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Reversible Raman D-band changes: a new probe into the pressure-induced
collapse of carbon nanotubes
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Abstract

The control of the geometry of carbon nanotubes has a high potential for electro-optical technology devel-
opments. We report here the use of a new spectroscopic signature for the detection and characterization of
the pressure induced radial buckling of single walled carbon nanotubes using Raman spectroscopy combined
with sapphire anvil cell pressure systems. We follow the appearance of a defect-free Raman D-band contri-
bution in bundled samples which is assigned to the pressure-induced radial buckling, as already shown on
radially collapsed nanotubes at ambient pressure. On pressure release, this contribution to the D-band disap-
pears, confirming the reversibility of the process. We applied this approach to the study of isolated tubes and
followed the collapse transition of a 1.7 nm diameter tube, most likely identified as a (16,8) chirality, starting
at 1 GPa and ending at 2 GPa. Our study further illustrates the potential of utilizing the D-band as a new

spectroscopic probe to explore geometrical changes in carbon nanotubes.

Keywords: Carbon nanotube, high pressure, Raman spectroscopy, D-band, strain engineering, collapsed
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1. Introduction

The actual geometrical shape of carbon nanotubes
(CNT) strongly influences their effective properties,
in particular the electronic and optical ones, and thus
introduces an interesting mean for fine-tuning to-
wards applications [1} 2 3} 14, 5,16, [7]]. The geometry
of carbon nanotubes can be affected by many differ-
ent intrinsic factors, such as their diameter, number
of walls, or the presence of defects, as well as ex-
ternal factors, such as charge injection or pressure
application [8]. When subjected to high pressure,
many investigations have predicted the evolution of
carbon nanotube geometrical cross-section through
other geometries than circular including oval, col-
lapsed with two or even more lobes [9, [10, [11} [12]].
Experimentally, the transition to different collapsed
geometries has been evidenced by a number of stud-
ies [13} 114, 15,1164 17, 18,119 and a complete phase-
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diagram providing the limits of the circular cross-
section geometry as a function of the diameter and
the number of tube walls has been proposed [8].
The two extreme states, circular and collapsed, of
the nanotube cross-section offer interesting oppor-
tunities for the control of many physical proper-
ties [17, 20} 2]. These opportunities can be signifi-
cantly expanded by introducing a continuous control
of states between those limits. This may be reached,
for instance, through the endohedral filling of carbon
nanotubes with different atoms or molecules prevent-
ing a sudden collapse [21} 22, 23] or by taking advan-
tage of average results obtained from the diameter
distribution found in ensemble samples. This rep-
resents a key field of study to broaden the scope of
CNT uses and applications, calling for a real need
to experimentally characterize the geometrical state
of the carbon nanotube cross-section. Recently ex-
citing new possibilities have emerged in the field of
carbon nanotube spectroscopy, with the demonstra-
tion of the ability to identify between their circu-
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lar or collapsed states using the Raman D-band [3]].
The Raman D-band, or defect-band, is classically
associated to the presence of defects in sp? carbon
materials[24, 25, [26] but recent studies have shown
that symmetry breaking can also lead to the devel-
opment of this signature [3, 27]. By detecting col-
lapsed tubes at ambient conditions, the D-band has
already proven its interest for detecting intrinsically
collapsed geometries due to large tube diameters. In
this work, we show that this spectroscopic signature
can be extended to further characterize progressive
and reversible changes between the circular and col-
lapsed states of the tube cross-section, opening up
exciting opportunities for electro-optical engineering
of nanotubes through their geometry. Tuning of the
geometry is induced by applying high pressure, here
in a sapphire anvil cell to open up the D-band spec-
troscopic window. We follow the collapse transition
with the increasing D-Band intensity and demon-
strate the reversibility of the process in the range of
pressure explored. The study is performed on bundle
samples and then applied to an individualized single
wall nanotube, paving the way for the comprehen-
sive investigation of the effects of intrinsic and envi-
ronment configurations on the geometrical shape of
carbon nanotubes.

2. Experimental methods

We performed high pressure experiments using a
pressure device in opposed anvils geometry config-
uration as shown in Figure Diamond is the con-
ventionally used anvil material, however it is not en-
tirely suiting the study of CNTs due to its promi-
nent Raman signal overlapping with the D-band.
To overcome this issue, we used a sapphire anvils
cell (SAC). In Figure typical Raman spectra of
the sapphire and diamond anvils illustrate the clear
spectroscopic window offered in the case of sap-
phire whereas the first order Raman peak of diamond
largely overlaps with the Raman D-band of CNT.
The main drawback of using sapphire anvils is given
by the lower pressure they withstand before breaking
when compared to the much harder diamond anvils.
Here we could reach up to 4.2 GPa with no anvil fail-
ure using selected crystals and soft grade steel gas-
kets (steel T304). We adopted two different pressure

transmitting media (PTM): Nitrogen (N,) and an al-
cohol mixture of 4:1 methanol:ethanol (4:1 Me:Et),
both presenting (quasi-) hydrostaticity in the stud-
ied pressure range [28]. We studied two kinds of
single wall CNT (SWCNT) samples stemming from
the same powder but differing in their density on
the anvil surface: mixed bundles from direct pow-
der grain deposition and more dispersed tubes from
a drop casted solution (see SI). Raman spectra were
obtained using a custom-made Raman spectrometer
with 532 nm excitation source and an accuracy of 1
to 2 cm™! (see SI).

3. Results and discussion

Figure [2] shows the pressure evolution of the
D (~1350 cm™), G (~1600 cm™") and 2D-bands
(~2700 cm™!) of CNT bundles ensembles directly
deposited on the anvil as dry powder grains (see SI).
We observe the expected blue shift of the modes fre-
quency with pressure. We emphasize the clearance
of the anvil signal in the D-band region throughout
the whole studied pressure range. We can record
the increase of the D-band intensity relative to the
G-band intensity during compression. This increase
is found in both the Me:Et mix and N, experiments,
indicating that the nature of the PTM has reduced
impact on the CNT shape response. During the de-
compression cycle, in the N, experiment, the D-band
relative intensity decreases upon pressure release re-
turning to a similar value to that of the spectrum be-
fore the experiment. The pressure release cycle was
not followed in the Me:Et experiment, yet the ambi-
ent pressure points recorded at the beginning and the
end of the experiment (insets in Figure [2a] and Fig-
ure agree with the D-band evolution reversibil-
ity. We interpret this result with a D-band originat-
ing from a defect-free scattering process as described
in [3]. The successive collapse of the many CNTs
in these bundle samples is responsible for the con-
tinuous increase of the D-band intensity throughout
the compression. The reversibility of the tubes’ col-
lapse during the release cycle is also recorded. Inter-
estingly, we observe a strong hysteresis in the pro-
cess, with a slow decrease of D-band intensity until
~1 GPa followed by a sharp drop to reach back the
initial state at the cell opening. This suggests that
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Figure 1: @) Schematic of the SAC. Highlighted are the probe laser beam (I) entering the sapphire anvil (IT). The pair of anvils
are compressing a metallic gasket (IIT) where a hole is drilled in order to form the compression chamber (red rectangle). The inset
shows a zoom of the compression chamber. This area is filled with the PTM and it contains the samples and the ruby chips used for
pressure measurements. (b) Superposition of the Raman signals of sapphire and diamond anvils (coloured spectra) over the Raman

signal of SWCNT (black line) at ambient pressure. The spectra are normalized to show the typical intensities found in high pressure
experiments.
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Figure 2: Pressure evolution of the D, G and 2D-bands for the bundles samples of the two experiments. In the nitrogen experiment
both compression (a} left) and decompression (b] right) are shown. It has not been possible to record the decompression cycle for
the alcohol experiment (c|) so only the compression is shown. A color gradient bar shows the pressure values at which the spectra
have been recorded. The insets show the D-band spectra obtained before and after the cycle, and at the maximum pressure for the
two experiments. All the spectra are normalized to the G-band maximum value at each pressure point.
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the nanotubes face difficulties to inflate back to their
cylindrical geometry, stable at low pressure. Such
difficulties may originate from the additional energy
barrier introduced by the van der Waals interaction
between walls in the nanotube collapsed state.

Supporting evidence towards our description of
the phenomenon can be found when looking into the
behaviour of the 2D-band. The latter is an interesting
probe as it is not directly connected to the presence
of defects in the sample. Moreover, modifications
in the electronic structure induced by pressure which
may affect the intensity of the D-band of the CNT’s
would similarly affect the 2D-band [29]. We observe
in Figure [2] that the intensity of the 2D-band evolves
in a completely different matter compared to that of
the D-band. For what concerns the Nitrogen experi-
ment we observe a rather flat response of its intensity
with pressure both in the compression and decom-
pression cycles. The initial spectrum at ambient pres-
sure (Figure[2a) is the only spectrum featuring a con-
siderably lower intensity. We must note, however,
that this spectrum has been acquired before the PTM
loading when the SWCNTS are subjected to different
environmental conditions compared to the rest of the
pressure run. In the Me:Et experiment (Figure
we again find a dissimilar trend in the evolution of
the 2D-band intensity when compared to that of the
D-band. In this case, the 2D-band intensity is de-
creasing with pressure. The detailed description of
the evolution of the 2D-band with pressure is beyond
the scope of this paper. However, those evidence in-
dicates that the origin of the increase of the D-band
intensity can not be associated with electronic struc-
ture modification with pressure but rather a defect-
free induced D-band due to the change in geometry
of the CNTs.

To proceed further in the analysis, all the spectra
are fitted using Lorentzian functions for both the D
and G-bands (see SI). In the following, the ratio be-
tween the area below the D-band and the area below
the G-band components, Ap/Ag, has been used to
quantitatively follow the tubes’ collapse. In Figure 3|
we can find the evolution of Ap/Ags as a function of
pressure which further illustrates the hysteresis cycle
previously discussed. In addition to that we observe a
sudden step in the Ap/As values during decompres-
sion, close to the solid-liquid N, PTM phase transi-

tion at 2.5 GPa. This may be associated with the col-
lapse of those CNTs which were in a metastable state
due to non-hydrostatic pressure in the solid phase.
Previous high-pressure studies reported irreversible
D-band changes in recovered samples compressed
above 10 GPa. The origin of the D-band was at-
tributed in this case to shear forces damaging the
tubes at high pressure [30]. On the other hand, re-
versible changes in the D-band have been previously
reported in axially strained carbon nanotubes up to
5% strain [27/]].

The nanotube’s collapse can be cross checked us-
ing the RBM signal drop in intensity which has been
reported and well characterized [31]]. This was only
possible using Me:Et as PTM due to the strong ro-
tational spectrum of N, present in the RBM region.
Figure 4a) and Figure [4b] show the pressure evolution
of respectively the Raman spectrum and the peak in-
tegrated areas for the most prominent RBMs. For
all diameters we find a first sudden intensity drop
at the early stages of compression as previously re-
ported [31]]. The RBM area becomes then rather con-
stant up to 1.4 GPa. Above this pressure RBM peaks
corresponding to diameters from 1.4 to 1.7 nm dis-
appear with only the 1 nm tube signal still present
at the highest pressure. This threshold pressure of
1.4 GPa, attributed to the collapse of these SWCNTs,
is compatible with the reported one in literature [31],
beside the 1.4 nm tube which was expected, follow-
ing a modified Levy-Carrier law [8], to collapse at
slightly higher pressure (3.2 GPa). These correlated
observations strengthen our interpretation of D-band
intensity as a probe of the CNT changes in shape.

To complete the exploitation of the spectra, fur-
ther analysis have been carried out on the pressure
evolution of the bands frequency. The G*-band shift
with pressure in SWCNT have been extensively stud-
ied [22]].The fitted D- and G-band positions as a
function of pressure are presented in SI. We mea-
sured a linear G-band shift with pressure between
~ 5and ~ 7.3 cm™!GPa™' for the majority of the
bands. Slightly higher slopes are observed when ni-
trogen was used as PTM when compared to alco-
hol as PTM. For what concerns the D-band pres-
sure coefficient we obtain the comparable values of
7.4+0.7 cm™'GPa™' and 7.1+0.1 cm™'GPa™"' for bun-
dles in 4:1 Me:Et and nitrogen PTMs respectively.
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Figure 3: Pressure evolution of the ratio between the area of
the D-band and the area of the G-band, Ap/A¢ , for the experi-
ments using dry transferred CNT bundles. Blue points show the
data in the case of Methanol:Ethanol as PTM and orange in the
case of Nitrogen. For the latter, solid points are acquired during
compression and the empty ones during decompression. Lines
are introduced as a guide to the eye.

These values can be compared with those found in
literature for bundles of argon-filled tubes of 1.4 nm
tubes which gave 5.5 cm~'GPa™! for pressures be-
yond 15 GPa [13]].

The use of nanotube bundles has the advantage of
simple deposition and of giving an intense Raman
signal due to the high number of probed tubes. On
the other hand, this only allows a description of the
average behaviour of the population of tubes present
in the bundle. In particular, when dealing with the D-
band, we have a weak dependency of its frequency
with the nanotube diameter and thus all tubes con-
tribute to the D-band signal. To characterize more ac-
curately the geometrical transition introduced by the
tube’s collapse, we need to narrow down the distri-
bution of probed SWCNTSs going towards the study
of individual SWCNT. This is experimentally very
challenging in high pressure experiments due to the
signal reduction introduced by the presence of the
anvils and PTM in the optical path. We achieved the
pressure study of a single chirality by dispersing the
SWCNT powder in an organic solvent at a high dilu-
tion rate and drop casting the solution on the anvil
surface (see SI). The most likeable assignment of
the studied SWCNT chirality was identified as (16,8)
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Figure 4: @) Pressure evolution of the tubes’ RBMs obtained
during the experiment using 4:1 Me:Et as PTM. Lorentzian
functions are used to fit the individual RBMs (blue lines) on the
background subtracted data (black dots). The low frequency
spectrum is polluted by the air rotational spectrum (grey lines).
Additional blue vertical lines are added as a guide to the eye to
match each RBM at ambient pressure with their diameter. (b)
Blue dots show the evolution of the individual RBMs area with
pressure. The area is normalized to the point at 0 GPa. A red
horizontal line at zero intensity helps to visualize the disappear-
ance of the RBMs. A light blue rectangle highlight the region
where the intensity goes to zero. Gray dashed and solid vertical
lines show the beginning and the end of the collapse calculated
using the modified Levy-Carrier prediction [8].



by measuring the tube diameter using the RBM and
matching it onto the excitonic Kataura plot [32] (see
SI). The probed Raman signal can correspond to an
isolated single or few tubes of the same chirality, or
to a small isolated bundle comprising this chirality as
the most optically resonant one.

The evolution of the G and D-band spectra with
pressure for this sample is shown in Figure [Sal A
clear transition is observed around 2 GPa. A drop in
intensity of the overall signal is evidenced, marked
by the increase of the signal to noise ratio as well as
the relative augmentation of the intensity of the oxy-
gen peaks around 1550 cm™'. This can be related
to the theoretically predicted modification in Raman
signal that the nanotubes experience at collapse due
to drastic modification of the electronic band struc-
ture [33]. The latter is also confirmed by the disap-
pearance of the 2D-band at the same pressure (see
Figure S4 in SI). In order to improve the quality of
the data the acquisition time has been doubled for
the spectra acquired at pressures higher then 2 GPa.
The Ap/Ag ratio shown in Figure [5b| experiences
a change in behaviour between 1 and 2 GPa where
after an initial flat response it rapidly increases un-
til stabilizing to a higher value. We thus assigned
those two thresholds of pressure to the beginning
and the end of the collapse of this specific chiral-
ity. Between those two values the SWCNT under-
goes a transient phase where it is found to be in an
intermediate geometry. A small step increase is also
observed around 0.4 GPa in Ap/As . The most prob-
able origin of this increase is that a weakly resonant,
larger diameter chirality, not identifiable in our RBM
spectrum, is also present in the sample and partially
contributes to the evolution of Ap/As with a collapse
at low pressure.

The nature of the intermediate state cannot be de-
fined from our results. The abundant modelling of
the pressure induced radial collapse shows a num-
ber of intermediate states between the circular cross-
section and the collapsed geometry including race-
track or polygonised shapes. Macroscopic models
and molecular dynamics modelling in carbon nan-
otube bundles show that the collapse process extends
in a large pressure domain in which mixed geome-
tries can be found in the bundle [8]].

Due to the impossibility of measuring the RBMs

in this dispersed tubes experiment, a direct compar-
ison with their signal is not possible. We could,
however, extract the RBM intensity evolution corre-
sponding to the (16,8) tube from the bundle exper-
iment in Me:Et PTM and overlap it in Figure [5b|
An excellent agreement in the measured collapse
pressure is found using the two independent meth-
ods. The collapse region defined in Figure [Sb| also
agrees with the modified Levy-Carrier prediction [8]
which for a (16,8) tube gives an onset of the col-
lapse pressure of 1.2+0.2 GPa and a collapse end of
1.8+0.2 GPa.

4. Conclusion

We performed high pressure studies on SWCNT
bundles at high pressure using a sapphire anvil cell.
This allowed us to follow the evolution of the tubes
Raman D-band with pressure. This is a rarely stud-
ied feature of carbon based materials in high pres-
sure experiments due to an important overlap with
the diamond Raman signature, the latter being the
most common material for the fabrication of high
pressure anvils. Our study confirms that sapphire
anvil cells are a powerful tool for the in-situ monitor-
ing of structural modification of carbon-based mate-
rials. Our results show the appearance of a defect-
free Raman D-band stemming from the CNT radial
collapse with pressure. We find the process to be
reversible leaving the samples undamaged after the
pressure cycle in hydrostatic and quasi-hydrostatic
pressure conditions. Our study provides a clear ad-
ditional confirmation of the capability of using the
Raman D-band to detect the collapsed geometry in
carbon nanotubes [3l]. Importantly, we performed
studies on isolated CNTs which allowed us to fol-
low the behaviour of a single chirality with pressure.
This demonstrates the use of D-band as an efficient,
fine new spectroscopic signature of the tube’s pro-
gressive and reversible collapse with pressure, and
more generally its geometrical state. It provides a
direct proof of the collapse identified by the appear-
ance of a new signature thus avoiding eventual prob-
lems connected to loss in signal, resonance or par-
asite background that might affect the usual RBMs
analysis. This original probing method opens up new
roads for the study of CNT shape evolution induced
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molecule inside and outside the cell. (b) The orange dots show the evolution of the corresponding Ap/Ag as a function of pressure.
The steep increase in the ratio noticed between 1 GPa and 2 GPa is highlighted by the light orange rectangle area. Overlapped,
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evolution of the data in the two cases.

by pressure, potentially resolved at the single nan-
otube scale to unveil chirality and local environment
effects. This can foster theoretical studies to better
understand the defect-free Raman D-band processes
in relation to the cross-section shape and curvature
of nanotubes.
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