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ABSTRACT

The structural behaviors of single-walled carbon nanotubes (SWNTs) along the radial direction are criti-
cal to the cross-sectional phase transition, elastic recovery, and band structure engineering. Previous static
pressure studies have established a clear picture on the structural behaviors of SWNTs that governed by
the Lévy-Carrier law. But when the pressurization becomes dynamic, there lacks a fundamental under-
standing of the structural properties of SWNTs along the radial direction. Here, different from static (<
1 GPa/s) and shock compression (> 107 GPa/s), we gain new insights on the phase transition, recov-
ery dynamics and energy dissipation of SWNT bundles with a median diameter of d; ~1.4 and ~0.8 nm
under modest dynamic pressures in two common pressure mediums (4:1 methanol-ethanol mixture, sil-
icone oil). Upon single ramp compression (ramp rate in an order of magnitude of ~10-10> GPa/s), the
lineshape and intensity changes of Raman spectra induced by the dynamic effect of hydrostatic stress
are commonly observed, suggesting different structural behaviors compared with static pressure results.
Unexpectedly, the pressure-induced defects are not found in cyclic ramp compressions up to 10° cycles,
showing high structural stability to dynamic loading. The corresponding recovery dynamics and energy
dissipation mechanism of SWNTs under varying dynamic conditions are also discussed. By analyzing the
shear strain potential, distinct dynamic effects of hydrostatic pressure on the SWNTs in two pressure
mediums are quantitatively unveiled.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

static high pressure has been studied by numerous theoretical
and experimental efforts. Continuum elastic mechanics predicts

Pressure modulation of the radial structure and property
of single-walled carbon nanotubes (SWNTs) offers interesting
perspectives for mechanical resilience and energy storage [1],
structural phase transition [2,3], semiconductor-metal transition
[4,5], and strain-dependent band structure engineering [6]. One of
the most important pressure effects on SWNTs is pressure-induced
geometrical deformation of its cross section. This effect under
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that radial collapse pressure, Pc, depends on nanotube diameter
d;, following the Lévy-Carrier law, P. ~ d;=3 [7,8], or other power
law forms [9,10]. Recently, new insights on collapse phase dia-
gram of CNTs have been gained at multiscale levels by Magnin
et al. [11]. Large enough d; (>2.5 nm) will lead to structural
collapse/flattening induced by van der Waals (vdW) interaction
at ambient pressure [12,13]. Experimentally, a number of static
pressure works suggest, for example, a structural phase transition
at P ~2 GPa for a commonly used (10,10) nanotube with d;
~1.35 nm according to a complete quenching (disappearance) of
radial breathing mode (RBM) [14,15], or the frequency anomaly of
squash mode (wgy <100 cm~1) [16]. At higher pressure (>10 GPa),
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more structural transitions were also reported according to the
frequency shift anomaly or plateau-like behavior of tangential G
mode [17-19]. Overall, previous results have promoted a picture
of structural transition of SWNTs under static pressure, that is,
following a sequence of circular, polygonal (for bundles), oval,
peanut-like cross-sectional shapes as pressure increases. In addi-
tion, high resilience for the middle (1 nm < d¢ < 2 nm) and small
(< 1 nm) SWNTs were also observed after radial deformation. Yet,
unfortunately, structural defects or lattice disorder would simul-
taneously generate even in elastic deformation, and the recovery
might be slow [19-21]. Compared with static process (isothermal),
modest dynamic pressure, an intermediate state between isother-
mal and shockwave adiabatic process, not only prevails in natural
evolution, but also in condensed matter physics and materials
science [22-24]. As a nascent field, new insights have been gained
in phase transition kinetics and metastable phase research, e.g.,
water [25,26]. So far there has been a relatively small number of
studies regarding dynamic structural and mechanical properties of
SWNTs, most of which were based on micropillar samples made
by vertically aligned carbon nanotube (VACNT) arrays, and thus
obtaining an extrinsic, collective property of massive nanotubes
[27-30]. Moreover, such cyclic or fatigue measurements were per-
formed by uniaxial stress along the axial direction of nanotubes.
It was found that its viscoelastic, strain-rate-dependent recovery
and energy dissipation mechanism is dominated by the synergistic
contribution of axial C-C stiffness, radial elasticity and preexist-
ing defects. For example, a recent report on fatigue behavior of
ultralong SWNTs showed that the fatigue resistance depends on
the creation of its first defect [31]. With the fast growing R&D of
SWNT-based applications, e.g., artificial muscles [32], there is still
an urgent need to explore the intrinsic, radial response of SWNTs
to dynamic load, and some fundamental questions are expected to
be answered: 1) Are radial structural and vibrational properties of
SWNTs compression-rate-dependent? 2) Does the triangular lattice
of SWNTs deteriorate, or, how pressure-induced defects behave
during varying dynamic compressions?

In this work, we scrutinize the main vibrational modes (RBM,
D and G) of the SWNTs with two median diameters, d; ~1.4 and
~0.8 nm, under varying dynamic conditions by using dynamic
moissanite/diamond anvil cell (d-MAC/DAC) coupled with in situ
time-resolved Raman spectroscopy (Fig. 1). Two common pressure
transmitting mediums (PTM), 4:1 methanol-ethanol mixture and
silicone oil, were used to probe the influence of hydrostaticity.
Prior to the dynamic experiments, we also performed static pres-
sure tests for comparison. Our results show that there does exist
the dynamic effect of hydrostatic pressure which varies with the
peak pressure and ramp rate. Moreover, the structural behaviors
of SWNTs have been investigated under cyclic ramp compressions
with varying conditions. We particularly focus on the recovery dy-
namics and energy dissipation of SWNTs under single and cyclic
ramp compressions. The dynamic effect on pressure-induced vol-
ume deformation of SWNTs is analyzed theoretically and can be
well explained by the introduction of shear strain. In each section,
the possible influence of PTM is also concerned.

2. Materials and methods

Sample information. Two commercial high-quality SWNT bun-
dles with nanotube content >95% are used in this work (see Fig.
S1 in supporting information, SI). The (6,5) enriched SWNTs with
a small diameter distribution (~ 0.8 + 0.1 nm) and a median
length of ~1 pum, is produced by CoMoCAT method (773,735%#,
Sigma-Aldrich). The second sample exhibits a diameter range of
1-2 nm and a wide length distribution of 5-30 um, is produced
by floating catalytic method (C140992#, Aladdin). Raman spec-
troscopy shows that two samples are highly homogeneous, and the
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large d; sample is estimated to be ~1.35-1.77 nm with a high con-
tribution from those tubes centered ~1.42 nm, according to the in-
verse proportion of RBM frequency to tube diameter for a bundle,
wrem = 234/d + 10 [33]. The possible chirality can correspond to
either (12,12) armchair tubes or (13,11), (12,9), (11,10) chiral tubes,
or any other appropriate combination of (n, m). At ambient con-
dition, the tangential G band consists of three (1563, 1573 and
1594 cm~') and four (1502, 1525, 1544 and 1594 cm~!) symmet-
ric Lorentzian subpeaks for the ~1.4 and ~0.8 nm samples, respec-
tively (Fig. S2).

Dynamic and static pressure experiments. Symmetric
moissanite and diamond anvil cells (MAC/DAC) with 300 um
anvil culets were used for different purposes. The SWNTs powder
was loaded into the sample chamber with a diameter of ~150 um
in a stainless-steel gasket with an indented thickness of ~70 pm.
A small piece of ruby was added as pressure marker according to
the redshift of R1 line. Silicone oil and 4:1 methanol-ethanol mix-
ture was used to probe the influence from the PTM. In particular,
silicone oil was only used for cyclic ramp compression due to the
volatility of methanol-ethanol mixture. The dynamic pressure is
realized by the piezoelectric (PE) actuator and the PE drive is taken
by PE power supply and is controlled by arbitrary function gener-
ator [22]. In this work, we utilized d-MAC/d-DAC that incorporates
three PE actuators into a MAC/DAC for controllable dynamic
loading (Fig. 1a). More information about this novel dynamic
loading device is available in a recent paper [34]. The modulation
parameters of dynamic load could be precisely controlled by
adjusting the waveform of input signals to PE actuators. In fact,
to operate a dynamic test, three modulation parameters usually
need to be set up, that is, the pressure of precompression (Ppre),
peak pressure (Pmax), and ramp time (At), as shown in Fig. 1b.
The ramp (compression) rate can be obtained by these three
quantities (see the inset of Fig. 1b). For cyclic ramp compression,
another two parameters are added, namely, pressure oscillation
(Pmax—Ppmin), and cycle number. It should be noted that the P, is
an uncontrollable parameter that depends on the elastic property
of the gasket. On the other hand, to describe the extreme degree
of dynamic process, two key parameters, i.e.,, peak pressure and
ramp rate, in unit of GPa and GPa/s, respectively, are sufficient.
The Pieease indicates the pressure of sample decompressed close
to an ambient condition. We employed a function generator and
a power amplifier to tailor the input signal and a digital delay
generator to operate synchronously the d-MAC/d-DAC, a CCD
detector, and an oscilloscope. In Fig. 1c, different cross-sectional
lattices of SWNTs correspond to the respective pressure-induced
structural deformation along the load-unload pathway. In partic-
ular, we deliberately designed the pressure oscillation of cyclic
ramp compression performed over the P. - the critical collapse
pressure, in order to see the influence of structural collapse on the
formation of defects during long cyclic ramp loading.

TEM Characterization. High-resolution transmission electron
microscopy (HRTEM) morphology was obtained by using a JEM-
2100 with acceleration voltage of 200 kV and a resolution of
0.23 A. Our TEM observations show that two SWNTs mostly ag-
gregate into bundles and are half open-ended. The cross-sectional
geometry of a bundle is, respectively, part of polygonization and
circular for di ~1.4 and ~0.8 nm samples due to larger stiffness
for smaller tubes (Fig. 1d and Te).

Raman spectroscopy. Raman scattering excited by 2.33 eV laser
(wavelength 532.5 nm) was employed to characterize the vibra-
tional property. The spectra were recorded in a backscattering ge-
ometry by a Renishaw Raman microscope with a resolution of 1.5
cm~!. The laser power tuned in a range of 10-25 mW was focused
on the sample through a 50x objective. No polarization analyzer
was used, so that light polarized both perpendicular and parallel
to the scattering cross section was collected. To make sure a good
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Fig. 1.

(a) Schematic of the dynamic moissanite anvil cell (d-MAC) combined with time-resolved Raman spectroscopy. (b) An example of the voltage-driven trapezoidal

waveforms for single and cyclic ramp compressions. The key pressure parameters include the pressure for precompression (Ppre), peak pressure (Pmax), pressure oscillation
(Pmax—Ppin), and pressure release (Piejease). Other parameters related to time include ramp time (At) or ramp rate (AP/At). (c) Four circle insets showing different cross-
sectional lattices of SWNTs correspond to the respective pressure-induced structural deformation along the load-unload pathway. (d) and (e) shows the TEM image of the

cross-sectional lattice of d; ~1.4 and ~0.8 nm SWNTs, respectively. Scale bars: 10 nm.

reproducibility of data, the Raman spectra from 3 to 5 sites were
randomly monitored in each test. In particular, the G-mode data
obtained in the MAC was processed by carefully subtracting the
low-intensity, asymmetric peak from the moissanite in the region
of 1500-1550 cm~!. The subtracted spectrum coincides well with
those from DAC, as shown in Fig. S3.

3. Results

Phase transitions under static pressure. We first present a
brief summary of phase transition identification through RBM and
G modes for both samples under static pressure in two PTMs in
Fig. 2 and the raw Raman spectra are given in Fig. S4. Prior static
pressure experiments on SWNTs, in particular with d; ~0.8 and
~1.4 nm as we used, have been extensively reported [20,21,35,36].
The widely used method to determine a phase transition is via the
discontinuity of Raman frequency shift where a different pressure
coefficient - the slope of Raman frequency as a function of pres-
sure, occurs below and over such point. However, such disconti-
nuity is sometimes not very obvious, instead a plateau was ob-
served in some reports [26,29]. This plateau could be indicative of
a narrow phase transition region as well. Combined with the re-
ported results for ~0.8 and ~1.4 nm samples at similar conditions,
that is, the PTM, laser wavelength, and our data, we determined
those discontinuities (anomalies) as shown in Fig. 2. The criterion
is either the change of pressure coefficients which values, in units
of cm~1/GPa, are also given on the upper of Fig. 2, or a spectral
plateau. Note that the determination of those anomalies is based
on the Raman data obtained in 4:1 methanol-ethanol mixture (red
circles in Fig. 2a-2d). In addition, the error bars for the frequency
shift and pressure are added according to the standard deviation
of the Lorentzian fitting of G bands and the uncertainty of pres-
sure determination by ruby, respectively. The RBM frequency up-
shifts with increasing pressure, concurrently with a drastic inten-
sity reduction observed at ~3.7 and ~4.7 GPa for the ~1.4 and
~0.8 nm samples, respectively, though the signal quenching can
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Fig. 2. Raman frequency shifts of RBM and G mode for the SWNTs under static
pressure in 4:1 methanol-ethanol mixture and in silicone oil. (a, b) d; ~1.4 and (c,
d) ~0.8 nm SWNTs. The rectangles indicate narrow pressure regions of pressure-
induced anomalies that are related to possible phase transitions. The values of pres-
sure coefficients for the Raman data obtained in 4:1 methanol-ethanol mixture (red
circles), in units of cm~'/GPa, are also provided at the top of each panel.

be resolved up to 5-6 GPa (Fig. 2a and c), consistent with the ob-
servations by Merlen et al. [37,38]. A comparison of our data in
Fig. 2a with the model I by Venkateswaran et al. may support that
the bundle is subjected entirely to the external compression (see
the inset of Fig. 2a) [15]. For this ~1.4 nm SWNTs, the responses
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of RBM to two PTMs are considerably divergent and the pressure
coefficient changes significantly with pressure increases, showing
high sensitivity of these radial modes to pressure and hydrostatic
environment. In contrast, the upshifts of RBM for ~0.8 nm SWNTs
under pressure in two PTMs are quite similar and gentle (Fig. 2c).
This stability derives from the higher stiffness of small tubes. The
tangential G mode also upshifts under pressure, with a detectable
intensity up to ~16 and ~22 GPa for ~1.4 and ~0.8 nm SWNTs
in 4:1 methanol-ethanol mixture, respectively (Fig. 2b and d). In
silicone oil, the complete quenching pressure of G mode is obvi-
ously lowered because of poor hydrostaticity. When the pressure
is released, the RBM and G mode could partially recover. The rea-
son was once considered an irreversible reduction of the transla-
tion order in the triangular lattice of a SWNT bundle, but recently
new insight was proposed according to a slow recovery dynamics
[20,39]. Those rectangle regions in Fig. 2 denote narrow pressure
regions of pressure-induced anomalies that are related to possi-
ble phase transitions. The first anomaly for the RBM of ~1.4 nm
SWNTs takes place near ~1 GPa, followed with an obvious de-
crease of pressure coefficient at ~3.5 GPa, which is the second
anomaly. The first anomaly is usually assigned as a phase tran-
sition from circular to oval or a polygonal shape as observed by
Raman spectroscopy [14,15,17,40], infrared spectroscopy [41], opti-
cal absorption spectroscopy [42], and neutron diffraction [43]. At
~5 GPa, the RBM of ~1.4 nm sample in two PTMs quenches com-
pletely. Similarly, the first anomaly of G mode of this sample is also
observable at 1-2 GPa (Fig. 2b), in a good agreement with the re-
sults of RBM. Near ~8 GPa, a small plateau is shown as an indica-
tion of oval to peanut-like transition [17,44], or the symmetry loss
of triangular lattice for the bundles [45]. The pressure coefficient
of G mode exhibits a small decrease at higher pressures, reflecting
that its structural behavior seems less influenced by pressure and
the PTM. We attribute this phenomenon to the closely packed lat-
tice and stronger intertubular interaction as evidenced by the TEM
characterization (Fig. 1d), as well as by the theoretical calculation
by Tersoff and Ruoff [12]. In a stark contrast, the frequency shift of
G mode for ~0.8 nm sample behaves like a less compressible ma-
terial above ~8 and ~16 GPa in silicone oil and in 4:1 methanol-
ethanol mixture, respectively [36,37,46]. Thus the first structural
transition below 10 GPa may also follow the sequence of cross-
sectional transition, while the structural collapse or the formation
of interlinked structures, may be responsible for the anomaly over
10 GPa [40,42].

Single ramp compression behaviors. Compared with static
pressure results, the dynamic effect of hydrostatic pressure ap-
pears in all compression tests (Fig. 3). At approximate pressure, the
change of G-mode lineshape and intensity becomes more promi-
nent with the ramp rate increases. In particular, drastic intensity
reduction of G mode was shown for those samples compressed in
silicone oil at the most rapid rate. However, according to the di-
rect observation of D mode, no obvious change of Ip/Ig ratio which
is related to deformation-induced structural defect or lattice disor-
der was observed in silicone oil under all dynamic conditions as
shown in Fig. S5. Note that there exists a certain amount of pre-
existing defects according to a clear profile of D mode with the
Ip/lg of ~0.046. By the most rapid compression (~7700 GPa/s), the
Ip/lg of ~0.8 nm SWNTs goes to 0.075 and the G mode quenches
at nearly ~8.8 GPa (Fig. 3e), also far below the static result of
~22 GPa. The static and dynamic compression results of RBM for
~0.8 nm sample are also given in Fig. S6, while the RBM profiles
for ~1.4 nm sample is not available since the overlap of a strong
peak at 149.6 cm~! from the moissanite and our samples (~142-
185 cm~1). The Raman profiles of G mode of both samples before
and released from those compressions under other dynamic con-
ditions (medium- and low-rate) are compared in Fig. S7. The re-
covery hysteresis for both samples tend to be more remarkable
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Fig. 3. Comparison of the G-mode profiles, the G* frequency shift and the FWHM
of SWNTs under static and single ramp compressions with different ramp rates
in 4:1 methanol-ethanol mixture and in silicone oil. (a, b, ¢) di ~1.4 and (d, e, f)
~0.8 nm SWNTs.

when the ramp rate becomes faster. Lebedkin et al. reported the
pressure-induced irreversible damage of d; ~0.7 and ~1.4 nm de-
bundled nanotubes occurs below the dramatic cross-sectional dis-
tortion (collapse) [47]. They found that the Ip/Ig ratio goes as high
as 0.42 from 0.09 for the pristine sample after a compression up to
8 GPa for 10 min and they attributed this to the formation of mas-
sive kinks in structure. However, no obvious irreversible structural
transition was observed below 13 GPa, but some permanent dam-
age could be further induced by a high pressure in a wide range
of ~20-30 GPa by the results of Yao et al. [19,21,40]. Yao et al.
found that two starting SWNTs with the Ip/lg ratio of 0.06 and
0.007 showed a different capability of resilience after a decom-
pression from a high pressure of 30 and 16 GPa (Ip/Ig ~0.87 and
0.13), respectively. A recent study by Shen et al. investigated care-
fully the contribution of different types of defects to the pressure-
enhanced D mode, and discussed the recovery dynamics [20]. Their
results showed that the intensity and lineshape of D mode was to-
tally changed by a pressure of 4 GPa, though all components re-
turn within small margins to original ones. The Ip/I; ratio changes
from 0.19 (ambient) to 0.47 (4 GPa). In contrast, we do not ob-
serve a pressure-induced multi-peaked asymmetry of D mode in
this work, thereby we interpret that the difference of our results
derives from the sample configuration they used. In fact, another
work of shock wave compression behavior of double-walled car-
bon nanotubes by Mases et al. may support our results. The au-
thors found minor damage can be detected below a threshold of
19-26 GPa under shock compression [48].

To survey the dependence of Raman scattering of SWNTs on
ramp rate, the frequency shift and the full width at half maxi-
mum (FWHM) of the most intense G subpeak (G*) as a function of
ramp rate are plotted in Fig. 3c and f. The responses of two SWNTs
to peak pressure, ramp rate and PTM are different. For ~1.4 nm
SWNTs, the Gt frequency shift demonstrates a more significant
influence by peak pressure, rather than ramp rate. On the other
hand, the broadening of G™ subpeak seems more obvious in sil-
icone oil, leading to a larger change of FWHM of ~30 cm~!. For
~0.8 nm SWNTs, the influence of silicone oil is more prominent
even at low pressure near 5 GPa. In 4:1 methanol-ethanol mixture
with a better hydrostaticity, the effect of dynamic loading can be
also seen via a frequency upshift of ~10 cm~! for the cases at low-
to high-rate compressions. In contrast to larger tubes, the FWHM
of ~0.8 nm sample shows a very small change of ~4 cm~! from
low- to high-rate compression.
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of the sample under different conditions as indicated. (d) shows the G* mode fre-
quency shift and the FWHM versus ramp rate.

Cyclic ramp compression behaviors Fig. 4a exhibits the exper-
imental variables of cyclic ramp compression for ~1.4 nm sample,
including peak pressure (Pmax), pressure oscillation (Pmax—Ppin),
ramp time (At) and cycle number (N). All cyclic tests were in-
tended to be performed in silicone oil to avoid pressure release
due to the easy volatilization of alcohols. The most extreme con-
dition is given as follows: Pmax ~5.7 GPa, Pmax—Ppin ~1.2 GPa,
At ~10 ms, and N ~10° cycles. As shown in Fig. 4b and c, the
D and G modes of ~1.4 nm sample under different cyclic condi-
tions are compared. No obvious change of D mode was found in
all test conditions, showing high structural stability. The lineshape
of G mode reveals a slow broadening as pressure and ramp rate
increases. By the change of the frequency shift and the FWHM in
Fig. 4d, we found this ~1.4 nm sample is rather stable to pres-
sure, ramp rate and cycle number. Fig. 5a exhibits the experimental
variables of cyclic ramp compression for ~0.8 nm sample as well.
The most extreme condition is listed as follows: Pmax ~6.4 GPa,
Pmax—Ppin ~1.0 GPa, At ~10 ms, and N ~105 cycles. In Fig. 5b,
there is a very small increase of Ip/Ig ratio after above cyclic com-
pression which is indicative of very few pressure-induced defects.
Furthermore, the recovered Raman lineshape matches well with
that of the starting sample, though a spectral broadening occurs
during compression as well. In addition, the cyclic behavior of RBM
for ~0.8 nm sample also shows a full recovery as shown in Fig.
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S6. In subsequent tests, we failed to raise pressure and ramp rate
since the MAC was broken by the abrasive scratches formed on the
culet’s surface during cyclic compression. In other words, the ex-
perimental limit allowed for cyclic experiments is far below the
strength limit of moissanite anvils capable of a static pressure over
50 GPa [49]. Generally, our results demonstrate a faster recovery
process of SWNTs under dynamic compression. In a stark contrast,
the increase of D intensity upon static deformation recovers slowly
to ambient condition [20]. The average Ip/Ig ratio for the ~1.4 and
~0.8 nm SWNTs after 105 cyclic compressions is 0.024 and 0.05,
respectively, compared with 0.009 and 0.042 measured from the
pristine samples. Different from the single ramp compression, no
obvious loss of G-mode intensity was observed in Fig. 4 and Fig. 5.
We account for the lower peak pressure applied in those cyclic
tests. Other G-mode profiles of the samples before and after cyclic
ramp compression (N ~10% and 103 cycles) are also compared in
Fig. S8. An unusual phenomenon that a larger G-mode intensity of
the recovered sample relative to the starting sample for ~0.8 nm
SWNTs was even observed and the reason needs further clarifi-
cation. Shen and Zerulla recently performed repeated static com-
pression (3 cycles) on the same ~0.8 nm SWNTs as we used. They
found that SWNTs was fully reversible to 4 GPa but within a long
recovery time ~100 min [20]. Our results provide new evidences
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that the SWNTs subjected to dynamic and cyclic loading possess
faster recovery capability and ultrahigh structural stability.

4. Discussion

The role of PTM under dynamic pressure. The issue of PTM
effect on structural behaviors of CNTs has been widely studied
in terms of either surface adsorption or internal filling of PTM
molecules. The Raman evidence by Amer et al. supported an ad-
sorption mechanism, rather than a collapse mechanism, to explain
the extended spectral plateaus of tangential G mode observed [50].
Different from Amer et al., Proctor et al. found that the penetration
of PTM molecules into the interstitial spaces between nanotubes
in a bundle plays a key role in the nanotube’s response to ap-
plied hydrostatic pressure, and some solvents, e.g., hexane and bu-
tanol, could not absorb onto the nanotube surface at low pressures
[51-53]. The experimental results by Merlen et al., however, sug-
gested that a negligible effect of PTM on RBM, but the tangential
G mode is strongly affected by the PTM. Furthermore, their results
supported a picture that the alcohol molecules should not enter
the tubes [37]. Honda et al.’s result was nearly opposite to that by
Merlen et al. They concluded that, an increase of RBM frequency
shift with the molecular weight of the solvents - the so-called
choking effect, while the G mode is insensitive to solvent adsorp-
tion [54]. But the dependence of G mode transition upon molecular
weight of solvents was reported by Gao et al. [55]. Using analytical
methods and molecular dynamics simulation, the surface absorp-
tion mechanism of PTM molecules for RBM upshift under pressure
was verified by Longhurst et al. [56]. According to the work by
Abouelsayed et al., the infrared absorbance spectra of SWNTs un-
der pressure exhibits a pressure-induced shift for all cases of PTM
employed [57]. The role of PTM only affects the critical pressure
P quantitatively. The authors thought that the intercalation or ad-
sorption of argon and helium could prevent the deformation of the
tubes, thus they expected the absence of an anomaly. Neverthe-
less, an anomaly was observed in all cases, and they questioned
the proposed importance of PTM regarding the occurrence of the
structural transition. Yao et al. found that the intercalation or ad-
sorption of the PTM, like argon, could prevent the deformation of
the tubes and thus affect the reversibility of the SWNTs decom-
pressed from high pressures [21]. The comparison of high-pressure
experiments with and without methanol-ethanol mixture in their
previous work also supports this conclusion [19]. The recent work
by Bousige et al. gives new insight on understanding the molecule
filling in CNTs [35]. The authors provide a new spectroscopic sig-
nature to determine the onset pressure of collapse - the pressure
at which G mode softens while RBM vanishes. According to prior
studies as mentioned above, the filling effect of PTM can be ex-
tracted from the relative changes of continuous spectral shift in
comparative static pressure tests with different PTMs. But the data
collection of dynamic experiment will invalidate this method since
the dynamic data only includes a starting and a final point. So, we
could take another way to estimate the filling of PTM molecules,
that is, the structural reversibility of deformed nanotubes. As men-
tioned above, molecule filling could lead not only to an enhance-
ment of collapse pressure, but also to a higher structural reversibil-
ity when the pressure is unloaded. As shown in Fig. S7, the com-
plete reversibility of single-ramp-compressed nanotubes deterio-
rates when the ramp rate become higher. This evidence implies
that dynamic compression with a ramp time less than 100 ms is
too short to make a complete diffusion of PTM molecules into the
internal space of nanotubes. Therefore, the pressure-induced de-
formation in the empty region of nanotubes may be severe. This
tentative conclusion can rationally explain the reason for the re-
markable reduction of G mode intensity as well. In this sense, it is
reasonable to speculate that cyclic dynamic loading may be favor-
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Fig. 6. Recovery dynamics of the SWNTs under single and cyclic ramp compressions
determined by the Ip/Ig ratio versus relaxation time. All cases presented are the
results obtained under the most extreme condition of each group in silicone oil. The
reference data is reproduced from the static pressure results for ~0.8 nm SWNTs by
Shen and Zerulla.

able for the continuous insertion of liquid molecules, thus resulting
in higher structural reversibility. The Raman results for ~1.4 nm
sample in Fig. 4, S8a, S8b agree well with the speculation. With
cyclic number increases up to 10°, the Raman profiles of G mode of
decompressed ~1.4 nm sample can almost recover to the original
one. Different from ~1.4 nm SWNTs, all cyclic compressed samples
with d; ~0.8 nm show a full reversibility regardless of loading con-
ditions (Fig. 5, S8¢, S8d). This result may suggest that the molecule
insertion to ~0.8 nm nanotubes can rapidly achieve by cyclic load-
ing due to a short length and weak bundling of small nanotubes.
To verify clearly this issue of PTM’s role in dynamic loading, theo-
retical calculations and simulations are further required.

Recovery dynamics and energy dissipation. Upon static de-
formation, the pressure-induced defects or lattice disorder of
SWNTs has drawn substantial concerns [19-21,40]. Recently, a
time-dependent recovery mechanism for pressure-induced D mode
was proposed by introducing a mono-exponential, Arrhenius-type
function [20]. Here, the time-dependent behaviors of Ip/Ig ratio
versus relaxation time for our samples under the most extreme
condition in single and cyclic ramp tests are plotted in Fig. 6. Other
recovery results at different conditions are additionally given in
Fig. S9. We found that all samples could achieve more than ~90%
recovery within 30 min. The highest ramp rate in single ramp com-
pression seems more influential on smaller tubes according to a
larger increase of Alp/lg, specifically, Alp/Ig ~0.015 and ~0.029 for
~1.4 and ~0.8 nm SWNTSs, respectively. Below this extreme rate,
their recovery behaviors are quite similar. When the pressure is
released, the ~1.4 nm SWNTs would recover faster than ~0.8 nm
sample, implying a smaller elastic hysteresis. This is inconsistent
with previous understanding that smaller tubes are usually stiffer
due to larger curvature effect, therefore their load resistance and
recovery rate is better than larger tubes [58]. We ascribe this phe-
nomenon to the higher structural stability induced by highly close-
packed lattice (polygonization) of ~1.4 nm SWNTs as revealed by
Fig. 1d. This polygonal section was predicted a metastable state
by first-principles calculations, which is too rigid to reduce tube
volumes and intertubular vdW repulsion [59]. To quantify this
bundling effect, a packing factor was proposed and yields a de-
crease of axial property. For (10, 10) SWNT ropes (d; ~1.35 nm),
the packing factor is theoretically estimated to be ~1.7 [60]. This
enhancement by bundling, in fact, results from o*—m* hybridiza-
tion induced by the faceting [61]. Upon cyclic ramp compressions
(Fig. S9), the approximate result of Ip/I; ratio shows a less depen-
dency of pressure-induced deformation in SWNTs upon current cy-
cle number (103-10°) and ramp rate (3-540 GPa/s). However, the
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recovery dynamics varies with nanotube diameter. In Fig. 6 and
S9, the exponential fits to the Ip/Ig ratio under respective dynamic
conditions are carried out by Ip/Ig(t) =c + aexp(-t/t), where T is
the mean recovery lifetime, c the baseline and a an scaling param-
eter [20]. From high- to low-rate compression in single ramp com-
pression tests, the change of t value follows a sequence of, in unit
of min, 8—-+5—4 and 21—-18-9, for ~1.4 and ~0.8 nm SWNTs,
respectively. This means that the recovery rate of ~1.4 nm sam-
ple is about 2-3 times faster than that of ~0.8 nm sample, also
demonstrating the role of lattice polygonization on mechanical sta-
bility. We also reproduced the reference data of Ip/Ig evolution for
~0.8 nm SWNTs upon static compression (~4 GPa) for comparison
(solid line in Fig. 6) [20]. Taking experimental discrepancies into
consideration, the 7 value of our result obtained at similar pres-
sure of ~5 GPa, i.e., T value in the range of 9-18 min, is reason-
able in comparison with the reference result (~17 min). Also, the
inflection point of the fitted curve can be regarded as the end of
elastic recovery, or, the stable stage of the SWNTs. We found that
all inflection points of dynamic compression data are prior to that
of static pressure result, showing a faster recovery behavior [28].
The issues on the energy storage and dissipation of SWNTs un-
der strain are of fundamental and engineering importance. Ches-
nokov et al. measured quantitatively the energy storage of SWNTs
during a large and reversible volume reduction [1]. They found that
the reversible work of their sample in compression to ~2.9 GPa
was determined to be ~0.18 eV/atom. Pathak et al. reported higher
recovery of SWNTs to axial elastic deformation at faster strain rates
results from better energy dissipation mechanism [28]. However, it
is unfortunate that the energy storage and dissipation of SWNTs
under dynamic radial compression has not been reported to our
knowledge. From the theory of solid mechanics, the volume defor-
mation specific energy can be expressed by a combination of vol-
ume and shape change specific energy. The pressure-induced vol-
ume deformation specific energy therefore can be calculated as a
measure of stored elastic energy in whole SWNTs. For hydrostatic
pressure, the term of shape change specific energy is neglected,
and we could obtain the volume deformation specific energy by

a formula of v, = lf,—;’p(see more details in Section 1 and Fig.

S12 in SI). Then, to characterize the material damping response
to stored elastic energy, a dimensionless loss coefficient, 1, which
measures the fractional energy dissipated in a load-unload cycle
needs further calculation [62]. The calculation method is presented
in Section 2 in SI. Two key physical quantities, the stored energy U
and the dissipated energy AU, correspond to different integrated
areas in the curve of pressure as a function of volume variation,
AV/|Vy (Fig. S13). In addition, the mode Griineisen equation is also
required to link volume ratio (V/Vy) with phonon frequency shift
(w]wg) to satisfy our scenario. In a crystal, strain arises when it is
deformed, and in turn, modifies the phonons. Tensile strain usu-
ally results in mode softening while the opposite for compressive
strain. The mode Griineisen parameter, ), is proportional to the
magnitude of frequency shift of phonons [63]. Different from the
2D and 3D graphitic structures (see Fig. S10), the pressure-induced
frequency shift of Raman mode is related to the compression of
1D structure by mode Griineisen parameter, which is commonly
derived from [64,65]:

w(P)/wo = [V (P)/Vo] (1)
For G phonon, this Griineisen scaling relation yields y g which
strongly vary with mode frequency [66]:
1% da)c dll’la)(; 1 dll’la)(; dlna)c
“wgdV T dinV ~k dP % aP 2)

where wg is the G mode frequency, V the crystal volume, P the
pressure, k¥ the compressibility, and By the isothermal bulk mod-
ulus at zero pressure. Like layered graphite, the highly anisotropic

Y =
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configuration usually leads to high-energy vibrations, in this case,
G™ phonon, with yg<<1. A least-squares fit to the relation
w(P)lwy = [(80/8")P + 118, where 8y and &’ is the logarithmic
pressure derivative (dlnw/dP)p — o and the pressure derivative of
dlnw/dP, respectively, is commonly used to calculate y ¢ (Bgdp)
[65]. Our data fits for ~1.4 and ~0.8 nm SWNTs under static pres-
sure are shown in Fig. S11. The §y and &’ values are about 0.0033
(0.0026) and 0.33 (0.41) for ~1.4 (~0.8) nm samples. For ~1.4 nm
SWNTs, the experimental result of By is in a wide range of 13-
43 GPa, compared with ~34 GPa for graphite [45,61,65,67]. By
taking the compressibility of 0.024 GPa~!, we obtained the y
~0.138 for ~1.4 nm SWNTSs, close to the result by Sood et al.
[18]. It should be pointed out that the bulk modulus By is also
diameter-dependent with a saddle-shaped or monotonic distribu-
tion by elasticity calculations [12,68,69]. We employ the By of
37 GPa calculated for (6,6), (10,0), (8,4) SWNTs, which have sim-
ilar diameters (0.78-0.82 nm) to our smaller sample with ~0.8 nm
[70]. Thus the yg for ~0.8 nm SWNTs is reasonably estimated
to be ~0.096. Following above procedures, we summarize the re-
sults about the stored elastic energy and energy dissipation of
our samples under static and dynamic pressure in two PTMs as
shown in Fig. 7. The stored elastic specific energy of two SWNTs
that statically compressed to the complete G-mode quenching in
4:1 methanol-ethanol mixture and in silicone oil is compared in
Fig. 7a. Such a value can also be considered a maximum capability
of energy storage of SWNTs for each condition. The result demon-
strates that the silicone oil is probably not favorable to store de-
formation energy due to its poor hydrostaticity. In 4:1 methanol-
ethanol mixture with good hydrostaticity, the ~0.8 nm SWNTs
stores near two times larger elastic specific energy than that of
~1.4 nm SWNTs. This is consistent with a fact that smaller tubes
usually have a larger volume deformation and higher G phonon
quenching pressure. From the classic Lévy-Carrier law, the ~0.8 nm
SWNTs collapse at a three times higher pressure compared with
the pressure for ~1.4 nm SWNTs [9]. This applies as well to the
case of complete phonon quenching. For example, according to our
static pressure results, the G mode of ~1.4 and ~0.8 nm SWNTs
fully quenches at 14.9 and 22.3 GPa, resulting in a AV/[V, of ~0.29
and ~0.43, respectively. This is probably the reason for the larger
energy storage capability for ~0.8 nm sample. As simulated by
Bousige et al., the value of AV/V; for individual and bundled (6,
5) SWNTs (d; ~0.8 nm) after the complete collapse could achieve
~0.45 at ~24 GPa, and ~0.35 at ~16 GPa, respectively [35]. Due to
a fact that a number of ~0.8 nm SWNTs are individual or weakly
bundled as shown in Fig. 1e, our result agrees well with the re-
sult by Bousige et al. Fig. 7b shows the corresponding loss coef-
ficient of two SWNTs in 4:1 methanol-ethanol mixture. The loss
coefficients in a narrow range of 0.014 to 0.016 may denote a sim-
ilar energy dissipation behavior for two SWNTs upon static de-
compression. However, the scenario for those SWNTs under sin-
gle ramp compression seems more complex. Under identical condi-
tions, all results of ~0.8 nm sample display higher energy storage
capability at the ramp rate from an order of magnitude of 10 to
103 GPa/s (Fig. 7c). With the increase of ramp rate, the stored en-
ergy of smaller tubes also increases more significant than that of
larger tubes at similar peak pressure, for example, the data in the
pressure range of 8-9 GPa. Fig. 7d shows the corresponding loss
coefficient of two SWNTs under single ramp compression. Gener-
ally, the data reveals a higher energy dissipation for ~0.8 nm sam-
ple by the distribution of loss coefficient falling within 7-9 GPa
(n ~0.005-0.025), compared with the n ~0.002-0.017 for ~1.4 nm
sample. Those abnormal data in 5-6 GPa for ~1.4 nm sample in
silicone oil is as high as ~0.04. Though the reason is still unclear,
the intertubular vdW interaction and the polygonal lattice may be
at play. We assume that a small deformation may be dissipated
faster than a large one due to strong repulsion to strain in polyg-
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Fig. 7. Elastic energy storage and dissipation of SWNTs under (a, b) static, (c, d) single and (e, f) cyclic ramp compressions in 4:1 methanol-ethanol mixture and in silicone
oil. In particular, (c, d) shows the stored elastic energy and loss coefficient as a function of ramp rate and peak pressure, respectively. (e, f) shows the energy storage and
dissipation of the SWNTs at selected intermediate events during a cyclic ramp compression test with N~10%.

onal lattice. To monitor the energy storage and dissipation behav-
ior of SWNTs during cyclic ramp compression, the elastic specific
energy and loss coefficient at a selected intermediate cycle with
i = 1000, 5000, 10,000 cycle are compared in Fig. 7e and f. The
corresponding calculation method is given in Section 3 in SI. Our
results display a very small fluctuation of either the elastic specific
energy or the loss coefficient for two SWNTs during cyclic ramp
compressions, showing a desirable feature of steady energy con-
version at the molecular level.

Phase transitions under dynamic pressure. In theoretical
studies, the discontinuities of some physical quantities, such as lat-
tice constant (a), volume reduction (V/Vy), thermodynamic quanti-
ties (e.g., enthalpy) and system energy variation (AE) of SWNTs,
are usually employed to explain the spectroscopic anomaly in
experimental measurements under static pressure [9,10,14,59,71].
One of the most key discontinuities of phase transition of SWNTs
under global radial deformation is depicted by the critical pres-
sure P. — the pressure of RBM quenching or the first anomaly
of G mode for Raman spectrum. In contrast, the pressure of G-
mode quenching, i.e., the complete suppression of high-energy A,
Eq, and E, vibrations, is usually several times larger than the P
determined by G mode.

In this work, however, we observed an interesting phenomenon
that the quenching pressure of G mode under dynamic pressure
drops significantly even to the onset of ‘normal’ phase transition
region under static pressure, as shown in Fig. 8. The hatched and
solid area indicates the ‘normal’ phonon-mode transition region
under static compression in 4:1 methanol-ethanol mixture and in
silicone oil measured in this work, respectively. The circles denote
the collapse pressure or the critical point of structural transition
under various static pressure conditions in the literature dataset
built by data mining method. The squares and triangles indicate
the respective phonon quenching pressure of G-mode and RBM un-
der the most rapid compression in silicone oil. It should be pointed
out that such result in 4:1 methanol-ethanol mixture is still incon-
clusive by current experimental results. Due to good hydrostatic-
ity, the pressure of complete G-mode quenching in 4:1 methanol-
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Fig. 8. The experimental (circles) and theoretical (dash lines) results of tube col-
lapse pressure P. versus diameter d; for static compression in literature. For com-
parison, the oval regions determined by our results show the onset and complete of
phase transition for the RBM (small ovals) and G mode (large ovals) of SWNTs un-
der static pressure in 4:1 methanol-ethanol mixture (hatched area) and in silicone
oil (solid area). In addition, the quenching pressure of the RBM and G mode under
the most rapid compression is also plotted.

ethanol mixture is much higher than in silicone oil. So far, the
concurrent combination of high ramp rate and higher pressure is
a challenge for our device. The predicted lines of P. by MD and
DFTB basically agree with our data and published results. More-
over, the predictions on G mode quenching by DFTB and MC meth-
ods show the corresponding pressure of phonon suppression is far
greater than P.. Thus, past experimental and theoretical results ob-
tained from static pressure would fail to explain our data. On the
other hand, we are very interested in what happened to SWNTs
under dynamic compression and how to characterize quantitatively
the deformation-induced difference of samples between static and
dynamic hydrostatic pressure by Raman results. So let's make a
closer look by theory, the RBM derives from the out-of-plane vi-
bration along the tube’s radii, whereas the G~ and G* results from
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in-plane vibrations along the circumferential and axial directions,
respectively [72]. The responses of these phonon modes to hydro-
static strain are different. Since SWNTs is anisotropic, the strain
tensor from hydrostatic pressure can be described by two fully
symmetric strain components, €44 along the circumference and €,
along the axis, derived by the theory of line groups for 1D sys-
tem [73,74]. According to the line group theory and dynamic equa-
tion for phonon mode in the presence of strain, the shear strain in
SWNTs under hydrostatic pressure can be obtained by the method
by Reich, et al. [75]. The detailed information on how to calculate
the shear strain potential of SWNTs is given in Section 4 in SI. The
most key equation is presented as follows:

Aw  (Kn+ 1K) 1 (Kn — Kiz)

=7 (fop +&z) £ 5

- 3
o 4606 2 2a)(2) (‘999 SZZ) ( )

where the K is the symmetric tensor in the dynamic equation
for phonon modes in the presence of strain [76], wg the strain-
free frequency. The first term (Kyq + Ki2) /40)(2) and the second term
K = Ki2) /Zw(z] is the deformation potential under hydrostatic and
shear strains, respectively. In Fig. 9, we summarize the calculated
shear strain potential of SWNTs under static and the most rapid
compression in two PTMs. For comparison, we also add the shear
strain of SWNTs under static pressure by Reich, et al., as well as
of graphite fibers under uniaxial stress by Sakata, et al. [75,77].
Our result is a clear manifestation of the presence of shear strain
induced by the dynamic loading in different PTMs. In particular,
the synergistic effect of dynamic load and PTM leads to a remark-
able increase of shear strain potential in SWNTs as shown in the
cases in silicone oil. Apart from the case of ~0.8 nm sample in
4:1 methanol-ethanol mixture, the shear strain potential in other
cases under dynamic load is generally greater than that under
static compression. The different result for ~0.8 nm sample in 4:1
methanol-ethanol mixture may be relevant to the higher stiffness
of smaller tubes, as well as the weakly bundled configuration. Fur-
thermore, we should give a glance at the recent work by Chen,
et al. that reported the differences between 4:1 methanol-ethanol
mixture and silicone oil under pressure [78]. According to their ex-
periments, there is a small deviation stress (o /P <0.1) near 5 GPa
for silicone oil. Besides, the hydrostaticity of silicone oil could
maintain up to 10 GPa. What’s more, the authors also found that
Raman spectroscopy seems to be less sensitive than synchrotron x-
ray diffraction in catching subtle transitions related to hydrostatic-
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ity variations in the two PTMs. For our cases in 4:1 methanol-
ethanol mixture, the shear effect exists in both samples, though
the enhancement of such effect induced by dynamic load seems
very limited. The value for the ~1.4 nm sample is consistent to the
results for the SWNTs with a similar diameter by Reich et al. [75].
As shown in Fig. 3d, the Raman spectra of G-mode for the ~0.8 nm
sample in these two PTMs display an obvious change in intensity,
rather than frequency shift. This may explain a similar shear strain
potential for the case of ~0.8 nm sample in 4:1 methanol-ethanol
mixture since the theoretical analysis is only carried out based on
frequency shift. No other factor is considered, such as the lineshape
symmetry and intensity. Karmakar et al. also reported similar phe-
nomenon that the G-mode quenching of di ~1.5 nm SWNTs un-
der non-hydrostatic pressure occurs at much lower pressures than
that under hydrostatic pressures [39]. Their Raman profiles of G
modes are only discernable up to 7 GPa, in a good agreement with
our result for ~1.4 nm sample. However, they explained the rea-
son in a simple way that non-hydrostatic pressure yields a much
high degree of deformation. Another neutron diffraction result by
Rols et al. on ~1.3 nm SWNTs under non-hydrostatic compression
also indicated the final polygonization could finish at ~5 GPa [43].
Actually, the shear strain component induced by dynamic load is
common. Similar effect of high percentage of shear force in hydro-
static pressure on the reduction of the critical pressure of phase
transitions was also observed in same group elements, Si and Ge
crystals [79,80].

5. Conclusions

In this work, we present a detailed investigation on the dy-
namic effect of hydrostatic pressure on the structural and vibra-
tional properties of two SWNTs with d; ~1.4 and ~0.8 nm in 4:1
methanol-ethanol mixture and in silicone oil. Some conclusions
can be drawn as follows: (1) a common phenomenon is found
that the lineshape and intensity of G mode of SWNTs is influ-
enced by dynamic load to varying degrees in two PTMs, indicat-
ing the universality of dynamic effect of hydrostatic pressure. In
particular, this effect is largely enhanced in silicone oil. For ex-
ample, with the ramp rate increases to an order of magnitude of
103 GPa/s, the critical pressure of complete G-mode quenching for
both samples are remarkably lowered compared with results from
static pressure. (2) In silicone oil, no obvious pressure-induced de-
fects or lattice disorders is usually observed for both SWNTs upon
cyclic ramp compression (103-10° cycles) with varying ramp rates,
showing excellent cyclic structural stability and good resilience un-
der extreme dynamic conditions. (3) The elastic recovery behaviors
of both samples under dynamic pressure can be well described by
the exponential fitting. The similar recovery behaviors for ~1.4 nm
SWNTs under single and cyclic compression may result from the
lattice polygonization which provides additional resistance by vdW
interaction to strain. (4) According to the calculation of elastic spe-
cific energy and loss coefficient of SWNTs under ramp compres-
sion, the ~0.8 nm sample shows a higher capability of elastic en-
ergy storage, but its dissipation behaves similar to that of ~1.4 nm
sample under identical conditions. For selected intermediate cy-
cles, the elastic specific energy and loss coefficient of SWNTs under
cyclic ramp compression display an approximate degree, which fur-
ther demonstrate that SWNTs has a stable property of work-energy
conversion and energy storage-release at the molecular level. (5)
The shear strain potential induced by either dynamic pressure or
the PTM is theoretically analyzed by the frequency shift of G mode.
Our results imply that the shear strain potential in SWNTs could be
largely enhanced by the combination effect of dynamic pressure
and the hydrostaticity deterioration of PTM.

The dynamic loading device presented opens up opportunities
in the study of novel metastable phases and physical transforma-
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tions of low-dimensional materials [34]. The electrical and other
fundamental properties of SWNTs under dynamic loading, which
are significant for fundamental science and applications, need fur-
ther investigations.
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