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1 Introduction Single-walled carbon nanotubes
(SWCNTs) are well known for their robust mechanical
properties due to the strong sp* covalent bonds between the
carbon atoms. Theoretical prediction as well as previous
experimental results indicate a Young’s modulus close to
1 TPa for SWCNTs [1,2]. However, the radial stability of
the nanotubes is much lower than the elastic modulus. Due
to their soft bulk properties, the nanotubes’ cross-section
changes from circular to oval or elliptical, and the nanotubes
even collapse at high pressure [3].

The mechanical stability of SWCNTs is affected by
filling with atoms, molecules, or inner tubes. Earlier high
pressure optical studies revealed that a stabilization of
SWCNT walls upon filling with inner tubes, Cy, molecules
or iodine occurs [4-6]. In contrast, a high-pressure Raman
spectroscopy study considered the iodine filling as a case of
inhomogeneous filling, which leads to the destabilization of
the nanotubes [7]. The destabilization was ascribed to the
non-covalent Van der Waals forces between the nanotube
wall and the inner molecules, leading to the instability of
the tubes at a low pressure of 1.3 GPa.

Optical spectroscopy is a useful technique for the cha-
racterization of the electronic band structure regarding the
energy position and spectral weight of the excited optical
transitions. Already small pressure-induced deformations of

the tubular cross-section can be observed, since the charac-
teristic van Hove singularities (vHs) in the density of states
(DOS) of SWCNTs are very sensitive to these deformations
[3].

Here, we present a high-pressure optical spectroscopy
study on the mechanical stability of bromine-doped
SWCNTs (Br-SWCNTs) with different doping levels in
comparison with empty SWCNTs. An earlier high-pressure
Raman study on Br-SWCNTs showed that most probably
bromine as filler molecule occupies preferentially the inter-
stitial channels of the nanotube bundles [8].

2 Experimental Bundled SWCNTs produced by arc
discharge were purchased from Carbon Solutions, Inc. (Type
P2, average diameter 1.4 nm). Triton X-100 (10% in H,O)
was purchased from Sigma—Aldrich. For the optical spec-
troscopy study, carbon nanotubes bucky-paper on cellulose
nitrate (see Fig. 1a) was prepared using Triton X-100 solution
as described in Ref. [9]. The cellulose nitrate was removed
by washing with acetone to produce a free-standing SWCNT
film. For the preparation of Br-SWCNTs, a small piece of
the free-standing SWCNT film is fished with a platinum grid
(Hole size 1 mm) (see Fig. 1b). Platinum was used due to the
reactivity of bromine. The Pt-grid was inserted into a glass
tube with few drops of liquid bromine. The glass tube was



Figure 1 (a) SWCNT film on cellulose nitrate, (b) SWCNT film
on Pt-grid, and (c) DAC filled with sample (S) and ruby (R).

sealed and protected from light for 24 h at room tempera-
ture. After doping, the glass tube was opened to allow the
remaining bromine to evaporate. The Br-SWCNT film was
washed with acetone to remove excess bromine from the film.
A highly doped sample was prepared by bromine exposure
for 24h (sample A). A second intermediate doped sample
was produced by annealing the highly doped sample inside
a diamond anvil cell (DAC) (sample B).

Optical spectroscopy measurements were carried out at
ambient and high pressure. The transmission measurements
on free-standing SWCNT films were performed at room
temperature in the energy range 2500-22000cm™' with a
resolution of 4 cm~'. A Bruker IFS 66v/S Fourier transform
spectrometer in combination with an infrared microscope
(Bruker IR Scope II) with a 15x Cassegrain objective was
used. The pressure was generated using a Syassen—Holzapfel
type DAC and determined by the Ruby luminescence tech-
nique. Liquid nitrogen was used as hydrostatic pressure
transmitting medium. The gasket filled with sample and ruby
can be seen in Fig. lc. The intensity /j(w) of the radia-
tion transmitted through the sample and the reference I ,.;(w)
through the pressure transmitting medium in the DAC were
measured. The transmittance 7(w) and absorbance A(w)
spectra were calculated according to T(w) = I(w)/(w)
and A(w) = —log,,T(w), respectively.

The Raman spectra were obtained using a triple Raman
spectrometer T64000 (Horiba Jobin Yvon), interfaced to an
Olympus BX-40 microscope with a 100x objective. The
excitation laser wavelength was 514.5nm (2.41 eV) from an
argon ion laser. The sample was exposed to a laser power
of 0.1 mW. The measurements were performed on a powder
sample, which was doped for 24 h in liquid bromine.

3 Results and discussion

3.1 Raman spectroscopy Figure 2 depicts the low-
frequency region of the Raman spectra for (a) pristine
SWCNTs and (b) highly doped Br-SWCNTs. For pristine
SWCNTs, the RBMs are located in the range 149.5—
184.5cm™!. The diameter d of the tube is related to the
RBM frequency o, according to the expression d = A/w;.
The value of the constant A was assumed to be =234, as a
mean value of various literature data, hereby neglecting the
small effect of the tube—tube interaction [10]. In this case,
the uncertainty in the diameter calculation is 5%. Therefore,
the diameter distribution of the SWCNTs lies in the range
~1.27 to 1.57 nm, with an average diameter of ~1.4 nm.

2379

Figure 2 RBM-modes of (a) pristine SWCNT powder and (b) after
24 h doping with bromine. The blue lines are fits of the data with
Lorentzian functions. The red line shows the total fit function.

In the case of highly doped Br-SWCNTs (see Fig. 2b),
most of the RBM modes are suppressed. This can be
attributed to the loss of Raman resonance by hole doping
with bromine, whereby electrons are transferred from the =
states of the tubes to the bromine molecules. The two peaks at
158.3 and 239.4 cm™! are ascribed to the polybromide chains
[8,11,12]. The peak at 168.8 cm™! can be attributed to the
RBM of the SWCNTs [13, 14].

Figure 3 shows the defect-induced and tangential mode
regions of (a) pristine SWCNTSs and (b) highly doped Br-
SWCNTs. In the frequency region 1300-1450cm™', the
defect-induced vibration mode (D-mode) is observed. The
intensity of the D-band of the Br-doped sample is enhanced;
this could be due to adsorbed bromine, which leads to sur-
face functionalization and local deformation of the nanotube

Figure 3 D- and G’-modes of (a) pristine SWCNT powder and (b)
after 24 h doping with bromine. The Raman spectra in the range
1300-1450cm™" in (a) and (b) were multiplied by a factor of 15.
The blue lines are fits of the data with Lorentzian functions. The red
line shows the total fit function. The Raman spectra were normalized
to the intensity of the G-modes.
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Figure 4 Background-subtracted absorption bands of pristine SWCNTSs (a) and Br-SWCNTs (b—d) with different filling ratios: The
absorption spectra (black lines) are shown together with the fits (red lines) and the various Lorentz contributions to the fit. The insets
illustrate the background-subtraction procedure: The absorbance spectra of SWCNTSs before and after background subtraction are plotted

together with the linear background (dashed line).

structure. Moreover, a blue shift by Av = 8cm™! of the D-
band is observed. This shift can be attributed to the doping
of the SWCNTs [15].

In the higher-frequency range 1450-1650 cm™', the G'-
modes are observed. In the case of pristine SWCNT the band
at 1592cm™" results mainly from the A°(S) longitudinal
mode of the semiconducting tubes (G™ mode). The bands
appearing at 1554, 1565, and 1571 cm™' correspond to the
G~ mode. The 1554 cm™" band is ascribed to the EX°(M,S)
longitudinal mode of the metallic and semiconducting tubes.
The bands at 1565 and 1571 cm™ are due to the AT°(S,M)
transverse mode of the semiconducting and metallic tubes,
respectively. The peak at ~1600cm™" is attributed to the
EJ°(M,S) modes [16-18].

After doping with Br, a blue-shift of the G’-band by
Av="7—16cm™" can be observed compared to pristine
tubes. This shift is generally explained in terms of an elec-
tron transfer from the SWCNT to the bromine molecules,
generating charged polybromine chains [13, 19-21]. Upon
the removal of electrons, the C—C bonds in the nanotubes are
stiffened.

3.2 Optical spectroscopy on free-standing Br-
SWCNT films Figure 4 shows the background-subtracted
absorption bands of pristine SWCNTs and Br-SWCNTs
with different filling ratios. The inset of Fig. 4a depicts the
complete optical absorbance spectrum of pristine SWCNTSs
before background subtraction. The spectrum consists of sev-

eral pronounced absorption bands on top of the broad m—*
absorption centered at around 5eV [23]. The background
was estimated by a linear function. After background sub-
traction the absorption bands are clearly visible. The bands
labeled S;; and M;; correspond to the i-th optical transitions
in semiconducting and metallic nanotubes, respectively (see
Fig. 4a). The absorption bands S;;, S,,, and M;, exhibit a
fine structure, which results from the nanotube diameter dis-
tribution in the sample. The insets in Fig. 4b—d illustrate the
background subtraction for the bromine-doped samples.

In the case of the high doping level (see sample A,
Fig. 4d), the S;; and S,, absorption bands disappear, and the
intensity of the M, transitions is reduced. A new transition
arises at ~8000 cm™!, which corresponds to transitions from
deep-lying filled to empty vHs within the valence band
[23-25]. These transitions are mapped schematically in
Fig. 5a, where the theoretical DOS of semiconducting (10,9)
and metallic (10,10) tubes with diameters of approximately
1.4 nmis plotted. The vHs are labeled with v and ¢ for valence
and conduction bands, respectively, and the subscripts s and
m refer to semiconducting and metallic tubes, respectively.
In the case of high doping, electrons are removed completely
from v!, v2, and partially from v! . Therefore, the Fermi
energy Er is shifted below v! . Due to the presence of empty
valence states intraband transitions occur. The arrows labeled
with IT depict the possible intraband transitions [23-25].

For intermediate doping (sample B, see Fig. 4b), the S,
absorption band is completely suppressed and the intensity
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Figure5 Theoretically calculated DOS of metallic (10,10) (blue) and semiconducting (10,9) (black) SWCNTs. (a) Intraband transitions

(ITs) in sample A and (b) optical transitions in sample B [22].

of the S,, band is reduced compared to pristine SWCNTs,
consistent with earlier reports of SWCNTs filled with various
electron acceptors [13, 26, 27]. This can be explained by the
removal of electrons from the valence band. First, the VS1
vHs is completely depleted and then the v? vHs is partially
depleted; thus, EF. is shifted below vf (see Fig. 5b). Therefore,
the S|, transitions disappear and the intensity of the S,, band
is reduced. The allowed transitions S,, and M;, can be seen
in Fig. 5b marked by arrows.

To prove that the heat treatment removes bromine from
the sample, another sample has been prepared with a dop-
ing duration of 6 h (sample C, see Fig. 4c). This absorption
spectrum is consistent with that of the sample with interme-
diate doping. There is only a small red shift and damping
of the features in the spectrum of sample B compared to the
6h doped sample C. This could be due to the small initial
pressure in the DAC (see annealing procedure described in
Section 2).

3.3 Optical spectroscopy of Br-SWCNTs under
pressure Figure 6 shows the background-subtracted opti-
cal absorption spectra for pristine SWCNTs and the Br-doped
samples A and B for selected pressures. For the doped sample
the maximum applied pressure was 15 GPa. The contribu-
tions to the absorption spectra are illustrated in the insets
of Fig. 6a—c, where the absorption spectrum for each sam-
ple is plotted together with the Lorentz contributions and
the total fitting curve. In the following analysis, only the
strong Lorentz contributions were considered. The spectrum
of the pristine SWCNT sample has many strong contribu-
tions: one for the S;;, two for the S,,, and two for the M,,
optical transitions. In the case of the doped sample B, only

Figure 6 Absorption bands of the SWCNT films in the DAC with
increasing pressure: (a) pristine SWCNTs, (b) Br-doped SWCNTs
with low doping level (sample B), and (c) heavily Br-doped SWC-
NTs (sample A).
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Figure 7 Pressure-dependent relative energy shifts of the optical
transitions in (a) pristine SWCNTs, (b) Br-doped SWCNTs with
low doping level (sample B), and (c) heavily Br-doped SWCNTs
(sample A)

one contribution was considered for the S,, and one for the
M,, absorption band. Also for sample A, one Lorentz contri-
bution for the intraband transitions and one for the M,; band
were considered in the following.

According to Fig. 6, one finds a red-shift under pressure
for the absorption bands in pristine and Br-doped SWC-
NTs. This was also reported in earlier studies [3], and arises
from o*—m* hybridization and symmetry breaking [28-30].
Furthermore the absorption bands exhibit a significant broad-
ening and a pronounced reduction in intensity. For pristine
SWCNTs and sample B all optical transitions are resolvable
up to the highest applied pressure (16.8 and 15.2 GPa, respec-
tively). For sample A, the ITs and the M,, can no longer be
resolved above 10 and 2.5 GPa, respectively.

For a quantitative analysis, the relative energy shifts of
the Lorentzian contributions are plotted as a function of
applied pressure in Fig. 7. The pressure-induced shift of the
pristine SWCNT film (see Fig. 7a) exhibits a change in slope
at the critical pressures P, =~ 3GPa, P, ~ 7.5GPa, and
P ~ 13 GPa. According to earlier high-pressure optical
spectroscopy results and theoretical studies [3,5,31-35],

we interpret the anomaly at P,; as the result of a structural
phase transition from a circular to an oval cross-section.
The anomaly at P, signals a deformation from oval to
race-track or peanut shape structure. The rapid increase
in the relative shift above 11GPa was interpreted as
the onset of the structural collapse, which is completed
at 13GPa [5]. The proposed structural deformation of
SWCNTs is shown on top of Fig. 7. For sample A (high
Br,-doping) and sample B (intermediate Br,-doping) the
pressure-induced anomalies can be found in the same
pressure range as for the pristine sample (see Fig. 7b and c).
Obviously, the bromine doping does not affect the structural
stability of the nanotubes. This could be a consequence of the
favorable arrangement of bromine as polymer chains in the
nanotube interstitial channels: The location of the adsorbed
bromine was investigated in a previous high-pressure Raman
spectroscopy study on Br-SWCNTs, and it was reported
that most probably Br; and Br; bromine polymer chains
are formed, which are located in the interstitial channels
between the nanotubes [8]. Furthermore, it was shown that
bromine can be used for the separation and purification of
carbon nanoparticles due to the intercalation of bromine in
interstitial channels [36]. This leads to a separation of the
carbon structures after annealing the sample.

The insets of Fig. 6 also depict the absorbance spectra
at the lowest pressure during pressure release. For pris-
tine SWCNTs and the intermediately doped sample B, the
pressure-induced frequency shifts of the optical transitions
are reversible upon pressure release. However, a loss in inten-
sity of up to 50% of the original value is observed. The
irreversible changes indicate a permanent deformation of
the nanotubes during pressure loading. For the highly-doped
sample, it is difficult to estimate the frequency position and
the loss in the intensity of the absorption bands upon pressure
release because of the strong broadening of the features in
the spectrum.

4 Summary Br-doped SWCNT samples have been
prepared and characterized by optical and Raman spec-
troscopy. The charge doping of the nanotubes by bromine is
revealed by shifts of the Raman modes, the intensity reduc-
tion of the absorption bands, and the appearance of intraband
transitions. The structural stability of bromine-doped SWC-
NTs under hydrostatic pressure has been characterized in
terms of the optical transitions. The relative frequency shifts
show anomalies in the same pressure regimes as for pris-
tine SWCNTSs. Thus, the mechanical stability seems to be
unaffected by bromine doping. This can be explained by the
intercalation of bromine polymer chains in the interstitial
channels of the SWCNT bundles.
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