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1 Introduction Carbon nanotubes are cylindrical
nanostructures conceptually obtained by rolling up a sheet
of graphene. Single-wall carbon nanotubes (SWCNTs) ex-
hibit unique optical, electronic, and mechanical properties.
Their robust mechanical properties are due to the strong con-
jugated covalent bonds between the sp? orbitals of the carbon
atoms resulting from the close relation to graphene [1]. Their
mechanical stability has been extensively investigated under
high external pressure, usually via x-ray diffraction [2, 3] and
Raman spectroscopy [4-8]. Recently, optical spectroscopy
studies on SWCNTSs under high pressure [9—-11] revealed a
complementary method for investigating the mechanical sta-
bility and structural transitions under pressure of SWCNTs
by probing their electronic properties. It has been shown that
the filling of SWCNTs with inner tubes leads to a stabilization
of the outer tubes [12—14]. The higher mechanical stability is
due to the smaller diameter of the inner tubes, and this finding
is in accordance to theoretical investigations [15—-17], which
find the critical pressure for a structural phase transition of

SWCNTs scaling with the nanotube diameter according to
d=.

Depending on the direction of rolling up the graphene
sheet, SWCNTs appear in different chiralities described
by the chiral indices n,m [1]. In any common growth
method, SWCNT samples are produced containing many
different chiralities. Since electronic properties of SWCNTs
highly depend on the chirality [18], the presence of various
chiralities leads to inhomogeneous broadening of electronic
transitions because the different contributions cannot be
resolved. Therefore, much effort has been put in the prepa-
ration of chirality-enriched SWCNT samples [19]. With
methods such as density gradient ultracentrifugation [20],
gel chromatography [21], DNA-wrapping [22], or direct
chirality-specific growth on solid alloy catalysts [23] one is
capable of preparing macroscopic ensembles of SWCNT's of
specific chiralities. However, all these methods suffer from
high costs and low yield. Aqueous two-phase extraction
[24] is an alternative rapid method to obtain high-purity



SWCNTs of almost any species without the need of high-cost
equipment.

Here, we present a high-pressure optical spectroscopy
study of a (6,5)-enriched SWCNT film. The sample was first
characterized by optical spectroscopy under ambient condi-
tions. Optical absorbance spectra were then measured under
pressure up to 22 GPa at room temperature. We found a criti-
cal pressure, corresponding to a structural phase transition of
(6,5) SWCNTSs, which is higher than that for SWCNTs with
1.4 nm average diameter, confirming the expected higher me-
chanical stability of small-diameter SWCNTSs.

2 Experimental We first prepared a suspension of
(6,5) chirality-enriched SWCNTs (CE-SWCNTs) using
the aqueous two-phase extraction (ATPE) method starting
from well-defined CoMoCAT SWCNTs (SG65i, Southwest
Nanotechnologies, diameter: 0.7-0.9nm, (6,5) content
>40%), as described in Ref. [24]. Then, we used vacuum
filtration to prepare a film with a thickness of 100 nm [25].
A detailed characterization of (6,5)-ATPE sorted CoMoCAT
SWCNTs by Raman, photoluminescence, and optical
absorption spectroscopy can be found in Refs. [24,25].
For comparison, a similar film of chirality-mixed SWCNTs
(CM-SWCNTs) (arc-discharge SWCNTs Type P2 from
Carbon Solutions, Inc.) with an average diameter of 1.4 nm
on top of a cellulose nitrate membrane was prepared from a
Triton X-100 suspension [26]. Free-standing films of the two
samples were obtained by removing the polycarbonate and
cellulose nitrate membranes with chloroform and acetone,
respectively. Because of strong ultrasonication using a tip
sonicator for 1h during the preparation, both SWCNT
samples are assumed to be cap opened [27]. Therefore, both
samples will be filled with the pressure transmitting medium
during the pressure experiments [8].

Transmission measurements were performed at room
temperature at ambient and high pressure. The spectra of the
free-standing SWCNT films were recorded in a frequency
range of 2500-22000 cm~! with a resolution of 4 cm™!, us-
ing a Bruker IFS 66v/S Fourier transform infrared spectrom-
eter in combination with an infrared microscope (Bruker
IR Scope II) with a 15x Cassegrain objective. A Syassen—
Holzapfel [28] diamond anvil cell (DAC) was used to gener-
ate high pressure, which was determined in situ by the ruby
luminescence technique [29]. Liquid nitrogen was used as
the pressure transmitting medium (PTM), since it provides
hydrostatic conditions up to high pressure [30]. The inten-
sity of the radiation transmitted through the sample, I, and
the intensity of the radiation transmitted through the PTM
in the DAC, I, were measured in situ. The transmittance
T (w) and absorbance A(w) spectra were calculated according
to T(w) = [(w)/l(w) and A(w) = —log,, T(w), respec-
tively. The measurement geometry is illustrated in Fig. 1 of
Ref. [9] where the sample was swimming freely in the PTM.

3 Results and discussion
3.1 Characterization of a free-standing (6,5)-
chirality-enriched SWCNT film To verify the chirality
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Figure 1 Free-standing NIR-VIS spectra at ambient conditions of
the (6,5)-chirality-enriched SWCNT (CE-SWCNT) film in compar-
ison with the films of the CoMoCAT starting material and chirality-
mixed SWCNTs (CM-SWCNT) with average diameter of 1.4 nm.

enrichment, we firstly characterized the SWCNT films at am-
bient pressure using optical absorption spectroscopy. The ab-
sorbance spectra in the near-infrared and visible (NIR-VIS)
frequency range for the (6,5)-ATPE sorted (CE-SWCNTs),
the CoMoCAT starting material and the arc-grown chirality-
mixed (CM-SWCNTs) samples are plotted in Fig. 1. The
CM-SWCNT sample shows several absorption bands cor-
responding to the S;;, Sy, and M,; optical transitions of
SWCNTs as pointed out in the graph. Here, S;; indicates
the i-th interband optical transition in semiconducting tubes,
while M, stands for the first interband optical transition in
metallic tubes. All the optical transitions exhibit a fine struc-
ture, which reflects the nanotube diameter distribution in the
CM-SWCNT sample. The CoMoCAT and the CE-SWCNT
samples show only the S,; and S,, optical transitions, as ex-
pected, which are shifted to higher frequencies compared to
the CM-SWCNT sample due to their smaller diameter [31].
Following the empirical Kataura plot [32, 18], we identify the
sharp peaks at 9935 and 17360 cm ™" as the S;; and S,, optical
transitions of (6,5) SWCNTs, respectively. The shoulders of
the CE-SWCNT sample can be assigned to the S;; and S,,
optical transitions of (9,1) and (7,3) SWCNTs [18], respec-
tively, which are still present in the sample [24, 25]. It is also
evident that the features in the CE-SWCNT sample (FWHM
of S, transition: 635cm™") are much sharper than in the
CoMoCAT sample (FWHM of S, transition: 1075 cm™").
This demonstrates the further enrichment of (6,5) species
(which is already dominant in CoMoCAT SWCNTs) due to
the ATPE sorting.
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Figure 2 Background-subtracted optical absorbance spectra of the
(6,5)-chirality-enriched SWCNT film for various pressures. The
first and second optical transitions in the semiconducting (6,5)
SWCNTs are marked by S;; and S,;, respectively.

3.2 Optical absorption spectroscopy of a (6,5)-
chirality-enriched SWCNT film under pressure
Pressure-dependent absorbance spectra for the (6,5)-CE-
SWCNT sample are shown in Fig. 2. Here, a linear back-
ground had been subtracted. The background subtraction
procedure is illustrated for the lowest pressure value
(0.7GPa) in the inset of Fig. 3. The linear background
stems from the tail of the strong m—m* electronic interband
transitions of the graphene sheet centered at around 5eV.
The spectra in Fig. 2 are vertically offset intentionally for
better visibility. With increasing pressure one can clearly
see a red-shift, broadening, and loss of spectral weight for
all absorption bands, in accordance with earlier pressure-
dependent optical studies [9, 13, 11]. The red-shift is gener-
ally ascribed to o*—n* hybridization and symmetry breaking
[26, 33, 34]. Despite the broadening, all optical transitions
remain resolved up to the highest pressure of 22 GPa, owing
to the high chirality enrichment of the CE-SWCNT sample.

For a quantitative analysis, each background subtracted
spectrum was fitted with several Lorentzians, as illustrated
in Fig. 3 for the lowest pressure value. As mentioned above,
the spectra mainly consist of the S;; and S,, optical transi-
tions of the (6,5) SWCNTSs and some minor contributions
of other chiralities. Also shown in Fig. 3 is the spectrum
at 0.8 GPa after pressure release, showing the reversibility
of the pressure-induced shifts. The reduced intensity of the
spectrum after pressure release mostly stems from the fact
that the thin film of SWCNTSs was torn to small pieces at
high pressure (= 20 GPa) and thus the total measured area
was smaller than in the beginning.

In the following discussion, we only concentrate on the
prominent (6,5) peaks of the CE-SWCNT sample because
as pointed out in the preceding section they are very sharp
and thus more reliable. The relative energy shifts of the
optical transition energies of (6,5) SWCNTs, as obtained
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Figure 3 Data evaluation of the absorbance spectra: illustration of
the fitting procedure of the spectrum with Lorentzians correspond-
ing to the S;; and Sy, optical transitions. Also, the spectrum at
0.8 GPa after pressure release is plotted. The inset illustrates the
subtraction of a linear background (dashed line).

from the above-explained fitting procedure, are plotted in
Fig. 4 as a function of pressure. For comparison, we use the
corresponding data of CM-SWCNTs from Anis et al. [13].
They found three anomalies in the pressure-induced shifts at
P., =#3GPa, P, ~7GPaand P; = 13 GPa and interpreted
them in terms of structural phase transitions. We also find
an anomaly of the S;, transition with an onset at P, =
8 GPa in our data, which we attribute to the structural phase
transition where the (6,5) tube is deformed from a circular
to an oval shape, in analogy to the case of CM-SWCNTs.
This transition is shifted to higher pressures compared to
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Figure 4 Relative energy shift of the optical transitions as a func-
tion of pressure in (6,5)-SWCNTs. The shift was calculated as the
difference between the absorption frequency of the contribution v,;
at a pressure p;, and the absorption frequency v, at the lowest
pressure value p;. All the contributions during pressure release are
marked as S;; (Re). The shaded gray bar marks the critical pressure
regime as discussed in the text. The proposed structural deformation
is illustrated on the top.



the CM-SWCNT sample, since the smaller diameter of (6,5)
SWCNTs (diameter 0.75nm) leads to higher mechanical
stability. The relative shift of the S;, transition continues
to rise linearly above &~ 12 GPa. The anomaly at P, is not
related to the limit of hydrostaticity of the PTM (=11 GPa
[30]), since for the CM-SWCNTs a different behavior is
observed despite the same PTM (nitrogen) [13].

Simple elastic theory predicts the collapse pressure of a
cylindrical tube to be proportional to d—* [35]. Hasegawa and
Nishidate [16] also confirm this relation for isolated SWC-
NTs using a deformation model based on density-functional
theory calculations, not only for the collapse pressure but also
for preceding structural deformations. Extrapolating the first
critical pressure (i.e., 3 GPa) for CM-SWCNTs with 1.4 nm
in diameter to 0.75 nm using the d=* law yields a twofold
higher value than the obtained average value of ~ 10 GPa
for the observed anomaly for CE-SWCNTs. Elliot et al. [36]
and Capaz et al. [15] used molecular dynamics simulations
to show that for smaller diameter SWCNTs the dependence
of the critical pressure on diameter weakens to rather a 1/d-
dependence, in accordance with our findings. Furthermore,
Reich et al. [37] used first-principles calculations and pre-
dicted (6,6) SWCNTs (d =0.8 nm) to collapse to an oval
shape between 9 and 15 GPa, and Sun et al. [38] also simu-
lated (6,6) SWCNTs using an ab initio molecular dynamics
method to find a “hard-to-soft” transition at &~ 10 GPa, both of
which are in excellent agreement with our value. Similar ex-
perimental data have been provided in high pressure-Raman
studies. Elliot et al. [36] and Lebedkin et al. [6] studied the ~
0.8 nm diameter fraction of HiPco-SWCNTs and found crit-
ical pressures of 6.6 and ~ 10 GPa, respectively. Deviations
from our result could stem from the use of a different PTM,
which influences the results quantitatively [39, 40].

Furthermore, the pressure range in which the structural
transition occurs, namely from 8 to 12 GPa, appears to be
rather large. For a chirality-enriched SWCNT sample, one
would expect that the phase transition happens even more
abruptly than in chirality-mixed samples, since a possible
influence of chirality on the critical pressure would lead to a
broadening of the transition for samples with many different
chiralities but similar diameters. However, according to Ra-
man spectroscopy data (not shown), the G/D ratio suggests a
much higher defect concentration in our CE-SWCNT sample
compared to the CM-SWCNT sample [41]. Fagan et al. [42]
investigated the influence of radial deformation in combina-
tion with vacancies on the electronic properties of SWCNTs.
They found that the deformation energy for forming an el-
liptical cross-section highly depends on the position of the
defect. Since the defects are randomly distributed in our sam-
ple, this influence of defects on the critical pressure could lead
to a broadening of the structural transition as observed in our
case. It is also possible that the higher mechanical stability
of smaller SWCNTs leads to a broader transition compared
to large diameter SWCNTs [43].

Moreover, the S,, transition of (6,5) SWCNTs exhibits
no anomaly over the whole measured pressure range (see
Fig. 4). This is in accordance with theoretical band structure
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calculations of Charlier et al.[33], indicating that the defor-
mation of nanotubes affects the electronic bands (and hence
the optical transitions) in different ways. Liu et al.[34] also
showed that the bandstructure in different energy regions is
altered differently upon pressure. It was furthermore shown
that the pressure-induced band gap changes are highly sen-
sitive to the relative order of certain electronic bands and,
thus, can be very different even for SWCNTSs with a similar
diameter and the same chiral angle [44]. In contrast to the
(6,5)-CE-SWCNT sample, in the CM-SWCNT sample with
~ 1.4 nm diameter, all optical transitions show similar behav-
ior in terms of pressure anomalies in their relative shifts [13].

Another difference between the two samples relates to
the saturation of the relative shift at high pressures in the
case of the CM-SWCNTs, which was interpreted in terms of
the collapse of the nanotubes [13]. This saturation is absent
in the case of (6,5) SWCNTs. Due to their higher mechanical
stability, the collapse pressure might be shifted outside the
studied pressure range or, due to their small diameter, a total
collapse of the tubes might be inhibited [43, 16].

4 Conclusions In conclusion, we investigated the me-
chanical stability of a (6,5)-chirality-enriched SWCNT film
by optical absorption spectroscopy under pressure. The onset
of the first anomaly of the pressure-induced shift of the opti-
cal transition S;; occurs at & 8 GPa in case of (6,5) SWCNTs,
in contrast to mixed-chirality SWCNTSs with 1.4 nm average
diameter, where the first anomaly occurs at &~ 3 GPa. This first
anomaly is attributed to a structural phase transition, where
the tube’s cross-section is deformed from a circular to an oval
shape. Thus, the higher value of the critical pressure in the
case of (6,5) SWCNTs signals higher mechanical stability
due to the smaller tube diameter. Furthermore, a plateau at
high pressures, which was earlier attributed to a collapse of
SWCNTs, is absent for (6,5) SWCNTSs up to a pressure of at
least 22 GPa.
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