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1 Introduction The superior and fascinating mechan-
ical properties of carbon nanotubes are ascribed to the strong
sp? covalent bonds of the carbon atom network [1]. The axial
Young’s modulus of single-walled carbon nanotubes (SWC-
NTs) was expected from many theoretical studies [2—4] to
be >1TPa. However, the carbon nanotubes bulk crystals
behave as soft materials because they are bound by weak van
der Waals forces [5]. Furthermore, high-pressure studies on
the mechanical properties of SWCNTSs propose that at a crit-
ical pressure a modification of the nanotube’s cross-section
from circular to oval or elliptical occurs and that SWCNTSs
collapse at high pressure [6-8]. It has been demonstrated
that the homogeneous filling of the SWCNT cavity with an
inner wall, forming what is called a double-walled carbon
nanotube (DWCNT), stabilizes the outer tube [8—13]. In con-
trast, filling SWCNTSs with C;, or iodine molecules, which

is considered as a case of inhomogeneous filling, leads to
the destabilization of the nanotubes [8, 10, 11, 14, 15]. This
was attributed to the inhomogeneous interaction, i.e., van
der Waals forces, between the nanotube wall and the inner
filler.

Recently, we carried out a high-pressure optical spec-
troscopy study on the mechanical stability of DWCNTSs using
nitrogen as pressure transmitting medium (PTM) [9]. In
comparison to SWCNTSs, the pressure-induced shifts of the
optical transitions in the outer tubes of DWCNTSs are much
smaller below 10 GPa, signaling the stabilization of the outer
tube by the inner tube filling. Additionally, the two anoma-
lies at the critical pressures P~ 3 GPa and P,~ 7 GPa
observed in SWCNTs are suppressed in DWCNTs due to
the stabilization effect, and only one anomaly at Py~ 12 GPa
is observed.



In general, optical spectroscopy is a powerful technique
to characterize the electronic band structure in terms of the
energy position and spectral weight of the excited optical
transitions. As demonstrated recently, the optical response is
capable of monitoring small pressure-induced deformations
of the tubular cross-section, as the characteristic van Hove
singularities in the density of states in SWCNTSs are very
sensitive to such deformations [16, 17]. Furthermore, it has
been shown that the PTM plays an important role for the
pressure-induced effects in carbon nanotubes [18].

Here, we present the results of a high-pressure opti-
cal spectroscopy study on DWCNTSs using nitrogen, argon,
and alcohol-mixture as PTM. The results are compared to
those for SWCNTs. Our findings show that the PTM greatly
influences the pressure effects on the optical transitions, i.e.,
pressure-induced shifts and anomalies.

2 Experimental DWCNTs were prepared from
highly filled C¢,-peapods: The SWCNTs [Carbon Solutions,
Inc. (Type P2, average diameter 1.4 nm)] were filled with
Cg molecules using the gas phase method described in
Ref. [19]. The caps of the SWCNTs were opened by
heat treatment at 575°C for 30min. Weighted amounts
of SWCNTs and fullerene were degassed under dynamic
vacuum at 200 °C for 24 h. Then both samples were sealed
in a quartz tube under vacuum and heated at 750°C for
5 days continuously. The non-reacted fullerene was removed
by heating the sample at 700°C under dynamic vacuum
for 3h. The Cg-peapods were transformed to DWCNTSs
by heating the peapods at 1250 °C for 24 h under dynamic
vacuum. Free-standing films of SWCNTs and DWCNTs
for transmission spectroscopy measurements were prepared
from Triton X-100 suspension [20].

The samples were characterized in different prepara-
tion stages with a JEOL JEM-2010F transmission electron
microscope retrofitted with two CEOS third-order spherical
aberration correctors for the objective lens (CETCOR) and
the condenser system (CESCOR). The microscope was oper-
ated using an electron acceleration voltage of 80 kV to reduce
knock on damage. More details about the synthesis and char-
acterization of the samples can be found in Ref. [21]. The
diameter of the inner and outer tube in the DWCNT bundles
amount to di,.; ~ 0.80 nm and d, .. &~ 1.45 nm, as estimated
from the HRTEM images and Raman spectroscopy [21].

Transmission spectra of the nanotube films were
measured at room temperature in the energy range 3500-
20000 cm™" with the resolution 4 cm™" using a Bruker IFS
66v/S Fourier transform infrared spectrometer in combina-
tion with an infrared microscope (Bruker IR Scope II) with
a 15x Cassegrain objective. For the pressure generation a
Syassen—Holzapfel type [22] diamond anvil cell (DAC) was
used. The culet size of the diamond anvils is 400 wm. Both
top and bottom diamond anvil are perfectly aligned to each
other. By using an electrical discharge drilling machine, a
150 pm hole was drilled in a stainless steel gasket, which
served as the sample chamber. For the pressure measure-
ments a small piece of the free-standing carbon nanotubes

2617

Figure 1 HRTEM image of (a) a bundle of DWCNTs derived from
Cgo-peapods and (b) a single DWCNT.

film was carefully placed inside the gasket hole with a few
ruby balls for pressure determination. Liquid nitrogen, argon,
or alcohol-mixture served as PTM. The intensity I(w) of
the radiation transmitted through the sample placed in the
DAC and the intensity /() of the radiation transmitted
through the PTM in the DAC were measured. From /(w) and
I; (®) the transmittance and absorbance spectra were
calculated according to T'(w) = [(w)/+(w) and A(w) =
—log,,T(w), respectively.

3 Results and discussion

3.1 Electron microscopy Figure 1a shows the forma-
tion of DWCNTs from Cg-peapods after heat treatment at
1250°C for 24 h under dynamic vacuum. Figure 1b shows
only one DWCNT to confirm the formation of the inner
tubes inside the SWCNTs. Based on the HRTEM images,
we estimate a filling ratio of >95%.

3.2 Optical spectroscopy of SWCNTs and DWC-
NTs under pressure Figures 2 and 3 show the
background-subtracted absorbance spectra as a function of
pressure for SWCNTs and DWCNTs films, respectively,
using (a) nitrogen, (b) argon, and (c) alcohol-mixture (4:1
methanol:ethanol) as PTM. The insets of Figs. 2 and 3 show
the absorbance spectra of SWCNTs and DWCNTSs at the
lowest pressure together with the total fitting curve and the
Lorentz contributions. The absorption bands S;; and M;; cor-
respond to the i-th optical transitions in the semiconducting
and metallic SWCNTSs, respectively. The optical properties
of the free-standing SWCNTs and DWCNTSs at ambient con-
ditions are explained in detail in our previous works [9, 21].
It is clear that the absorption bands at the lowest pressure
are broadened and the fine-structure due to different tube
diameters is smeared out, as compared to the free-standing
films (see Ref. [9,21]). In the further discussion, only the
strong Lorentz contributions will be considered. In the case
of SWCNTs, we observe only one strong contribution for
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Figure 2 Background-subtracted absorbance spectra of SWCNTs
as a function of pressure, using (a) nitrogen, (b) argon, and (c)
alcohol-mixture as PTM. The insets in (a—c) depict the absorbance
spectrum at the lowest pressure during pressure increase together
with the various Lorentzian contributions, and the absorbance spec-
trum at the lowest pressure during pressure release, in the case of
nitrogen, argon, and alcohol-mixture as PTM, respectively.

the S;; band and two strong contributions for the S,, and
M,, bands, which are marked by S,,(1), S»,(2), M;,(1), and
M;,(2), respectively. In comparison, in the case of DWCNTS,
we observe only one strong contribution for the Sy, S,,, and
M;, absorption bands.

With increasing pressure all absorption bands for both
SWCNT and DWCNT films red-shift, broaden, and lose
spectral weight (see Figs. 2 and 3). The redshift is gener-
ally ascribed to o*—m* hybridization and symmetry breaking
[20, 23, 24]. When nitrogen is being used as PTM, all optical
transitions S;;, Sy, and M,; are resolvable up to the high-
est applied pressure (see Figs. 2a and 3a). In case of argon as
PTM, all the optical transitions are resolvable up to ~12 GPa
only (see Figs. 2b and 3b). For pressures above 12 GPa,
the optical transitions become very broad. Furthermore,
all the optical transitions are resolvable only up to ~10 GPa
in the case of alcohol-mixture as PTM (see Figs. 2c, and
3c). Above 10 GPa all the absorption bands are completely
smeared out.

Figures 4 and 5 depict the relative energy shifts of the
Lorentz contributions as a function of pressure for SWC-
NTs and DWCNTs, respectively. For the SWCNT films
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Figure 3 Background-subtracted absorbance spectra of DWCNTS
as a function of pressure, using (a) nitrogen, (b) argon, and (c)
alcohol-mixture as PTM. The insets in (a—c) depict the absorbance
spectrum at the lowest pressure during pressure increase together
with the various Lorentzian contributions, and the absorbance spec-
trum at the lowest pressure during pressure release, in the case of
nitrogen, argon, and alcohol-mixture as PTM, respectively.

under pressure using nitrogen as PTM (see Fig. 4a), three
anomalies in the relative pressure-induced shifts are observed
at P, ~3 GPa, P,~7GPa, and P;~x13 GPa, followed by a
plateau. As criterium for the values of the critical pressures
we use the 2nd derivative of the evolution of E;; with pres-
sure (not shown). The shaded gray bars in Fig. 4 mark the
pressure regime in which the anomalies are observed, with
an error bar of £0.5 GPa. According to earlier results and
theoretical predictions [16, 25-33], we interpret the anomaly
at P, as a structural phase transition from a circular to an oval
shape. The anomaly at P, signals a more drastic change in the
tubes’ cross-section from oval to race-track or peanut-type
shape [7-9]. The plateau with an onset at P.;~13 GPa indi-
cates a saturation of the pressure-induced deformation and
hybridization effects above this pressure. According to our
recent pressure investigations on SWCNTs [9] and a high-
pressure Raman study [10], we interpret the behavior of the
SWCNTs above 13 GPa in terms of the collapse of the tubes.
The rapid increase in the shifts above 11 GPa indicate the
onset of the collapse, which is completed at P.. The pro-
posed sequence of structural deformations in SWCNTS is
illustrated in Fig. 6a—d.
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Figure 4 Relative energy shift of the optical transitions as a func-
tion of pressure in SWCNTS using (a) nitrogen, (b) argon, and (c)
alcohol-mixture as pressure transmitting medium. The shift was cal-
culated as the difference between the absorption frequency of the
contribution v,,; at a pressure pi, and the absorption frequency v, at
the lowest pressure value p1. All the contributions during pressure
release are marked as S;; (Re) and M;; (Re) for both semiconduct-
ing and metallic tubes, respectively. The shaded gray bars mark the
pressure regime in which the anomalies are observed, as discussed
in the text.

To clarify the influence of the PTM on the mechanical
stability of SWCNTs, we show in Fig. 4b and c the relative
pressure-induced energy shifts of the Lorentz contributions,
using argon and alcohol-mixture as PTM, respectively. The
same criterium for determining the critical pressure values
as for nitrogen as PTM has been used. In the case of argon,
the anomalies in the pressure-induced shifts are lowered to
P.,~2.5GPa, P,,~6.5 GPa, and P;~10.5 GPa. Above P all
the optical transitions S;;, S,,, and M;; become very broad
and each can be fitted with one Lorentzian contribution. Also
the relative energy shifts are higher than the corresponding
shifts, when nitrogen is being used as PTM. The broadening
of the absorption bands and the lower critical pressures are
due to the lower hydrostaticity level of argon compared to
nitrogen as PTM [34]. In the case of alcohol-mixture (see
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Figure 5 Relative energy shift of the optical transitions as a func-
tion of pressure in DWCNTS using (a) nitrogen, (b) argon, and (c)
alcohol-mixture as pressure transmitting medium. The shift was cal-
culated as the difference between the absorption frequency of the
contribution v, at a pressure pi, and the absorption frequency v, at
the lowest pressure value p1. All the contributions during pressure
release are marked as S;; (Re) and M;; (Re) for both semiconduct-
ing and metallic tubes, respectively. The shaded gray bars mark the
pressure regime in which the anomalies are observed, as discussed
in the text.

Fig. 4c), the anomalies in the pressure-induced shifts are
lowered to P,;~2.5 GPa, P,~6.0 GPa. Furthermore, some
contributions, e.g., M;;(2), shift much stronger than oth-
ers, e.g., S;;. Above ~10 GPa, all the absorption bands are
smeared out except the S,,(2) and M,,(2) optical transitions.
Both transitions are highly redshifted with a very large error
bar because of the broadening, and the shifts do not satu-
rate at high pressure. Alcohol-mixture is a hydrostatic PTM
below 10 GPa but becomes quasi-hydrostatic above 10 GPa
due to solidification [34]. We suggest that above 10 GPa the
SWCNTs are completely collapsed in this case.

Figure 5a shows the relative energy shifts of the optical
transitions S, S,,, and M;; in the DWCNTSs bundles using
nitrogen as PTM. Compared to SWCNTSs, one notices that
the redshift of the absorption bands is very small, with a lin-
ear pressure coefficient in the range ~9 to 15cm~' GPa™".
According to our pervious work on DWCNTSs [9], we inter-
pret the small redshift of the absorption bands in terms of the
reduction of the o*—m* hybridization and symmetry break-
ing effects in the outer tubes of the DWCNTSs. This finding
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signals the mechanical stabilization of the outer tube by the
inner tube.

Above ~12 GPa, the relative energy shifts of the absorp-
tion bands in the DWCNT bundles steeply increase and
seem to saturated at higher pressure (see Fig. 5a). This
behavior signals strong pressure-induced alterations in the
electronic properties of the outer tube at a critical pressure
Py~12 GPa related to tubular deformation, which are com-
pleted at ~14 GPa. Several Raman studies reported higher
critical pressures for the structural transition of the outer
tube in DWCNTs as compared to SWCNTs, and this was
attributed to the structural support of the outer tube by the
inner tube [10, 33, 35].

Interestingly, a very recent high-pressure Raman
spectroscopy study on the same type of sample, i.e., Cg)-
peapod-derived DWCNT sample with similar inner and outer
tube diameters, and using paraffin oil as PTM found anoma-
lies in the G-bands at similar pressures. The findings were
interpreted in terms of the onset of the collapse of the DWC-
NTs at 12GPa and its completion at 15 GPa. The lower
value of the critical pressure as compared to CVD-grown
DWCNTs was attributed to the inhomogenous filling [11].
It was furthermore suggested that the collapse of DWCNTSs
occurs in different steps. From the molecular dynamics sim-
ulations by Gadagkar et al. [33] the tubes cross-sections
remain nearly circular up to a critical pressure, where the
tube cross-sections are deformed to an elliptical shape. The
critical pressure follows a 1/R3; dependence [33], where
the effective radius (R.) of the DWCNT is defined as
1/R}, = (1/n) Y (1/R}) withn = 2 for DWCNTs. Based
on this relation we calculate the effective radius for our
DWCNT bundles with di,,.;~0.80 nm and d,,..~1.45 nm, as
estimated from the HRTEM images and Raman spectroscopy
[21], to R.x~0.5nm and obtain a critical pressure value of
P,~11 GPa according to Ref. [33]. Thus, our experimen-
tal finding of a critical pressure Py~12 GPa is in very good
agreement with theoretical predictions. We can interpret this
anomaly in terms of a discontinuous volume change accom-
panied by a cross-sections’ change to two deformed hexagons
[36]. The proposed sequence of structural deformations in
DWCNTs is illustrated in Fig.6e and f.

Figure 5b and c shows the relative pressure-induced
energy shifts of the optical transitions in DWCNTs using
argon and alcohol-mixture as PTM, respectively. In the case

Figure 6 Proposed sequence of structural deformation of SWC-
NTs (a—d) and of DWCNTs (e—f).

of argon, the critical pressure Py is lowered to ~10.5 GPa.
Above P, the relative energy shifts are slightly higher than
the corresponding shifts, when nitrogen is being used as
PTM. This could be attributed to the lower hydrostaticity
level of argon compared to nitrogen as PTM [34]. Further-
more, in the case of alcohol-mixture, all the absorption bands
are completely smeared out above 10 GPa. Above 10 GPa
the DWCNTs might be collapsed due to the solidification of
alcohol-mixture [34]. Interestingly, the deformation process
of the DWCNTs seems to be more complicated according to
our data, consisting of several steps, similar to the findings
in Ref. [10].

It is important to note that according to our results fill-
ing of the nanotubes with nitrogen, argon, or alcohol-mixture
does not prevent the pressure-induced anomalies in the elec-
tronic transitions due to tubular deformation, in contradiction
to earlier reports [37].

Finally, we comment on the reversibility of the
pressure-induced structural changes. For both SWCNTs and
DWCNTs the pressure-induced frequency shifts of the opti-
cal transitions are reversible upon pressure release (see the
insets of Figs. 2a—c and 3a—c). However, one notices a loss
in intensity of the original absorbance value, namely, up to
~ 60% in the case of nitrogen and argon and &~ 85% in the
case of alcohol mixture. The irreversible changes indicate
that a fraction of the tubes has been permanently damaged
during pressure loading, with a loss of the characteristic fea-
tures in their density of states. In the case of alcohol mixture,
the greater damage of tubes is due to the non-hydrostaticity
of the alcohol mixture above 10 GPa [34].

4 Conclusions Compared to empty SWCNTSs, the red-
shift of the absorption bands in DWCNTs is smaller and
follows an approximately linear behavior for nitrogen as
PTM, signaling the stabilization of the outer tube by the
inner tube regarding its electronic properties. An anomaly in
the pressure-induced shifts of the absorption bands in DWC-
NTs at around P;~212 GPa indicates the deformation of the
outer tubes to deformed hexagons. SWCNTSs exhibit three
anomalies in the pressure-induced shifts of the absorption
bands at P.,,~3 GPa, P.,~7 GPa, and P;~13 GPa for nitro-
gen as PTM. Due to the lower hydrostaticity level of argon
compared to nitrogen as PTM, the anomalies in the pressure-
induced shifts are lowered to P,;~2.5 GPa, P.,~6.5 GPa, and
P;~210.5 GPa and P;~11 GPa in the case of SWCNTs and
DWCNTs, respectively. In the case of alcohol-mixture as
PTM, above ~10 GPa the SWCNTs and DWCNTs seem to
be completely collapsed due to the non-hydrostaticity of the
alcohol-mixture above 10 GPa. The pressure-induced alter-
ations of the absorption bands are reversible regarding their
frequency position but not completely reversible regarding
their intensity, indicating that a fraction of the tubes has been
permanently damaged under high pressure load for nitrogen
and argon as PTM. The higher damage of the tubes in the case
of alcohol mixture can be explained by its non-hydrostaticity
above 10 GPa because of solidification.
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