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T
he electronic properties of single-
walled carbon nanotubes (SWNTs)
are very sensitive to their chemical

environment. For instance, redox-active
species in air (oxygen and water) readily
form gap acceptor states that prevent
electron doping in most nanotube devices
prepared on oxides.1 In controlled atmo-
sphere (no air), doping experiments
showed that both electron and hole car-
riers can be transferred to the nano-
tubes using electric fields from solid state
devices2�7 or electrochemical cells.8�17 Al-
ternatively, SWNTs have been chemically
doped by donors18�20 or acceptors.21,22

Using this approach, reduced SWNTs with
alkali metals were shown to form poly-
anionic salts that dissolve spontaneously
in polar media, thus forming true polyelec-
trolyte solutions.23,24 Other experiments in
solution have demonstrated that the dop-
ing level of SWNTs can be tuned by mixing
with chemical redox species22,25 or by ap-
plying electrochemical potentials.16 Many
of these studies use resonant Raman spec-
troscopy (RRS) to probe the charge transfer
reaction because important changes of the
vibrational and electronic states of the
SWNTs take place during the experiment.
In RRS, the scattered signal is enhanced
when the laser energy Elaser is close to the
optical transition energy Eii of the excito-
nic states associated with the ith symmetric
pair of van Hove singularities (VHS).26,27 For
SWNTs, this transition occurs in the visible
and in the near-infrared at energies that
depend on both the diameter and the chiral
angle of the nanotubes. When SWNTs are
doped by charge transfer, resonance is lost
when the VHS are filled and the associated
optical transitions become forbidden.11,12

While many Raman studies of doped SWNTs
were reported so far, there is no detailed
investigation of the Raman intensity as a

function of doping for individualized and
identified SWNTs in solution.
In this article, we report a Raman study

of charge transfer doping of individual
SWNTs dissolved in solution as polyelec-
trolytes. These solutions are prepared with
alkali metal salts of nanotubes and consist
of individualized SWNTs (see Supporting
Information) that are negatively charged
(polyelectrolytes) in solution. The nano-
tube polyelectrolytes are surrounded by
alkali metal cations mixed with the solvent
molecules and obey the physics of poly-
electrolytes.24 It is important to note that
there is no surfactant molecule in the solu-
tion, which is ideal for such electrochemical
study because surfactants add capacitance
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ABSTRACT

We present a resonance Raman study of electrochemical charge transfer doping on

polyelectrolyte single-walled carbon nanotubes (SWNTs) in solution. Changes in the intensity

of the radial breathing modes of well-identified SWNTs are measured as a function of the

electrochemical potential. The intensity is maximum when the nanotubes are neutral.

Unexpectedly, the Raman signal decreases as soon as charges are transferred to the

nanotubes, leading to intensity profiles that are triangular for metallic and trapezoidal for

semiconducting nanotubes. A key result is that the width in energy of the plateaus for the

semiconducting nanotubes is roughly equal to the optical gap (rather than the free carrier

gap). While these experiments can be used to estimate the energy levels of individual

nanotubes, strong dynamical screening appears to dominate in individual SWNT polyelec-

trolytes so that only screened energy levels are being probed.
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contributions that disrupt significantly the properties
of redox-active solutions.28 Strong changes in the
Raman intensity as a function of the electrochemical
potential allow us to identify the energy ranges
corresponding to n-doped, neutral, and p-doped
states. We show that the modifications of the Raman
intensity at energies in the range of the resonance are
correlated with charge transfer doping of the screened
nanotube states. We discuss the perspectives of
measuring the energy levels of nanotube poly-
electrolytes and of gaining new insights into the effects
of screening on the properties of doped nanotubes in
solution.
Figure 1 displays a typical series of RBM spectra,

acquired with a laser line of 1.92 eV, as a function of
electrochemical potential. The spectra and analysis of
the tangential modes (TM, also called G-band) will be
presented and discussed elsewhere. Here, we focus
only on the evolution of the signal in the radial breath-
ing mode (RBM) region. No RBM can be observed at
large negative and positive potentials. At�0.5 V, weak
RBM modes appear between 180 and 200 cm�1 and
above 250 cm�1. Thesemodes are assigned tometallic
and semiconducting SWNTs, the former being in re-
sonance with the first optical transition energy EM11

and the latter with the second transition ES22.
29,30

Each peak is labeled by the chiral indices (n,m) of
SWNTs that represent the most likely assignment. The
intensity of these modes increases continuously with
the applied potential and reaches a maximum at
about þ0.3 V for the metallic bunch. At higher poten-
tials, the RBM intensities decrease progressively and all
of the modes vanish above þ1.5 V. Because our cell
contains a large number of SWNTs, this signal in the
RBM region is an ensemble average over many indivi-
dual SWNTs.
The potential at which there is maximum Raman

intensity readily indicates optimum conditions for
resonance scattering. This signature suggests that the
SWNTs are neutral. In contrast, the absence of Raman

signal acquired at the large negative or positive po-
tentials is an off-resonance condition where the nano-
tubes are heavily doped. The strong modification of
the Raman signal with the electrochemical potential is
consistent with previous Raman studies of nanotube
doping through charge transfer reaction.20,25 A closer
look at the Raman intensity under different electro-
chemical potentials reveals additional features that are
shown in Figure 2 and Figure 3 for six different RBM
peaks acquired by steps of increasing potentials. The
intensities have been normalized with respect to
the Raman signal of the DMSO. As explained below,
the details in the signal profile cannot be explained by
the Pauli exclusion rule only.
Figure 2 highlights the difference between metallic

and semiconducting signatures using a direct compar-
ison of the intensity profiles of the RBMpeaks at 1.92 eV
laser excitation for the (11,8) and (13,4)metallic and the
(7,6) semiconducting nanotubes. For both metallic
species, there is a continuous variation of the intensity
at potentials above and below a peak maximum
located at ∼0.2 V vs Ag/AgCl. Their triangular profiles

Figure 1. RBM Raman spectra of the polyelectrolyte SWNT
solution as a functionof electrochemical potential for a laser
energy of 1.92 eV. Each peak is assigned to a well-identified
(n,m) type.

Figure 2. RBM Raman intensity (symbols) of SWNT in reso-
nance at 1.92 eV as a function of the electrochemical
potential: (a) (11,8) metallic SWNTs, (b) (13,4) or (14,2)
metallic SWNTs, (c) (7,6) semiconducting SWNTs. The inten-
sities are normalized with respect to the Raman intensity of
DMSO. The straight lines correspond to the density of
charges, as calculated by a tight-binding model (see text).
The laser energy is indicated by the width between the
vertical dotted lines. Number of carbons per nm: 155.14 for
(11,8); 144.55 for (13,4); 141.78 for (14.2); and 105.82 for
(7,6).
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differ significantly with that of the semiconducting
nanotubes shown in Figure 2c, where a plateau of
about 0.95 V is seen in the signal of maximum intensity
of the (7,6) nanotube RBM. In fact, such trapezoidal
profile was visible in data acquired at the same excita-
tion energy for the (7,5) and (10,3) semiconducting
nanotubes (not shown) and for several others mea-
sured at different laser energy. Such difference of
Raman intensity profiles with respect to potential for
metallic and semiconducting nanotubes was already
reported by Kalbac et al.,14 although the asymmetric
intensity profile for metallic nanotubes, assigned to a
larger energy bandwidth (and a smaller density of
states) for the π* band with respect to the π band,
was not observed in our experiments. Figure 3 presents
more semiconducting profiles probed at 1.17 eV for the
(16,5) nanotubes (i.e., close to its expected E22) and at
1.59 and 1.66 eV excitation for the (10,5) and (10,2)
nanotubes, respectively. The latters were studied at
their optimal resonance energy, which was previously
determined using energy scans acquired by a tunable
Ti-sapphire laser setup.
The combination of all data from semiconducting

and metallic nanotubes revealed that there is a direct
correspondence between the Raman profile versus

electrochemical potential and the expected electronic
densities of the nanotubes. For instance, the metallic
species in Figure 2 present no plateau at themaximum
intensity, while semiconducting SWNTs have large
plateaus. The larger is the width of the potential
plateau in Figure 3, the smaller is the diameter, d, of
the SWNTs being probed (d(16,5) = 1.49 nm, d(10,5) =
1.04 nm, and d(10,2) = 0.87 nm). Furthermore, it is
interesting to note that the change of the Raman
intensity for all species is smooth and rather contin-
uous at potentials between the maxima and minima.
These results are consistent with Raman studies
involving cyclovoltametry and gating of nanotube
devices.6,12,14,15 The details about those curves are,
however, sharper and cleaner here since they are
probed for the first time on polyelectrolyte
(surfactant-free) nanotubes in solution.
To explore the possible relationship between the

experimental profiles and the SWNT electronic struc-
tures, we calculated the number of charges per nano-
meter using the density of states of each nanotube
while assuming a rigid shift of the bands with the
potential.12,31 The density was calculated as a function
of energy using a tight-binding model and curvature-
modified hopping parameters γi.

32 The hopping para-
meter was slightly adjusted by setting γo

¥ values
between 2.8 and 3.1 eV in order to achieve a close
match of the Eii values with that of the Raman reso-
nance (i.e., the laser energy). The calculated charge
densities are shown as straight lines in Figure 2 and
Figure 3. There is a good qualitative agreement be-
tween the calculated charge density and the Raman
data for all cases studied. In particular, calculations
reproduced well the presence of the triangular peak
shape for the metallic SWNTs, which results from a
constant density of states between the first VHS. More-
over, the occurrence of the plateau for semiconducting
nanotubes is well explained by considering the zero
density of states within the band gap. Furthermore,
the regions of charging and discharging seem to be
directly correlated with the charge density, albeit
the metallic profiles appear somehow faster than a
simple linear relationship. The success of this simple
model is quite surprising because important differences
in energies between the free carrier band gap and the
optical gap have been predicted theoretically33 and
measured experimentally using photoluminescence,34

transport,35 and spectroelectrochemical16,17 experi-
ments on individual SWNTs. Further adjustment of
the hopping parameters for the semiconducting
SWNTs in order to include the expected renormaliza-
tion of the band gap energy relative to the optical gap
is here inadequate and would lead to an overestima-
tion of the width of the plateau and of the foot-to-
foot base. As discussed in the next sections, screen-
ing effects in our polyelectrolyte solutions appear to
drastically modify the energy and/or the width of the

Figure 3. RBM Raman intensity (symbols) for semiconduct-
ing SWNTs in resonance as a function of the electrochemical
potential: (a) (16,5) studied at 1.17 eV, (b) (10,5) studied at
1.59 eV, (c) (10,2) studied at 1.66 eV. The intensities are
normalized with respect to the Raman intensity of DMSO.
The straight lines correspond to the density of charges, as
calculated from a tight-binding model. Number of carbons
per nm: 178.40 for (16,5); 124.20 for (10,5); 104.56 for (10.2).
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SWNT levels. One can argue, however, that a poten-
tial drop in our experimental setup can reduce the
potential on the SWNT electrolytes and modify arti-
ficially the position of the energy levels, but this has
been ruled out using an internal reference (see
Experimental Details).
The Pauli principle implies that the minimum of the

Raman intensity for a doped SWNT should occur as
soon as the electrochemical potential (or Fermi level)
reaches the ith VHS, which is when all of the states
involved in the optical transition are filled. Note that
this condition was used to set the scale of the calcu-
lated charge density over the Raman signal at the
onsets of the minima in the profiles of Figure 2 and
Figure 3. The metallic nanotubes, for instance, in
Figure 2a,b present a profile with a foot-to-foot width
that corresponds to the optical transition value of
1.92eV (i.e., regionbelow thedotted lines), which agrees
well with the exclusion principle. However, large varia-
tions of intensity are seen for potentials below Elaser =
1.92 eV. These variations cannot be understood on the
sole basis of the exclusion principle because the
potentials are well below the levels of the VHS involved
in the transition. These results therefore suggest that the
Raman intensity is mainly controlled by the charge
density on the nanotubes, and zero intensity is reached
only when the VHS involved in the transition is filled,
which is consistentwith Pauli exclusionprinciple. Similar
variations in intensity with charge density were already
noticed inother Raman studies of nanotubes assembled
on SiO2 substrates.

6,7

The case of the semiconducting SWNTs is somehow
more intriguing because screening is poor in such 1D
semiconductors and leads to a strong renormalization
upon doping of the free carrier levels. In this respect,
the intensity profile measured for the (7,6) nanotubes
in Figure 2c, also resonant at 1.92 eV, should contain
additional contributions compared to the metallic
nanotubes due to significant differences between the
energies of the band gap and the optical gap. Surpris-
ingly, the foot-to-foot width of the profile is similar to
that of metallic nanotubes and corresponds to the
optical transition value of 1.92 eV. As already men-
tioned above, there is no sign of additional contri-
butions. In addition, a plateau is seen for the (7,6)
nanotubes at potential below the excitation laser en-
ergy, here readily ascribed to the band gap, but the
data show that the width of this plateau is inconsistent
with the 1.45 eV band gap expected for these nano-
tubes. Its width is rather near 1.10 eV, which is the
optical band gap of the (7,6) nanotubes.36 The same
observation can be made with the other semiconduct-
ing nanotubes presented in Figure 3. Therefore, the
total widths (foot-to-foot) of the intensity profiles of
both semiconducting and metallic cases are close to
the laser energy. For all semiconducting SWNTs inves-
tigated, the results show the existence of a plateau that

corresponds to the band gap. However, the widths of
the plateaus are close to the optical gaps, not the
renormalized band gaps. As a sanity check, we com-
pared our results with similar electrochemical data
measured by Kalbac et al. on individual SWNTs on
SiO2/Si.

14 We found that both are consistent together
and no additional contributions (renormalization) are
noticed for semiconducting SWNTs.
In the resonant scheme, the Raman intensity de-

pends on three main variables: (i) resonance condi-
tions, that is, laser energy relative to the resonance;
(ii) optical electron�photon interaction coefficients; and
(iii) the electron�phonon coupling matrix elements.37

The laser energy is constant so that changes in reso-
nance conditions can only occur if the resonance
energy is modified by doping. Small shift of resonance
during doping is indeed possible, but such effect
cannot explain our results. These shifts are small
compared to the resonance line width, and different
directions of the shifts (decreases or increases) are
expected depending on the nanotube species, which
is not observed.6,14 The possible influence of doping on
the optical absorption of SWNTs ismore likely to be the
cause of the intensity change. On one hand, a bleach-
ing of the optical transition can be ruled out because
the changes in intensity, as discussed above, occur at
potentials below the excitation energy. Dynamical
screening effects by the doping charges, on the other
hand, can significantly decrease the electron�photon
interaction, thus reducing the Raman intensity. This
effect was discussed by Steiner et al. in order to explain
changes observed during gating experiments of nano-
tube devices on SiO2.

6 Although the doping levels
considered here are well above that explored in gated
devices (2 e/nm vs 0.16 e/nm), it appears to us that
both a loss of the oscillator strength and a drastic
reduction of the exciton binding and band gaps en-
ergies upon doping, as predicted by Spataru and
Leonard,38 are at the origin of the doping profile
measured. The resolution of our electrochemical tech-
nique is, however, not sufficient to extract any quanti-
tative estimates of these screening effects. Never-
theless, our measurements reveal how important the
influence of small doping levels is on the dynamical
screening of the energy levels in low-dimensional
systems and show the important limitations of ap-
proaches based on optical probes and electrochemical
charging in order to gain quantitative estimates of the
binding energy of excitons in individual nanotubes.
In summary, our study shows important variations in

the Raman scattering signal measured during the
electrochemical charge transfer of identified polyelec-
trolyte single-walled carbon nanotubes. The variation
of intensity with applied potential is roughly propor-
tional to the charge density on the polyelectrolyte
nanotubes, as estimated by considering a rigid shift
of the Fermi level across density of states calculated by
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tight-binding. This behavior appears in two distinct
signatures of the doping profiles, which are unambigu-
ously assigned to the metallic and semiconducting
species. For the semiconducting species, the profiles
measured do not exhibit the expected excitonic sig-
natures of the nanotube excited states, which is

consistent with a strong normalization of the free
carrier bands due to charge screening. Finally, our
study shows that the Raman doping profiles can serve
as an interesting metrological tool to approximate the
charge density and to probe the screened energy
levels in individualized carbon nanotubes in solutions.

EXPERIMENTAL DETAILS
Polyelectrolyte SWNTs. SWNTs synthesized by the HiPCO tech-

nique were purchased from Carbon Nanotechnologies Incor-
porated (CNI, batch R0539) and used as received. The material
contains large bundles of SWNTs, and the diameter distribution
of the SWNTs ranges between 0.7 and 1.3 nm. Nanotube salts
were first prepared by chemical reduction via sodium naphtha-
lide in tetrahydrofuran (THF) and then dissolved in dimethyl-
sulfoxide (DMSO), as detailed elsewhere.23 It is important to
mention here that the resulting polyelectrolyte solutions are
prepared without sonication and they do not include any
surfactant. Coupled AFM and X-ray diffraction studies have
shown that most, if not all, of the nanotubes are individualized
in the solutions (see details in Supporting Information). This is a
key feature for the present study. For the Raman experiments,
the initial solution prepared at a concentration of 0.23 mg 3 g

�1

(0.20 g 3 L
�1) was diluted five to ten times before use. Note that

these are concentrations in salts, of formula Na(THF)C10, hence
the concentrations of the nanotubes are lower by approxi-
mately a factor of 2. Doped samples are unstable in air and
were therefore kept under inert atmosphere at all stages of the
preparation. The electrochemical cell is airtight and presents
four optical windows (quartz suprasil). Its volume is 3.5 mL. The
distance between the electrodes is about 5 mm. The working
electrode and the counter electrode are Pt wires, and the
reference electrode is a Ag wire covered by a AgCl deposit of
about 5 μmthickness. This reference electrodewas calibrated at
the end of each series of measurements by adding decamethyl-
ferrocene in the cell and measuring its redox potential. During
the experiments, ionic transport is facilitated by adding small
amounts of Bu4N

þPF6
� salt (less than 10�4 mol 3 L

�1) in the
solutions. A higher and more typical concentration of support-
ing electrolyte could not be usedbecause it induces flocculation
of the polyelectrolyte SWNTs. The potentiostat is a Voltalab
PGZ100. For each series of experiments, only increasing poten-
tials were applied to the working electrode from�2.5 V toþ2 V
(vs Ag/AgCl) with typical steps of 0.1 V. Full cycle of the
electrochemical potential could not be performed due to a
slow flocculation of the polyelectrolyte SWNTs at positive
potentials.

Raman Spectroscopy Experiments. Raman experiments were
carried out at various laser energies (1.92 eV from an Ar�Kr
laser, 1.17 eV from a Nd:YAG laser, and 1.59�1.66 eV from a Ti:
sapphire laser). The laser was focused on the working electrode,
and Raman spectra were recorded repeatedly after each po-
tential. Typical delays of about 15�60min before taking Raman
measurements were necessary in order to stabilize the solution
at large negative potentials.
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