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Introduction

Oligothiophenes as organic semiconductors[1,2] are good can-
didates for applications in electronics and devices such as or-
ganic field effect transistors[3] or solar cells.[4] Among oligo-
thiophenes, a-sexithiophene (6T) is particularly attractive
due to its high hole mobility in the solid state.[5]

It has been shown recently that the morphology of 6T in-
fluences the performance of devices dramatically.[6] Howev-

er, it is very difficult to control the morphology in macro-
scopic crystals. The assembly of crystals inside single-walled
carbon nanotubes (SWCNTs) presents a challenge for this
control, because unusual crystal structures of many inorgan-
ic materials can be grown in this way.[7] The diameter of
SWCNTs is typically in the range of 1–2 nm. This is compa-
rable to the size of small organic molecules, which can
therefore be confined in the interior of SWCNTs. However,
for applications in electronics it is also very important to un-
derstand the electronic exchange between 6T and SWCNT
in the peapod structures, 6T@SWCNT.

In situ spectroelectrochemistry is the method of choice
for studying carbon nanostructures,[8–13] because characteri-
zation of the electronic structure of these materials both in
the neutral and charged states is possible upon electrochem-
ical doping. We have shown recently that the electronic
structure of SWCNT is very sensitive to doping, resulting in
significant changes in their Raman spectra.[14] These changes
are reversible and reproducible for a selected SWCNT
sample.[15,16] Hence, SWCNTs can also be used as in situ
probes for studies of hybrid materials like SWCNT/polymer
composites[17,18] and/or to monitor the electronic structure of
species encapsulated inside SWCNTs.[19,20] The SWCNTs are
stable in a relatively wide potential window. Thus, the inter-
action of many hybrid materials based on SWCNT in a
charged state can be evaluated by this probe.
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For SWCNTs it is convenient to combine electrochemistry
with Raman spectroscopy, as the latter is frequently used as
a tool for the characterization of nanotube samples. In addi-
tion, it provides a sensitive reflection of the changes in
nanotubes induced by doping. The main features of the
Raman spectra of SWCNTs include the radial breathing
mode (RBM), the tangential mode (TG), the D mode and
the G’ mode (also known as the 2D or the D* mode). The
D band in the Raman spectra is a signature of defects. The
RBM frequency is proportional to the inverse diameter of
the SWCNT.

Due to the one-dimensional nature of SWCNTs, their
density of states (DOS) exhibits characteristic Van Hove
singularities, the positions of which depend only on the
SWCNT diameter and chirality. The singularities provide
strong resonant enhancement of the otherwise weak Raman
signal. The resonance window, which determines which spe-
cific chiralities will appear in a RBM spectrum excited at a
given excitation wavelength, varies from tens of meV for a
single nanotube to >140 meV for bundles of nanotubes.
RBMs from nanotubes outside the resonance window of a
selected excitation wavelength will not be observed, so only
a very small set of tubes of the samples participates in the
Raman scattering for a single excitation line.

Raman spectroscopy has also been used for studies of oli-
gothiophenes, including 6T in its neutral or charged
state.[21, 22] Apart from structural information[23, 24] it is possi-
ble to distinguish the cation and dication structures of the
oligothiophene from the neutral molecules.[21,22]

In this work, we applied in situ Raman spectroelectro-
chemistry to control and characterize the doping level of
6T@SWCNT. The 6T embedded in SWCNT exhibited an im-
proved stability with respect to that of pristine 6T, which al-
lowed us to perform studies in a relatively large potential
range (from �1.2 to 1.5 V vs. Ag/Ag+ pseudo-reference).
We show here for the first time that the electrochemical
doping of 6T@SWCNT causes a reversible bleaching of the
Raman signals of both 6T and SWCNT, thus both structures
can be tuned by electrochemical charging. Nevertheless, the
interaction of 6T and SWCNT also leads to changes in their
electronic structures, which in turn influence the course of
the electrochemical doping of 6T@SWCNT. This finding is
important for future applications of the 6T@SWCNT
hetero ACHTUNGTRENNUNGstructure in devices.

Results and Discussion

High-resolution transmission electron microscopy
(HRTEM) images of 6T@SWCNT are shown in Figure 1.
HRTEM imaging was performed with a relatively low elec-
tron energy of 80 keV to limit specimen damage by radia-
tion. The necessary high resolution was maintained by hard-
ware correction of the spherical aberration of the objective
lens. With this, we were able to obtain images of 6T mole-
cules inside SWCNT up to atomic resolution. Figure 1 shows
a time series of 6T molecules in SWCNT of diameter

1.32 nm (left) and 1.5 nm (right). The time difference be-
tween the images is 1 s, but between b) and c) it is 7 s. The
images show that the 6T@SWCNT can rotate during pro-
longed electron bombardment. The mean distance between
the molecule and the tube wall is in the range of 0.38–
0.39 nm in both cases, independent of the tube diameter.
This agrees well with the lowest energy spacing of about
0.4 nm calculated theoretically in reference [25]. We note
that in the latter work the experimental spacing was found
to be between 0.32 and 0.35 nm.

In general, the estimation of the filling factor of the
peapod is difficult. Nevertheless, based on the HRTEM and
Raman spectroscopy measurements (see below in this sec-
tion) we estimate more than half of the tubes to be filled.
The expected effect of the filling factor on spectroscopy is
only a change in the intensities of the Raman features,
brought about simply by reducing the amount of material
which contributes to the Raman spectra. Other changes are
not expected.

It is also difficult to exclude some 6T molecules remaining
adsorbed on the outer wall of SWCNT. On the other hand,
the stability of the Raman features of 6T during the electro-
chemical treatment of the sample suggests that contributions
of non-encapsulated 6T to the Raman signal are small (a
more detailed discussion is given below).

Figure 2 shows a comparison of the Raman spectra of 6T,
SWCNT and 6T@SWCNT. The spectra are excited by
1.83 eV laser energy. Note that for pure 6T we observed a
strong photoluminescence and the stability of the material
was limited, which did not allow the collection of spectra
under the same conditions as for SWCNT and 6T@SWCNT.
Hence, the Raman spectra of 6T were excited by a laser
power ten times lower. The photoluminescence background
is present even at reduced laser power, but it was removed
for convenience. Note that for 6T the photoluminescence
background was observed also at other laser excitation ener-

Figure 1. The left and right panels show time series of HRTEM images of
6T@SWCNT with diameters of 1.32 nm and 1.5 nm, respectively. The
time difference between the images is 1 s, except between b) and c)
where it is 7 s. The length of the scale bar is 2 nm.
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gies (data not shown). However, in the case of 6T@SWCNT
peapod the photoluminescence background was absent.

The Raman spectra of SWCNT in Figure 2 exhibit the
RBM band position between 175 and 190 cm�1,, which gives
the diameter of our tubes as �1.3–1.5 nm. According to the
Kataura plot,[26] optical transitions in 1.3–1.5 nm metallic
tubes resonate with the 1.83 eV laser excitation energy.
Indeed, the TG mode exhibits a Breit–Wigner–Fano (BWF)
broadening typical for metallic tubes.

The Raman spectra of 6T are more complicated. The
main Raman features were found between 650 and
1600 cm�1. The bands were tentatively assigned according to
previous studies:[23,24] the band at 697 cm�1 to C-S-C defor-
mation, the band at 1051 cm�1 to C�H bending, the band at
1220 cm�1 to C�C inter-ring stretching, and two bands at
1461 cm�1 and 1504 cm�1 to C=C intra-ring stretching vibra-
tions.

The Raman spectra of the 6T@SWCNT correspond to a
rough superposition of the spectra of SWCNTs and 6T, re-
spectively. However, a more detailed analysis points to sev-
eral differences which are specific for the interactions be-
tween the 6T and SWCNTs in peapods.

As already mentioned, a remarkable effect is the absence
of the photoluminescence background in the spectra of
6T@SWCNT compared to pristine 6T. The absence of pho-
toluminescence can be rationalized assuming that exciton
energy transfer from 6T to SWCNT takes place. The sample
contains both semiconducting and metallic tubes. The pres-
ence of metallic tubes in the sample causes a quenching of
the photoluminescence. Hence, the exciton energy trans-
ferred to the nanotubes is suggested to be preferentially dis-
sipated by non-radiative channels. We note that for pristine
molecules the photoluminescence is very strong, hence even
small amounts of non-interacting 6T would result in a signif-
icant background in the Raman spectra, which is not ob-
served experimentally, so it follows that most of the 6T mol-
ecules are inside the SWCNT.

The Raman bands of 6T reflect the interaction with
SWCNT. Their intensity is dramatically reduced (note that
the Raman spectra of pristine 6T were excited by laser

power reduced by a factor of ten). The change in intensity is
often observed for encapsulated species because the intra-
tubular molecule is screened by the nanotube wall. Also, the
frequencies of the Raman bands are changed. However,
these changes are different, even in their trends. Some
bands are downshifted, for example, the 6T bands at 1054
and 1462 cm�1 downshift to 1045 and 1459 cm�1, respective-
ly, in 6T@SWCNT. On the other hand, an upshift in the
Raman frequency is observed, for example, the Raman
band at 698 cm�1 upshifts to 700 cm�1. Similar changes may
occur for the other Raman bands of 6T too, but their inten-
sities are weak, so it is difficult to follow changes in their
frequency.

The Raman features of carbon nanotubes decrease in
their intensities for the 6T@SWCNT compared to pristine
SWCNT, which is probably due to the absorption of the in-
cident and scattered light (the Raman signal from
SWCNTs) by encapsulated 6T. Furthermore, there are sig-
nificant changes in the line shape and frequencies of the
nanotube Raman bands.

Whereas for the pristine sample the spectra are dominat-
ed by the RBM band centered at about 180 cm�1, for
6T@SWCNT we found two bands centered at 173 and
182 cm�1. It has been shown previously that the filling of
SWCNT has a significant impact on the RBM band.[27] In a
previous study of C60@SWCNT the observed changes in the
RBM band were explained by mechanical hindrance, and
also by the interaction of near-free electron states of
SWCNT with encapsulated molecules.[27] The mechanical in-
teraction is not expected for 6T because its size is too small
compared to the nanotube diameter. Hence, the modifica-
tion of the electronic structure of SWCNT by interaction
with 6T seems to be a reason for the change in the RBM
band frequency.

The shape of the TG mode of metallic SWCNT is very
sensitive to doping, as shown previously.[28,29] However, here
we found only a very slight difference between the TG
mode of SWCNT and 6T@SWCNT. Therefore, the charge
transfer between SWCNT and encapsulated 6T is not signifi-
cant. This is in contrast to SWCNT/polymer composites, for
which a relatively large charge transfer has been found.[18]

The reason could be that the 6T is encapsulated inside the
SWCNT. The inner space of the nanotube is probably more
intact, and complete charge transfer is thus limited.

The G’ mode of the 6T@SWCNT is upshifted by about
5 cm�1 with respect to the frequency in empty SWCNT,
which may also be a consequence of a change in resonance
condition.

Spectroelectrochemical experiments : To follow the possibili-
ties of tuning the electronic structure of 6T encapsulated
inside SWCNT, and to study the changes in the electronic
structure of SWCNTs in detail, we performed a series of in
situ Raman spectroelectrochemical measurements.

Figure 3 shows the Raman spectra of pristine
6T@SWCNT using a 1.83 eV laser excitation energy. The de-
velopment of the Raman spectra of pristine SWCNT at the

Figure 2. The Raman spectra of 6T, 6T@SWCNT and SWCNT (from
bottom to top). The spectra were excited using the 1.83 eV laser excita-
tion energy. Note that for the spectrum of 6T the photoluminescence
background was removed. Furthermore, for 6T the laser power was 10
times lower to prevent burning of the material and to avoid detector sat-
uration due to strong photoluminescence of 6T.
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same potentials and the same laser excitation energy is also
shown for comparison. (The spectroelectrochemical mea-
surement of pristine 6T was complicated by a strong photo-
luminescence background and limited stability of the 6T
film on the electrode. Hence, we do not show and analyze
these data here.)

The measurements were always started at an electrode
potential of 0 V, which was close to the open circuit poten-
tial, to minimize the change of the electronic structure and
the doping level of the components at the beginning of the
electrochemical study. The potential was changed in the se-
quence: + 0.3, �0.3, + 0.6, �0.6, + 0.9, �0.9, + 1.2, �1.2 and
+1.5 V. At each step, the Raman spectra were recorded
while keeping the potential constant. Almost no current
flow was observed during the collection of the Raman spec-
tra, which shows that the spectra were recorded at the
quasi-equilibrium state.

The main effect of the electrochemical doping of
SWCNTs is a subsequent bleaching of the nanotube Raman
modes (RBM, TG and G’ modes). The bleaching of
SWCNT modes during charging is in agreement with previ-
ously published results.[10,28] The electrochemical doping
leads to a shift of the Fermi level. Thus, the Van Hove sin-
gularities are filled/depleted upon cathodic/anodic charging.
The simple model assumes that the filling/depletion of the
Van Hove singularities which are involved in the resonant
Raman process induce the loss of the resonance Raman en-
hancement due to the loss of optical absorptions between
these particular Van Hove singularities. The loss of resonant
enhancement leads to the observed bleaching of all SWCNT
features. However, this mechanism has recently been re-
vised, as a significant bleaching of Raman bands is observed
before the Fermi level reaches the Van Hove singularity,

which is in resonance with excitation laser energy. This
effect is observed both in bundles[15,30] and for single nano-
tubes.[14] Hence, it was suggested that the filling of any elec-
tronic state of SWCNT changes its whole electronic struc-
ture due to the charge-induced broadening of Van Hove sin-
gularities.[14,15] This is particularly important for metallic
tubes. Because the metallic tubes do not have a band gap
(or the band gap is very small), even a weak doping can in-
fluence the electronic properties significantly.

In addition, for metallic tubes the TG mode is affected by
the Kohn anomaly,[31] which is also sensitive to doping. The
effect of a plasmon should also be considered for nanotube
bundles.[16] These effects cause a complex but reproducible
change of the line-shape of the TG band for even a small
change in the doping level.[16,32] The high sensitivity of the
TG mode to the charging designates this mode as a probe
for the studies of the interactions between SWCNT and
other materials. The comparison of the TG mode shape in
the Raman spectra of 6T@SWCNT with reference to spectra
of SWCNT may thus disclose the influence of the encapsu-
lated 6T on the doping behavior of the nanotube, as dis-
cussed below in this section.

A comparison of the Raman features of the 6T@SWCNT
and those of the empty SWCNT does not reveal dramatic
differences, which confirms that the effect of encapsulated
6T on SWCNT is relatively weak. However, a careful analy-
sis of the Raman spectra at different electrode potentials
shows several differences in the behavior of empty and 6T-
filled SWCNT. The RBM mode in 6T@SWCNT is less sensi-
tive to electrochemical doping. At an electrode potential of
0 V the intensity of the RBM band in empty SWCNT is sig-
nificantly stronger than that of 6T@SWCNT. However, at
potentials of about 0.3 and �0.6 V, the RBM bands have
comparable intensities for both samples. At even higher
magnitudes of electrode potentials the intensity of the RBM
band is clearly weaker than that of 6T@SWCNT. The RBM
mode in 6T@SWCNT keeps the double-peak structure. At
very high potentials (+ 1.5 or �1.2 V) it is difficult to distin-
guish two bands, but this is more likely to be due to the very
low intensity of these bands, and not to the merging of the
bands into one. Therefore, the splitting of the RBM band in
6T@SWCNT cannot simply be explained by a charge trans-
fer. This is because a pure charge transfer interaction of 6T
with SWCNT would be compensated at increased electrode
potential. In other words, at a certain electrode potential the
spectra of the SWCNT part of 6T@SWCNT would be the
same as the spectra of pristine SWCNT. However, this is not
the case. Hence, a more complex interaction (such as the hy-
bridization of 6T electronic orbitals with the nanotube�s
near-free electron states) must be considered.[27]

The development of the TG mode is also different for
empty SWCNT and 6T@SWCNT. A very sensitive lower-fre-
quency part of the TG mode disappears much faster for a
pristine SWCNT sample than for 6T@SWCNT. This is in
agreement with the RBM band behavior. A comparison of
the spectral line shape suggests that the “delay” in the line-
shape change is about 0.3 V. (For example, the spectrum of

Figure 3. Potential-dependent Raman spectra (excited at 1.83 eV) of
6T@SWCNT (solid line) and pure SWCNT (dotted line) on a Pt elec-
trode in 0.2 m LiClO4 + acetonitrile. The electrode potential was varied
by steps of 0.3 V from 1.5 to �1.2 V vs. Ag pseudo-reference electrode
for curves from top to bottom. Spectra are offset for clarity, but the in-
tensity scale is identical for all spectra in the respective window.
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M. Kalb�č et al.

www.chemeurj.org


6T@SWCNT at +0.9 V is similar to the spectrum of the
pristine SWCNT at 0.6 V.)

The G’ band intensity of empty SWCNT is bleached
slightly faster than in the case of a 6T@SWCNT sample,
which is consistent with the behavior of other Raman fea-
tures. In addition, there is a difference in the shift of the G’
band for SWCNT and 6T@SWCNT. It is clear for both the
positive doping and the negative doping that changes of the
frequency are significantly slower for 6T@SWCNT than for
SWCNT. This is consistent with the behavior of other
Raman bands. The frequency of the G’ band at 0 V is 2627
and 2622 cm�1 for 6T@SWCNT and SWCNT, respectively.
However, at a potential of 1.2 V, the frequency of the G’
mode for empty SWCNT is about 2641 cm�1 and for
6T@SWCNT about 2643 cm�1. At a potential of �1.2 V, the
frequency of the G’ mode for empty SWCNT is about
2619 cm�1, and for 6T@SWCNT about 2626 cm�1.

The Raman bands of 6T in 6T@SWCNT lose their intensi-
ty upon electrochemical charging. This demonstrates that
the molecules inside SWCNT are indeed affected by the
electrode potential. However, the intensity of the Raman
signal can be recovered if the electrode potential is returned
to that of the uncharged state at 0 V. This is a clear manifes-
tation of the exceptional stability of the encapsulated 6T.
The nanotube wall is capable of transferring the charge, but
it protects the 6T molecule from the environment. It is also
intact enough to ensure that the irreversible functionaliza-
tion of the inner wall of SWCNT by chemical reaction with
6T does not occur. An improved stability of species encap-
sulated in SWCNT was observed previously on a beta-caro-
tene sample.[33] We assume that if some residual 6T was lo-
cated outside the SWCNTs, it would be decomposed by our
electrochemical treatment. Hence, the contribution from
these molecules to the Raman spectra of the sample after
electrochemical treatment would be negligible or absent.

In contrast to a remarkable intensity change, the frequen-
cy of the 6T Raman bands is not changed. The pristine 6T
may form a cation or dication upon p-doping, which was
also demonstrated previously by Raman spectroscopy.[22]

The formation of the cation, and also the dication, is associ-
ated with a change in both the frequency and intensity of
the Raman features compared to the neutral molecule. As
in our case of 6T@SWCNT we did not observe a significant
change of the Raman frequency, complete charge transfer
and the formation of cation/dication can be ruled out. On
the other hand, we observed a change of the Raman intensi-
ty in doped 6T@SWCNT. This can be related to the change
in the resonance, which is more sensitive to doping. Our re-
sults are consistent with previous studies on fullerene pea-
pods.[19, 20,34] In these cases, no direct charge transfer from
the fullerene to the SWCNT was observed during electro-
chemical charging. The C70 features in C70@SWCNT pea-
pods mimic the behavior of 6T@SWCNT.[34] There is also a
significant attenuation of the Raman intensity, but the
change in frequency does not indicate any formation of C70

+

or C70
�.[34] In the case of C60, the pentagonal pinch Ag(2)

mode frequency of C60 is very sensitive to doping, and can

even be used to calculate the number of electrons trans-
ferred on the C60 cage.[35] Nevertheless, in the case of the
electrochemical doping of C60@SWCNT, only a very weak
change of the Ag(2) mode frequency was observed, which
corresponds to a charge of a fraction of the electron.[34] For
cathodic doping the intensity of the Ag(2) mode is attenuat-
ed as expected, but for anodic doping the intensity of the
Ag(2) mode is anomalously increased. This behavior results
from a complex interaction between the encapsulated spe-
cies and the SWCNTs.[34]

We note that the bleaching of 6T Raman bands in
6T@SWCNT is much stronger for anodic doping. This is
consistent with the redox behavior of pristine 6T, because
the oxidation is relatively easy compared to reduction.
Hence, this situation is opposite to that for fullerenes. From
this point of view, the comparison of fullerene and oligothio-
phene peapods is particularly interesting.

Figure 4 shows in situ Raman spectroelectrochemical
measurements of 6T@SWCNT excited by 2.54 eV laser
energy. According to the Kataura plot, the semiconducting

tubes are in resonance with the 2.54 eV laser energy in our
sample. The RBM band region is significantly different for
6T@SWCNT and SWCNT. This is consistent with the data
shown in Figure 3, in which these changes were assigned to
the different resonance conditions of the nanotubes in the
6T@SWCNT sample. The RBM bands of pristine SWCNT
are bleached faster than for 6T@SWCNT. At an electrode
potential of 0 V the Raman signals of the RBM bands be-
tween 180–200 cm�1 are at least twice as strong for pristine

Figure 4. Potential-dependent Raman spectra (excited at 2.54 eV) of
6T@SWCNT (solid line) and pristine SWCNT (dotted line) on a Pt elec-
trode in 0.2m LiClO4 +acetonitrile. The electrode potential was varied by
steps of 0.3 V from 1.5 to �1.2 V vs. Ag pseudo-reference electrode for
curves from top to bottom. Spectra are offset for clarity, but the intensity
scale is identical for all spectra in the respective window.
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SWCNT than for 6T@SWCNT. However, at potentials of
�0.9 V, both samples exhibit a similar intensity of the RBM
bands from 180–200 cm�1. This behavior indicates that the
semiconducting tubes are affected by encapsulation of 6T in
the same way as metallic tubes.

The bleaching behavior of the TG mode of the 6T-filled
semiconducting SWCNT is quite similar to that of the pris-
tine semiconducting SWCNT tube. In the case of semicon-
ducting nanotubes the Kohn anomaly is absent, so changes
in the electronic structure are reflected only by the change
in the intensity of the Raman bands at low electrode poten-
tials. Nevertheless, if the electrode potential exceeds �0.9 V,
a change in frequency of the TG mode is also observed. As
demonstrated recently, the frequency change results from a
competition of the phonon renormalization effect and the
C�C spring force.[36] The change of spring constant is depen-
dent on the nanotube diameter. Therefore, the magnitude
and even the sign of the frequency shifts are dependent on
the nanotube diameter. Bundles of SWCNTs usually contain
many different tubes, but due to the resonance enhancement
only a fraction of these tubes contributes to the Raman
spectra excited by a certain laser energy. In other words, dif-
ferent laser excitation energies will excite tubes with differ-
ent diameters exhibiting a different dependence on elec-
trode potential. Because different tubes are in resonance for
6T@SWCNT and pristine SWCNT, a different dependence
of the TG mode on the electrode potential can also be ex-
pected. Nevertheless, the general trend is a downshift at
negative potentials and an upshift at positive electrode po-
tentials observed for both the SWCNT and 6T@SWCNT.

The G’ mode is less attenuated for 6T@SWCNT than for
pristine SWCNT. This is consistent with other Raman fea-
tures and also with the data obtained at 1.83 eV laser
energy. The G’ mode of 6T exhibits a double-peak structure
and a dependence on nanotube diameter. As tubes in a
broader diameter range are in resonance (this is also clear
from the RBM mode, where more bands appear as com-
pared to unfilled tubes), a broader or more complex G’
mode can also be expected. The change of the G’ mode can
be alternatively explained by a shift of the resonance
maxima of filled SWCNTs.

For 2.54 eV laser excitation energy 6T is itself close to its
resonance condition, and therefore the Raman signal of 6T
dominates these spectra. Nevertheless, the dependence of
the Raman intensity on electrode potential is similar to that
for 1.83 eV laser energy. The asymmetry of the bleaching
behavior with respect to the sign of the electrode potential
is also reproduced. Hence, the resonance does not play a
significant role in the behavior of embedded 6T during elec-
trochemical charging.

The doping experiments have clearly shown that the prop-
erties of the 6T@SWCNT are not due to a simple superposi-
tion of the properties of its components, that is, 6T and
SWCNT. This can be crucial in applications for which pre-
cise control of the doping level is necessary. The most evi-
dent effect is a delayed bleaching of the SWCNT bands in
the 6T@SWCNT.

The 6T inside SWCNT can influence the electronic struc-
ture of the SWCNTs. It has been shown that electrochemical
doping results in a broadening of Van Hove singularities.[14]

This effect can be also responsible for a different behavior
of SWCNT and 6T@SWCNT in electrochemical charging. If
the singularities are broadened due to electronic interaction
between 6T and SWCNT, the effect of the charge on the
bleaching of the Raman signal is weakened, and is visible
over a wider range of electrode potentials.

Conclusion

We prepared 6T@SWCNT peapods from 6T and SWCNT
by thermal reaction. The resulting material was studied by
Raman spectroscopy and in situ Raman spectroelectrochem-
istry. The interaction of encapsulated 6T and SWCNT
caused changes in the Raman spectra of both 6T and
SWCNT. After encapsulation of 6T inside SWCNT, the
Raman spectra exhibited different bands in the RBM
region. This suggests a different resonance condition of
filled SWCNT compared to pristine SWCNT. The diameter
distribution of filled SWCNTs in resonance has also been
suggested to be different from that of empty SWCNTs by
analysis of the G’ band. The 6T Raman features were slight-
ly shifted with respect to the positions in pristine 6T. The
strong photoluminescence of 6T was also quenched by inter-
action with SWCNT.

In addition, the in situ Raman spectroelectrochemical
data of 6T@SWCNT excited by two different laser excitation
energies (2.54 and 1.83 eV) have been discussed in detail ;
these probed the semiconducting and metallic tubes in our
sample, respectively. We found that 6T can be doped and
changed even if it is embedded inside SWCNT. Neverthe-
less, the doping effect is observed for 6T only at relatively
high electrode potentials. On the other hand, the formation
of the 6T cation/dication has not been observed during elec-
trochemical doping. The interaction of 6T and SWCNT
leads to the different dependence of the Raman intensity of
the nanotube bands on electrode potential. The most signifi-
cant effect was a slower bleaching of the Raman bands of
6T@SWCNT compared to pristine SWCNT during electro-
chemical doping. The delayed attenuation of the Raman
features of 6T@SWCNT is in agreement with previous stud-
ies on SWCNT/polymer composites, and may be explained
by a change of the electronic structure of SWCNT, including
a broadening of Van Hove singularities.

Experimental Section

Peapods 6T@SWCNT were prepared by heating of 6T (Aldrich) and
SWCNT (laser ablation) in a glass ampoule in vacuum (10�6 mbar) at
about 200 8C for 8 h. The resulting peapod samples were washed with an
excess of CH2Cl2, in which 6T is soluble. At the beginning of the washing
procedure we detected that some 6T was removed. If the filtrate was col-
orless we sonicated the sample in an excess of solvent. Hence, only very
little (if any) 6T could be located outside the SWCNT, and the contribu-
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tion from these molecules to the Raman spectra of the sample would be
negligible.

Thin-film SWCNT and 6T@SWCNT electrodes were prepared by evapo-
ration of the sonicated (approximately 15 min.) ethanolic slurry of the
SWCNT or 6T@SWCNT on a Pt electrode in air. The film electrodes
were out-gassed overnight at 90 8C in vacuum and then mounted in a
spectroelectrochemical cell in a glove box. The cell was equipped with a
Pt counter electrode and an Ag wire pseudo-reference electrode. 0.2m

LiClO4 in dry acetonitrile was used as the supporting electrolyte solution.
Electrochemical experiments were controlled by a PG 300 (HEKA) or
EG&G PAR 273 A potentiostat.

HRTEM was carried out with a Titan 80-300 (FEI), using a corrector for
the spherical aberration of the objective lens. For imaging, an electron
energy of 80 keV was used to minimize specimen damage. Despite the
relatively low electron energy the corrector enables a high resolution suf-
ficient to image the projected C�C distance of the SWCNT.

The Raman spectra were measured on a T-64000 spectrometer (Instru-
ments SA) interfaced to an Olympus BH2 microscope, and by a Labram
HR spectrometer (Horiba Jobin Yvon) interfaced to an Olympus BX-41
microscope (the laser power impinging on the sample or cell window was
between 0.1–5 mW). Spectra were excited by a Kr+ and an Ar+ laser at
1.83 eV and 2.54 eV, respectively (Innova 305, Coherent). The Raman
spectrometer was calibrated before each set of measurements by using
the F1g line of Si at 520.2 cm�1. The spot size was �0.1� 0.1 mm2.
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