four
Monkhorst-Pack points in the longitudinal direction of the
nanotube.14 A cutoff of 150 Ryd for the grid integration is
utilized to represent the charge density. All systems studied
here are structurally relaxed until the residual forces were
smaller than 0.05 eV /Å. Calculations were performed for
different polyyne molecules encapsulated in the �5,5�
SWNT. Test calculations with the generalized gradient
approximation,15 double-zeta basis sets and a larger diameter
nanotube, namely the �8,8� SWNT, have been made in order
to assure that our main results do not depend on the func-
tional type, basis sets, and diameter of the tube.

Figure 1 shows the Raman spectra for the nine samples
investigated in this work, using the 1.92 eV laser energy. The
solid, dashed, and dotted line spectra correspond to pristine
SWNT, C10H2@SWNT, and C12H2@SWNT samples, re-
spectively; and the indexes L, M, and S refer to large, me-
dium, and small nanotube diameters, respectively. The inten-
sity of the G+ peak was used for normalizing all spectra.
Figure 1 shows three important features of the Raman spec-
tra of carbon nanotubes, the RBMs between 150 and
220 cm−1, the D band associated with disorder or defects,
around 1300 cm−1, and the G band around 1590 cm−1 that
corresponds to the tangential vibrational modes. The G band
of carbon nanotubes splits into two prominent peaks, as-
signed as G− and G+,16 associated with the TO �transverse-
optical� and LO �longitudinal-optical� phonon modes of the
semiconducting nanotubes, respectively. In the case of me-
tallic nanotubes, due to the presence of Kohn anomaly, the
LO and TO modes are assigned to the G− and G+ peaks,

respectively.17,18 Notice that both the position and the shape
of the G band change when the nanotubes are encapsulating
the polyynes.

In Fig. 1, we can also observe a band around 1950 cm−1,
which is due to a double-resonance second-order Raman fea-
ture characteristic of all graphitic systems.19 The bands be-
tween 2000 and 2100 cm−1 indexed by P are associated with
the stretching modes of the polyynes.4,20,21 The peaks around
2018 and 2064 cm−1 assigned as P12 and P10, are associated
with the stretching vibrational modes of the C12H2 and
C10H2 molecules, respectively. Notice in Fig. 1 that the
polyynes bands are more intense for nanotubes with larger
diameters. This result is consistent with the explanation that
the resonant behavior of this peak is associated with dark
exited states of the polyynes, activated by symmetry break-
ing when the chains are displaced from the central axis of the
nanotubes.5 Symmetry breaking is expected to be stronger
for larger diameter nanotubes.

Figure 2 shows the Raman spectra of the pristine
SWNT-L, C10H2@SWNT-L, and C12H2@SWNT-L
samples recorded with different laser energies. We can ob-
serve that the P10 and P12 peaks intensity are strongly en-
hanced for laser energies between 2.1 and 2.2 eV. A similar
behavior is observed for all other polyyne samples investi-
gated in this work. Figure 3 shows the integrated intensity of
the P band as a function of the laser excitation energy, fitted
by Gaussian functions, for C10H2 and C12H2 trapped inside
SWNTs of different diameters. This resonance behavior is
due to the optical transitions of the polyynes, associated with
the “dark” states of the isolated molecules.5 Notice that
transition energies depend on the nanotube diameter for
both C10H2@SWNT and C12H2@SWNT, increasing with
decreasing nanotube diameter. This dependence reflects an
“environment” effect on the transition energies of the
molecules. It is a well-reported effect that optical transitions
of molecules are usually redshifted when they are placed
in a dielectric medium, known as positive �or normal�
solvatochromism.22 Larger nanotubes provide a strongest di-
electric screening of the Coulomb interactions, therefore in-
creasing the redshift. This effect occurs for both semicon-
ducting and metallic nanotubes because, in either case, tubes
with larger diameters have a larger number of virtual sub-

FIG. 1. Raman spectra using the 1.92 eV excitation energy for
pristine SWNTs �solid curves�, C10H2@SWNT �dashed curves�,
and C12H2@SWNT �dotted curves� showing the RBM modes, the
G band between 1500 and 1600 cm−1 and the polyynes bands in-
dexed by P12 and P10 between 2000 and 2100 cm−1. The labels L,
M, and S denote SWNTs with large, medium, and small diameters,
respectively.

FIG. 2. Raman spectra of the pristine SWNT and the
C10H2@SWNT and C12H2SWNT samples with larger nanotube di-
ameter, recorded using different laser energies �1.92, 1.98, 2.12,
2.18, and 2.71 eV�, showing the RBM and G bands of the SWNTs
and the P band of the polyynes.
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band transitions to contribute to screening. We can also ob-
serve in Fig. 3 that the resonance energy is generally lower
for C12H2 than C10H2. This result is in agreement with DFT
calculations that estimate a lower resonance energy for
C12H2 than C10H2.5 Moreover a similar behavior can be ob-
served in the absorption spectra.2,21

The effect of polyynes on the G band of the nanotubes
can be also observed in Fig. 2, which shows the G band for
the large diameter sample, measured with different laser en-
ergies. A similar behavior is observed for the nanotube
samples with medium and small diameters. The solid, dashed
and dotted curves correspond to pristine SWNTs,
C10H2@SWNT, and C12H2@SWNT, respectively. In the
two upper spectra in Fig. 2 �2.18 and 2.71 eV�, the shape of
G band does not change when the nanotubes are encapsulat-
ing the polyynes; we can only observe a downshift of the
whole band. However, important changes in the shape of the
G band are observed in the three lower spectra in Fig. 2
�2.12, 1.98, and 1.92 eV�, where a significant broadening and
decrease of the G− component for the encapsulated samples
is observed.

In order to explain the changes in the G band measured
with different laser energies shown in Fig. 2, we need to
consider the diameter dependence of the optical transitions
of the nanotubes. Considering the range of nanotube diam-
eters �1.1–1.5 nm� and the range of laser energies �1.92–2.71
eV� used in this work, we can conclude from the Kataura
plot23 that the spectra in Fig. 2 obtained using lower laser
energies �1.92 and 1.98 eV� show predominantly the metallic
nanotubes, since these energies are in resonance with the E11

M

transitions of the metallic nanotubes present in the samples.24

The spectra recorded with higher laser energies �2.18 and
2.71 eV� show the contribution of the semiconducting nano-
tubes, in resonance with the E33

S transitions. The spectrum at
2.12 eV shows the contribution of both the metallic and
semiconducting nanotubes. Thus, it can be concluded that the
drastic changes in the shape of the G band in Fig. 2 occur for
metallic nanotubes encapsulating polyyne molecules.

The G band of metallic nanotubes exhibits a broad and
asymmetric shape and it is very sensitive to environment and
to charge transfers.24,25 Some authors attributed this shape to
coupled excitations involving plasmon and phonons, that

should occur in the case of nanotubes in bundles or in con-
tact with a substrate.26,27 Recently, it has been proposed that
the broad G band is due to electron-phonon coupling in me-
tallic nanotubes �Kohn anomaly� of small chiral angle18,28–30

and occur even in the case of isolated nanotubes.29

In this work, the strong effect of the polyynes on the
shape of G− peak of the metallic nanotubes is interpreted in
terms of the changes in the Fermi level and its effect on the
electron-phonon coupling. It was recently shown by different
authors18,28–30 that the position and linewidth of the G− peak
of the metallic nanotubes is strongly dependent on the Fermi-
level position due to the phonon-assisted electron-hole pair-
creation process schematically shown in Fig. 4�a�, which
gives rise to the Kohn anomaly. The renormalization of the G
phonon energy due to this process can be obtained from a
time-dependent perturbation theory,18,28,30 and the depen-
dence of the frequency �full line� and linewidth �dashed line�
of the G− peak as a function of Fermi level is shown in Fig.
4�b�.28–30 When the changes in the Fermi level are higher
than half of the phonon energy, the electron-hole pair-
creation process is blocked due to the Fermi exclusion prin-
ciple, thus hardening the phonon frequency. Moreover, the
electron-phonon coupling decreases the lifetime of the pho-
non, resulting in a broadening of the G peak when the Fermi
level approaches the neutrality point, as shown in Fig. 4�b�.

Figure 2 shows that the G− peak of the metallic nanotubes
downshifts and broadens when they are encapsulating the
polyynes. Considering the electron-phonon process dis-
cussed above, we conclude that the Fermi level of the metal-
lic pristine nanotubes samples is not at the Dirac point, since
the neutrality point would correspond to the maximum

FIG. 3. Raman intensity of the P bands for C10H2 and C12H2 as
a function of the laser excitation energy, for single-wall carbon
nanotubes of different diameters.

FIG. 4. �Color online� �a� Phonon assisted creation and annihi-
lation of an electron-hole pair. �b� Frequency �full line� and the
linewidth �dashed line� of the G− peak of metallic nanotubes as a
function of the Fermi-level position �Refs. 28 and 30�. �c� Elec-
tronic band structure for the pristine �5,5� SWNT �left�,
C10H2@ �5,5� �middle�, and C12H2�5,5� �right�. The highest-
unoccupied-molecular-orbital �HOMO� and lowest-unoccupied-
molecular-orbital �LUMO� bands of the polyyne molecules are
shown in dashed red lines. The dotted line is the Fermi level for
undoped samples.
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G-band broadening. This result suggests an intrinsic doping
of the pristine sample. When the polyynes are encapsulated
inside nanotubes, charge transfers occur between the two
system, changing the Fermi level of the metallic nanotubes
toward the Dirac point, softening and broadening the G band.

In order to understand in more detail the charge-transfer
process between polyyne molecules and metallic nanotubes,
we performed ab initio calculations of a pristine �5,5� and
encapsulated C10H2@ �5,5� and C12H2@ �5,5� systems. The
Kohn-Sham electronic band structures for the three cases are
shown in Fig. 4�c�. One clearly sees that the electronic
HOMO and LUMO states of both C10H2 and C12H2 have
very little hybridization with the electronic states of the
nanotube, indicating that the composite system is very
weakly interacting from a chemical point of view. Charge
transfer between the molecule and the tube can occur only if
the Fermi level of the pristine �5,5� tube is either above the
LUMO or below the HOMO of the molecules. This is not the
case for undoped systems, as one can see. However, residual
doping could lead, in principle, to either one of these two
cases. However, one sees that the LUMO states are much
closer to the nondoped Fermi energy than HOMO states. For
instance, for the C12H2@ �5,5� system, the LUMO is only
0.2 eV above the undoped Fermi level, whereas the HOMO
is 1.6 eV below it. Therefore, since we do not expect a large
residual doping in our samples, the first situation, corre-

sponding to a small n-type doping of the pristine samples, is
more plausible to occur. For this reason, we propose that
electrons are transferred from the nanotubes to the molecules
upon encapsulation. This result is in agreement with the re-
cent DFT calculations performed by Kertesz and Yang.31

In summary, this work presents a resonance Raman study
of C10H2 and C12H2 polyynes inside single-wall carbon
nanotubes of different diameters, using many different laser
energies in the visible range. We show that there is a depen-
dence of the optical transition energies of the polyyne mol-
ecules with respect to the diameter of nanotubes, the energy
decreasing with increasing diameter of the nanotubes. This
environment effect is understood as a normal solvatochromic
shift due to variations in the dielectric screening of the tubes.
We have also observed a redshift and strong changes in the
shape of the G band of the metallic nanotubes when they
encapsulate the polyynes and, this result was interpreted in
terms of changes in the electron-phonon coupling due to
charge transfer between the polyynes and the tubes. From ab
initio calculations, we conclude that this electronic transfer is
most likely occurring from the tubes to the molecules.
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