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The hybridization of fullerene and nanotube structures in newly isolated C90 with the 𝐷5ℎ symmetric group

(𝐷5ℎ(1)-C90) provides an ideal model as a mediating allotrope of nanocarbon from zero-dimensional (0D) fullerene

to one-dimensional nanotube. Raman and infrared spectroscopy combined with classical molecular dynamics

simulation were used to investigate the structural evolution of 𝐷5ℎ(1)-C90 at ambient and high pressure up to

35.1GPa. Interestingly, the high-pressure transformations of 𝐷5ℎ(1)-C90 exhibit the features of both fullerene and

nanotube. At around 2.5GPa, the 𝐷5ℎ(1)-C90 molecule in the crystal undergoes an orientational transition to a

restricted rotation. At 6.6GPa, the tubular hexagonal part occurs and transforms into a dumbbell-like structure

at higher pressure. The material starts to amorphize above 13.9GPa, and the transition is reversible until the

pressure exceeds 25GPa. The amorphization is probably correlated with both the intermolecular bonding and

the morphology change. Our results enrich our understanding of structural changes in nanocarbon from 0D to

1D.
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Carbon possesses a unique capability to form var-
ious nanostructured allotropes such as fullerenes and
nanotubes, which can be used in different fields, such
as electronic devices and reinforcing materials. In
these application fields, deformation in fullerenes and
nanotubes may often exist, such as the interaction
with a substrate or other composites, which subse-
quently affects their lattice, electronic structure, and
related properties. If controllable in the nanostruc-
tured carbon materials, such deformation can open
the way for producing new materials with novel prop-
erties. For instance, treating C60 at high pressure and
high-temperature (HPHT) conditions result in forma-
tion of deformed C60 constructed in a 3D polymeric
network,[1] or the formation of ultrahard amorphous
carbon from collapsed fullerene cages.[2] The synthe-
sis of superstrong amorphous carbon and paracrys-
talline diamond from HPHT-treated C60 has also
been reported recently.[3,4] Wang et al. reported
a long-range ordered carbon cluster with good me-
chanical properties and low compressibility compara-
ble to a diamond by compressing C60 fullerene-based
materials.[5] In fact, mechanical response of fullerene-
based materials under high pressure is also affected by
intramolecular and intermolecular charge transfer.[6]

However, how the C60 cage deforms and what is the

real molecular morphology after the deformation have
rarely been studied, which are important to under-
stand their properties. On the other hand, struc-
ture changes of carbon nanotubes under high pressure
have attracted intensive research interest.[7−9] Araujo
et al. studied the deformations and revealed chirality-
dependent effects of single-walled carbon nanotubes
(SWNTs) using an atomic force microscope.[10] Ac-
cording to theoretical simulations, the structural tran-
sitions of SWNTs under pressure are primarily deter-
mined by the tube diameter.[9] Experimentally, struc-
tural changes of SWNTs are strongly influenced by
their length, diameter, and even defects, which of-
ten coexist in the samples and make the analysis and
identification difficult. Unfortunately, preparing an
SWNT sample with the same diameter and chirality
in an experimental setting remains difficult. In other
words, understanding the deformation process is im-
portant for both fundamental research and application
aspects. However, there is lack of charity about the
structural stability and deformation of these nanos-
tructured allotropes at an atomic level, as well as how
to identify them.

The recent success in synthesizing and isolat-
ing high purity single isomers of various higher
fullerenes[11−14] provides a good opportunity to inves-
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tigate the structural transition of carbon nanostruc-
tures with the hybridized fullerene structural features
and nanotube. Particularly, C90 with 𝐷5ℎ symmetry
(𝐷5ℎ(1)-C90)

[15] has 12 pentagons and 35 hexagons,
and can be taken as a nanostructure coupled to a
short armchair single-walled carbon nanotube and
end-capped by fullerene (see the sketch map shown
in Fig. S1 of the Supporting Information). In 𝐷5ℎ(1)-
C90, one of the half C60 was rotated by 36∘ rela-
tive to the other, and 30 carbon atoms were inserted
between.[15] A nanotube with a minimum length of
1.1 nm and a diameter of 0.7 nm can exist in air and
used as a nanotube sample with the same diameter
and chirality. This provides an ideal model for medi-
ating allotrope of nanocarbon from zero-dimensional
(0D) fullerene to one-dimensional (1D) nanotube,
which is still unexplored in high-pressure research.

In this Letter, we study the Raman and infrared
(IR) spectra of 𝐷5ℎ(1)-C90 under ambient conditions
in both experiment and theory, and the main vibra-
tion modes have been assigned for the first time. The
cage stability, morphology evolution of 𝐷5ℎ(1)-C90

single isomer, and the crystalline structure transition
of 𝐷5ℎ(1)-C90 under high pressure have been inves-
tigated using Raman/IR spectroscopy combined with
theoretical simulation. Due to the hybridization struc-
tures of fullerene and nanotube, the high-pressure evo-
lution of 𝐷5ℎ(1)-C90 exhibits the transition features of
both fullerene and nanotube. The results are the first
example of a mediating allotrope of nanocarbon from
0D fullerene to 1D nanotube. They may provide in-
sight on the understanding of structural changes in
fullerene cage and nanotube at an atomic scale.

Experiments. A pure 𝐷5ℎ(1)-C90 isomer sample
was isolated from the raw soot produced by Sm2O3-
doped graphite rods.[15] The as-prepared powder sam-
ples were treated under vacuum to remove the re-
mained solvent. A small piece of 𝐷5ℎ(1)-C90 sam-
ples and a pressure transmission medium (PTM) were
loaded in the sample chamber drilled in a preindented
steel gasket of a Mao–Bell-type diamond-anvil cell in
the high-pressure Raman experiment. A 4:1 methanol
to ethanol mixture or liquid argon was used as PTM,
which gave quite similar results. A Raman spectrom-
eter (Renishaw inVia, UK) was used for the measure-
ments.

High-pressure IR measurements were conducted
at the U2A beamline, National Synchrotron Light
Source, Brookhaven National Laboratory, and have
been repeated in our Laboratory. A symmetrical
diamond-anvil cell with a pair of type IIa diamond
anvils was used with liquid argon as the PTM. The
sample chamber was filled with a 𝐷5ℎ(1)-C90 powder
sample and liquid argon (PTM). The mid-IR spectra
were collected in a transmission mode by a Bruker Ver-
tex 80v FTIR spectrometer and a Hyperion 2000 IR

microscope equipped with a nitrogen-cooled MCT de-
tector at U2A side station. During the measurements,
the spectrometer was evacuated, and the microscope
was purged with dry nitrogen gas. The aperture size
was set as 25µm×25µm and the synchrotron IR beam
was focused onto the argon area first, then moved to
the sample area to measure the reference spectrum at
each pressure. The spectra were collected from 500 to
7000 cm−1 with resolution of 4 cm−1, and 2048 scans
were applied to all spectra. Both Raman and IR mea-
surements were performed at room temperature, and
the pressure was calibrated with the ruby fluorescence
technique.

Since the Raman and IR spectra of 𝐷5ℎ(1)-C90

have not been reported before, theoretical calculations
were performed to investigate and identify its vibra-
tion modes. The molecular geometries were optimized
using the density functional theory method with a
B3LYP hybrid functional 6–311g(d) basis set.[16] Both
the frequency and intensity of each vibration mode
were calculated. All calculations were performed using
the Gaussian 09 package. The Gauss View program
proposed an initial geometry of investigated molecules
and a visual inspection of the vibration modes.

We performed classical molecular dynamics sim-
ulations using the universal force field implemented
in the Material Studio package to validate the struc-
ture of 𝐷5ℎ(1)-C90 under high pressure. This force
field includes van der Waals, bond stretch, bond angle
bend, inversion, and torsion. Considering the interac-
tion between adjacent 𝐷5ℎ(1)-C90 molecules, we used
the Lennard–Jones 12–6 potential to describe the van
der Waals interaction between molecules.[17] For the
simulation, we construct a 2×3×2 supercell model ac-
cording to the experimentally determined crystal pa-
rameters, which contains 48𝐷5ℎ(1)-C90 molecules in a
box with periodic boundary conditions in all three di-
rections. Then, we performed the molecular dynamics
in the microcanonical ensemble (constant number of
particles, pressure, and temperature) during 20 ps (in
time steps of 1 fs). To compare with the experimen-
tal results, simulations were performed in the pressure
range from 0 to 14GPa at room temperature (298K).

Results. Figure 1(a) shows the Raman spectra
of the 𝐷5ℎ(1)-C90 measured with 514 nm excitation
wavelength under ambient conditions. In the fre-
quency range from 100 to 1700 cm−1, we observe more
than 14 Raman peaks. The calculated Raman spec-
trum for 𝐷5ℎ(1)-C90 is added in Fig. 1(a). This figure
shows that the simulated Raman spectrum has fea-
tures quite similar to those of the experimental one, in-
cluding the vibration frequencies and intensities. The
most important Raman modes can be well distin-
guished and assigned based on the results. The radial
breathing modes of 𝐷5ℎ(1)-C90 in the low-frequency
region are from 100 to 600 cm−1. The bending vi-
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brations are observed from 600 cm−1 to 1000 cm−1.
The modes observed in the frequency range from 1000
to 1600 cm−1 are the stretching vibration modes of
𝐷5ℎ(1)-C90.
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Fig. 1. (a) Experimental and calculated Raman spectra
of 𝐷5ℎ(1)-C90 (by Gaussian 09) under ambient conditions.
(b) The eigenvectors of Raman vibration modes for four
bands at 1213 cm−1 (I), 1445 cm−1 (II), 1485 cm−1 (III),
and 1576 cm−1 (IV), respectively.

Here, we focus on the four strongest Raman modes
observed at 1213 cm−1, 1445 cm−1, 1485 cm−1, and
1576 cm−1, which are important for understanding the
transformations of 𝐷5ℎ(1)-C90 under pressure (see be-
low). To simplify the problem, we divided a 𝐷5ℎ(1)-
C90 molecule into two parts to discuss, i.e., the tubu-
lar part in the middle and two bowl-shaped caps of
the ends. The Raman peaks observed at 1213 cm−1

and 1576 cm−1 are from the stretching vibrations of a
hexagon in the tubular part and belong to 𝐴′

1 mode
and 𝐸′′

1 mode, respectively, compared with the model
in Fig. 1(b). The 𝐸′

1 mode at 1445 cm−1 stands for a
stretching vibration of the pentagon in a bowl-shaped
part. The mode at 1485 cm−1 (𝐴′

1) is related to the
bending vibration at the edge of a bowl-shaped part.

Figure 2(a) shows the Raman spectra of 𝐷5ℎ(1)-
C90 measured with 514 nm laser excitation under high
pressure up to 35.1GPa. Most of the vibration modes
shift to higher frequencies with pressure increasing,
except for the mode at 608 cm−1. Similar pressure-
induced redshift was also observed in the Raman
mode at a similar frequency region of C60 in earlier
studies.[18] The blue shift for bands related to C–
C/C=C vibrations may result from the 𝐷5ℎ(1)-C90

cage shrinkage with pressure increasing or the 𝐷5ℎ(1)-
C90 cage deforms anisotropically under pressure. Fur-
thermore, most of the Raman peaks become broader
and weaker with pressure increasing. At the pressure

above 6.7GPa, most peaks in the low-frequency region
(from 200 to 1000 cm−1) disappeared. At pressures
above 13.9GPa, the intramolecular vibration modes
lost their features, and only one broad peak at around
1576 cm−1 was observed. The broadband shifts to
higher frequencies and reaches a position centered at
around 1700 cm−1 at a pressure higher than 20GPa,
suggesting that the 𝐷5ℎ(1)-C90 cage starts to collapse.
This broadband becomes more obvious at 22.8GPa
and is detectable even at 35.1GPa.

1 2 3 4 5 6

1220

1230

1240

1250

1260

0 2 4 6 8 10

1450

1460

1470

1480

1490

1500

0 2 4 6 8 10 12

1490

1500

1510

1520

1530

1540

1550

0 2 4 6 8 10 12 14

1580

1590

1600

1610

1620

1630

1640

F
re

q
u
e
n
c
ie

s 
(c

m
-

1
)

1213 cm-1  1445 cm-1

F
re

q
u
e
n
c
ie

s 
(c

m
-

1
)

 1485 cm-1 1576 cm-1

Diamond

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

Raman shift (cm-1)

400 600 1200 1400 1600 1800

(a)

(b)

Pressure (GPa) Pressure (GPa)

Fig. 2. (a) In situ Raman scattering spectra of 𝐷5ℎ(1)-
C90 measured with 514 nm laser excitation at differ-
ent pressures. (b) Pressure-dependent frequencies of the
Raman vibration modes of 𝐷5ℎ(1)-C90 in the pressure
regime. The initial positions of the four bands are at
1213 cm−1, 1445 cm−1, 1485 cm−1, and 1576 cm−1, re-
spectively.

To study pressure-induced structural transforma-
tions in 𝐷5ℎ(1)-C90, we further plotted the pressure
frequency for the four representative Raman modes at
1213 cm−1, 1445 cm−1, 1485 cm−1, and 1576 cm−1 in
Fig. 2(b). A Lorentzian fitting obtains the frequencies
of these vibration modes at pressures up to 16GPa.
Table S1 in the Supporting Information shows the fre-
quency coefficients (𝑑𝜔/𝑑𝑝) for the four Raman modes.
From Fig. 2(b) and Table S1, we can see two slope
changes at around 2.5GPa and 6.6GPa for the pres-
sure dependence of the four Raman modes.
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IR spectroscopy is further employed to investigate
the transformations of 𝐷5ℎ(1)-C90 under high pres-
sure, which can provide complementary information
on the vibration modes of the molecules. Figure 3(a)
shows the mid-infrared (MIR) spectrum of 𝐷5ℎ(1)-
C90 measured under ambient conditions. We also cal-
culated the IR spectrum of 𝐷5ℎ(1)-C90 under ambi-
ent conditions by Gaussian 09 and DMOL3 (Materi-
als Studio 5.5),[17] and both the methods generated
quite similar results. It can be seen that the simu-
lated spectrum shows the features similar to those of
the experimental one. The IR spectrum of 𝐷5ℎ(1)-
C90 can be roughly divided into three parts based on
the simulation, which is similar to the Raman results:
(1) The IR bands below 650 cm−1 are mainly from
the breathing vibration modes of the carbon cage. (2)
The bands between 650 cm−1 and 1000 cm−1 are man-
ifested as bending vibration modes. (3) The bands
from 1000 cm−1 to 1600 cm−1 are attributed to C–
C/C=C stretching vibrations.
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Fig. 3. (a) Experimental and calculated infrared spectra
of 𝐷5ℎ(1)-C90 (by Gaussian 09) under ambient conditions.
(b) The eigenvectors of IR vibration modes for five bands
at 815 cm−1 (I), 1083 cm−1 (I), 1196 cm−1 (I), 1437 cm−1

(II), and 1462 cm−1 (III), respectively.

Similarly, we can assign the main IR modes to
the corresponding vibration of the molecule accord-
ing to the calculation results and the visual inspec-
tion of the vibration modes by Gauss View. The five
strongest IR modes observed at 815 cm−1, 1083 cm−1,
1196 cm−1, 1437 cm−1, and 1462 cm−1 are focused
here. As shown in Fig. 3(b), the 𝐸′

1 mode at 815 cm−1,
the 𝐴′′

2 modes at 1083 cm−1 and 1196 cm−1 can be as-
signed to the stretching vibration of a hexagon in a
tubular part, respectively. The 𝐸′

1 modes observed at
1437 cm−1 and 1462 cm−1 represent a bending vibra-
tion and a stretching vibration of the pentagon in the
bowl-shaped part, respectively.

In situ high-pressure infrared spectra of 𝐷5ℎ(1)-
C90 has been measured from ambient condition up to
25GPa. Figure 4(a) shows the collected IR spectra of
𝐷5ℎ(1)-C90 in the region from 700 cm−1 to 1600 cm−1

at different pressures. It shows that the vibration
modes shift to higher frequencies as pressure increases,
with the exception of the mode at 815 cm−1, which
shifts to lower frequencies upon compression, imply-
ing that the modes have different pressure responses.
The pressure-induced redshift of IR vibration modes
has also been observed in earlier infrared studies of C70

under high pressure.[19,20] The van der Waals interac-
tion is strengthened when the molecules approach to
each other with increasing pressure. Therefore, it will
hinder lattice compression.[5] It can also be used to
explain the redshift of Raman mode.
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Fig. 4. (a) Mid-IR absorption spectra of 𝐷5ℎ(1)-C90 at
different pressures. (b) Pressure dependence of the peak
positions for the five selected infrared vibration modes
of 𝐷5ℎ(1)-C90. The initial positions of the five bands
are at 815 cm−1, 1083 cm−1, 1196 cm−1, 1437 cm−1, and
1462 cm−1, respectively.

Interestingly, in this study, the mode at 815 cm−1

can be preserved throughout the experiment and only
becomes weaker and broader in the high-pressure re-
gion. It is noted that the peak at 1462 cm−1 is sep-
arated from the peak at 1471 cm−1 and then coin-
cides with the peak at 1437 cm−1 at around 2.9GPa.
The merged peak can be preserved up to 26GPa, the
highest pressure in our experiment. As pressure in-
creases, the intensities of most modes decrease, and
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lines broaden significantly at 6.7GPa. At pressure
higher than 14GPa, the infrared spectra show broad-
band at around 1460 cm−1, indicating the collapse of
the 𝐷5ℎ(1)-C90 cage.

The positions of the five intensive infrared modes
at 815 cm−1, 1083 cm−1, 1196 cm−1, 1437 cm−1, and
1462 cm−1 are plotted as a function of pressure by
Lorentzian fitting in Fig. 4(b) to demonstrate the
transformation of 𝐷5ℎ(1)-C90 under pressure. At 1.6–
3.5GPa, the slope of the plotted curves for all five
mode changes, following a second slope change at
around 6.7GPa. These two transition pressures are
consistent with our Raman measurements. The corre-
sponding pressure coefficients for the modes are listed
in Table S2.

We also measured the ambient-condition Raman
spectra of the samples released from different pres-
sures using 514 nm laser excitation to investigate the
structural stability of the 𝐷5ℎ(1)-C90 after compres-
sion. The result is shown in Fig. S2(a). Upon decom-
pression from 24GPa, the Raman spectrum and the
IR spectrum of the recovered sample [see Fig. S2(b)]
still preserve most spectroscopic features compared to
that of the pristine sample, suggesting that the tran-
sition is reversible upon decompression. Only broad-
band can be observed at 1570 cm−1 in the recorded
Raman spectra of the sample released from 35.1GPa,
which shows the features similar to those of amor-
phous carbon-containing sp3 bonds founded in com-
pressed C70,

[21,22] as shown in Fig. S2(a). This sug-
gests that 𝐷5ℎ(1)-C90 irreversibly collapses after such
high-pressure compression.

The experimental results from both Raman and in-
frared measurements under high pressure thus clearly
show that three transitions occur in the material at
around 2.5GPa, 6.6GPa, and 13.9GPa, respectively.
We performed a classical molecular dynamics simula-
tion on 𝐷5ℎ(1)-C90 s to explain the three transitions
and the deformation process of𝐷5ℎ(1)-C90 under pres-
sure.

Discussion. The experimentally generated𝐷5ℎ(1)-
C90 single crystal is a black parallelepiped with a mon-
oclinic structure (𝑎 = 22.6 Å, 𝑏 = 12.3 Å, 𝑐 = 20.7 Å,
and space group 𝑃21/𝑐). We used these experimental
parameters to build the crystal model in our simula-
tion. Figure 5 shows the structure and arrangement
of 𝐷5ℎ(1)-C90 under pressure from the simulations.
The orientational arrangement of 𝐷5ℎ(1)-C90 shown
in Fig. 5(a) is viewed from the (001) plane of the mon-
oclinic structure. The𝐷5ℎ(1)-C90 molecules are orien-
tationally disordered under ambient conditions. The
orientation of 𝐷5ℎ(1)-C90 molecules is changed with
the pressure increasing. It shows that all 𝐷5ℎ(1)-C90

molecules exhibit a uniform orientational arrangement
aligned along the 𝑏 (𝑌 ) axis above 2GPa. All 𝐷5ℎ(1)-
C90 molecules are almost lying in the cell along an (𝑋)

axis. This orientation is preserved for all 𝐷5ℎ(1)-C90

molecules even up to the highest pressure of 14GPa
in our simulation. Such pressure-induced orientation
changes at above 2GPa can also be observed from the
(010) plane direction [Fig. 5(b)]. We can further point
out that the 𝐷5ℎ(1)-C90 molecules can rotate freely in
the lattice below 2GPa, while the molecular rotation
was restricted above 2GPa due to the compression of
the lattice, and the molecules can only rotate around
the long axis of𝐷5ℎ(1)-C90 due to a spatial restriction.

(a)

(b)

0 GPa 1 GPa 2 GPa

6 GPa 10 GPa 14 GPa

0 GPa 1 GPa 2 GPa

6 GPa 10 GPa 14 GPa

X(a)

X(a)

Y(b)

Z(c)

Fig. 5. (a) Orientations of 𝐷5ℎ(1)-C90 at different pres-
sures. (b) The rotations of 𝐷5ℎ(1)-C90 at different pres-
sures. The results are simulated by Materials Studio 5.5.

The observed spectroscopic changes in the ex-
periment at around 2.5GPa can be explained by
orientation-related rotation transition of 𝐷5ℎ(1)-C90

molecules detected by our dynamics simulation, which
results in the slope change of the pressure depen-
dence for most of the observed Raman and IR modes.
At around 2GPa, similar spectroscopic changes have
also been observed in other fullerenes, such as C70,
where the slope of the Raman frequency vs pressure
(𝑑𝜔/𝑑𝜌) curved is changed.[23,24] These spectroscopic
changes were attributed to phase transitions caused
by an orientational ordering of C70 molecules. Note
that, although the orientational transition has been
proposed in those fullerene systems under pressure be-
fore, our simulations for the first time show the exis-
tence of such orientational transition in fullerene ma-
terials under pressure. We further propose that the
molecular symmetry and morphology are preserved
during the orientational phase transition, while some
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motion/rotation of the molecules stops. Thus, the
rotation no longer averages out the symmetry, and
the molecule is locked in a fixed position in the crys-
tal. Thus, all vibration modes can be preserved but
changed in the slope of their pressure coefficients due
to the change in the intermolecular interaction.

Furthermore, as pressure increases, the molecular
spacing reduces gradually, resulting in a more compact
material. Such changes in intermolecular interaction,
with the application pressure, can result in an obvious
deformation of the molecules. We thus measured the
length of the 𝐷5ℎ(1)-C90 molecules, the diameter of
the tubular part, and the bowl-shaped part at each
pressure point up to 14GPa using the Material Stu-
dio package. We measured the same pair of atoms of
the same 𝐷5ℎ(1)-C90 molecule in the middle of the
supercell at each pressure point to get an accurate re-
sult. The pressure dependence of the length (𝑑𝑙/𝑑𝑝)
and diameter (𝑑𝑅/𝑑𝑝) of 𝐷5ℎ(1)-C90 molecules are
shown in Fig. 6(a). The length and the tubular di-
ameter of the 𝐷5ℎ(1)-C90 cage are compressed and
decrease obviously at 6GPa, while little change oc-
curs in the bowl-shaped part, suggesting the deforma-
tion of 𝐷5ℎ(1)-C90 molecule. The molecular deforma-
tion demonstrated by the simulation can be well cor-
related with the pressure evolution of the Raman and
infrared modes in an experiment. According to the vi-
bration mode assignments shown in Tables S3 and S4,
we have compared the pressure coefficients 𝑑𝜔/𝑑𝑝 and
the critical pressures where the modes disappear for
each mode of 𝐷5ℎ(1)-C90. The experimental results
show that the modes with large pressure coefficients
𝑑𝜔/𝑑𝑝 are mainly observed in the stretching vibration
of hexagons in the tubular part and lower correspond-
ing critical pressures. For example, the Raman mode
starting from 1213 cm−1 and the IR mode starting
from 1083 cm−1 in the corresponding spectra exhibit
the largest pressure coefficient of 8.2 cm−1 GPa−1 and
4.2 cm−1 GPa−1, respectively. The larger the pressure
coefficient it shows, the more significant deformation
occurs in the corresponding part of the molecule.

In contrast, small pressure coefficients 𝑑𝜔/𝑑𝑝 are
mostly observed in the vibration of the pentagon
in bowl-shaped caps, and indeed less deformation
is observed in this part based on our simulations.
This shows that applying pressure significantly affects
tubular deformation than the two caps in 𝐷5ℎ(1)-C90

molecules. Furthermore, the deformation pressure of
6.6GPa for the tubular part of 𝐷5ℎ(1)-C90 from our
experiment and simulation is similar to the predicted
transition pressure of 7–8GPa for the SWNT with the
same diameter (0.7 nm).[7] In contrast, the transition
of C60 molecules in this pressure range is usually re-
lated to the intermolecular bonding of polymerization
due to the active C=C bonds on the C60 cage; while
for C70, the polymerization becomes less efficient[25]

in that only the double bonds on the polar caps of
the C70 molecule are reactive. In contrast, the cyclic
double bonds on the equatorial belt are ineffective in
undergoing (2+2) cycloaddition reactions. This gives
strict topological constraints on forming long-range
ordered polymers of C70. In our𝐷5ℎ(1)-C90, the tubu-
lar part should be unreactive, and the polymerization
of the caps of C90 is less efficient, similar to the case of
C70.

[26] Thus, the deformation of 𝐷5ℎ(1)-C90 is closely
related to the tube diameter, and 𝐷5ℎ(1)-C90 exhibits
compression behavior in this case.
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Fig. 6. (a) Pressure dependence of the lengths of 𝐷5ℎ(1)-
C90 and the diameters of the tubular and bowl-shaped
parts. (b) The deformation process of 𝐷5ℎ(1)-C90 under
pressure.

At higher pressure, the structure of the 𝐷5ℎ(1)-
C90 molecule changes from an elongated elliptical to
a dumbbell-like shape. Such unique structures formed
at high pressure may be used as good building blocks
to construct new carbon materials with new prop-
erties. The amorphization transition of 𝐷5ℎ(1)-C90

molecules starts from 13.9GPa. As pressure increases,
the molecules are deformed more seriously, and the
intermolecular bonding may further accelerate the
amorphization of the molecules, which may be under-
estimated in our simulation. Intermolecular bonding
is one of the important reasons for driving the amor-
phization of C60 when compressing fullerenes, result-
ing in the formation of aggregation. A similar transi-
tion has also been observed in fullerenes[27] or carbon
nanotubes[28,29] in a similar pressure range. For exam-
ple, the cross section of single-wall carbon nanotubes
collapses. The inter-tubular bonding may also form at
around 15GPa, which results in the significant weak-
ening and broadening of the G-band and initiates nan-
otubes’ structural collapse/amorphization.[28,29] How-
ever, the reversibility of the amorphous phase on de-
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compression is suggested to be related to the relative
strengths of the repulsive intermolecular interaction
and the intramolecular interaction.[27] The molecules
can be permanently distorted/destroyed if the former
is sufficiently higher, leading to an irreversible transi-
tion.

In summary, we have investigated the IR and Ra-
man spectra of 𝐷5ℎ(1)-C90 under ambient conditions
and under high pressure. First, the main vibration
modes in the recorded spectra under ambient condi-
tions have been assigned. The transitions of 𝐷5ℎ(1)-
C90 related to the crystal structure and molecular
morphology when compressed are demonstrated us-
ing a dynamics simulation. The transformations ex-
hibit the features of both fullerene and nanotube. At
around 2.5GPa, an orientational transition occurs in
a crystalline structure, and the free rotation of the
𝐷5ℎ(1)-C90 molecules transforms into a restricted ro-
tation around the long axis of the molecules. At
6.6GPa, the 𝐷5ℎ(1)-C90 molecule cage starts to de-
form, in which the deformation of the tubular part is
more significant than the bowl-shaped caps. The mor-
phology of the molecular cage is changed from an elon-
gated ellipse to a dumbbell-like shape at higher pres-
sure. When used as building blocks, the transformed
carbon nanostructure with such unique morphology
may be favorable for design of new materials. The
amorphization of the material is initiated at 13.9GPa
and is probably correlated with both the intermolec-
ular bonding and molecular morphology change. The
unique transitions observed in 𝐷5ℎ(1)-C90 enrich our
understanding of structural changes in nanocarbon
from 0D to 1D in general.

In the Supporting Information, we give additional
images and tables for 𝐷5ℎ(1)-C90 at ambient pressure
and high pressure.
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Sundqvist B, Kováts P S and Liu B 2020 J. Am. Chem.
Soc. 142 7584

[7] Elliott J A, Sandler J K W, Windle A H, Young R J and
Shaffer M S P 2004 Phys. Rev. Lett. 92 95501

[8] Zang J, Treibergs A, Han Y and Liu F 2004 Phys. Rev.
Lett. 92 105501

[9] Sluiter M H F and Kawazoe Y 2004 Phys. Rev. B 69 224111
[10] Araujo P T, Barbosa N N M, Chacham H et al. 2012 Nano

Lett. 12 4110
[11] Li W, Qu F, Liu L, Zhang Z, Liang J, Lu Y, Zhang J, Wang

L, Wang C and Wang T 2022 Angew. Chem. Int. Ed. 61
e202116854

[12] Ye X, Yu P, Shen W, Hu S, Akasaka T and Lu X 2021 Sol.
RRL 5 2100463

[13] Wang S, Li X, Zhang X, Huang P, Fang P, Wang J, Yang
S, Wu K and Du P 2021 Chem. Sci. 12 10506

[14] Yang H, Jin H, Zhen H, Wang Z, Liu Z, Beavers C M,
Mercado B Q, Olmstead M M and Balch A L 2011 J. Am.
Chem. Soc. 133 6299

[15] Yang H, Beavers C M, Wang Z, Jiang A, Liu Z, Jin H,
Mercado B Q, Olmstead M M and Balch A L 2010 Angew.
Chem. Int. Ed. 49 886

[16] Schettino V, Pagliai M, Ciabini L and Cardini G 2001 J.
Phys. Chem. A 105 11192

[17] Braga S F and Galvão D S 2007 J. Comput. Chem. 28 1724
[18] Wang L, Liu B, Liu D, Yao M, Yu S, Hou Y, Zou B, Cui

T, Zou G, Sundqvist B, Luo Z, Li H, Li Y, Liu J, Chen S,
Wang G and Liu Y 2007 Appl. Phys. Lett. 91 103112

[19] Yamawaki H, Yoshida M, Kakudate Y, Usuba S, Yokoi H,
Fujiwara S, Aoki K, Ruoff R, Malhotra R and Lorents D
1993 J. Phys. Chem. 97 11161

[20] Huang Y, Gilson D F R and Butler I S 1991 J. Phys. Chem.
95 5723

[21] Wagner J, Ramsteiner M, Wild C and Koidl P 1989 Phys.
Rev. B 40 1817

[22] Weiler M, Sattel S, Giessen T, Jung K, Ehrhardt H,
Veerasamy V S and Robertson J 1996 Phys. Rev. B 53
1594

[23] Liu D, Yao M, Wang L, Li Q, Cui W, Liu B, Liu R, Zou B,
Cui T, Liu B, Liu J, Sundqvist B and Wågberg T 2011 J.
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Figure S1. The stretch maps of D5h(1)-C90 from different angle of view.  

Isomer pure C90 sample with D5h symmetry has been isolated from the raw soot 

produced by Sm2O3-doped graphite rods 
[R1]

. D5h(1)-C90 has 12 pentagons and 35 

hexagons on the carbon cage and can be taken as a short armchair nanotube with two 

half C60-like caps on its two ends (sketch map see Figure S1). In order to form 

D5h(1)-C90, the C60 was cut in half, one was rotated by 36° relative to the other, 30 

carbon atoms were inserted in 
[R1]

. The D5h(1)-C90 powder were treated under vacuum 

to remove the solvent remained in the samples. 

In the high pressure Raman experiment, a small piece of D5h(1)-C90 samples and 

pressure transmission medium (PTM) were loaded in a hole of ~100 μm diameter 

drilled in a preindented 40 μm steel gasket of a Mao-Bell-type diamond-anvil cell. A 

4:1 methanol to ethanol mixture or liquid argon was used as PTM, which both give 

quite similar results. All the Raman-scattering experiments were performed by using a 

spectrometer (Renishaw inVia, UK) with an air-cooled charge-coupled device (CCD) 

detector and double-notch filtering. 

High-pressure IR measurements were carried out at U2A beamline, National 

Synchrotron Light Source, Brookhaven National Laboratory and also have been 

repeated at our Laboratory. A symmetrical diamond anvil cell with a pair of type IIa 

diamond anvils was used with liquid argon as the PTM. D5h(1)-C90 powder samples 

were loaded into a 150 μm diameter gasket hole first. Then, liquid argon was 

cryogenically loaded and sealed in the gasket hole. The mid-IR spectra were collected 

in transmission mode by a Bruker Vertex 80v FTIR spectrometer and Hyperion 2000 

IR microscope equipped with a nitrogen-cooled MCT detector at U2A side station. 



The spectrometer was evacuated and the microscope was purged with dry nitrogen 

gas during the measurements. In order to measure the reference spectrum at each 

pressure, the aperture size was set as 25 m25 m and the synchrotron IR beam was 

focused onto the argon area first then moved to the sample area. The spectra were 

collected from 500 to 7000 cm
-1

 with a resolution of 4 cm
-1

 and 2048 scans applied to 

all spectra. Both Raman and IR measurements are performed at room temperature and 

the pressure was calibrated with the ruby fluorescence technique. 

Since the Raman and IR spectrum of D5h(1)-C90 have not been reported before, 

theoretical calculations were performed to investigate and assign the vibration modes 

of D5h(1)-C90. The molecular geometries were optimized using Density Functional 

Theory (DFT) method with B3LYP hybrid functional 6-311g(d) basis set 
[R2]

. Both the 

frequency and intensity of each vibrational mode were calculated. All calculations 

were performed by using Gaussian 09 package 
[R3]

. The Gauss View program was 

used to propose an initial geometry of investigated molecules and for visual 

inspection of the vibration modes. 

In order to validate the structure of D5h(1)-C90 under high pressure, we have carried 

out classical molecular dynamics simulations using the universal force field 

implemented in the Material Studio package. This force field includes van der Waals, 

bond stretch, bond angle bend, inversion and torsion terms. Taking into account the 

interaction between adjacent D5h(1)-C90 molecules, we used the Lennard-Jones 12-6 

potential to describe the van der Waals interaction between molecules 
[R4]

. For the 

simulation, we construct a 232 super cell model according to the experimentally 

determined crystalline parameters, which contains 48 D5h(1)-C90 molecules in a box 

with periodical boundary conditions in all three directions. After that we performed 

the molecular dynamics in the microcanonical ensemble (constant number of particles, 

pressure, and temperature) during 20 ps (time step=1 fs). To compare with the 

experimental results, the simulations have been done in the pressure range from 0 GPa 

to 14 GPa. And the temperature is set as room temperature (298 K) to ensure the 

authenticity of the simulation. 



 

Figure S2. (a) Raman spectra of the D5h(1)-C90 decompressed from 35.1 GPa (Ⅰ), 24 GPa (Ⅱ) 

and ambient pressure (Ⅲ). (b) IR spectra of the D5h(1)-C90 decompressed from 25 GPa (Ⅰ) and 

ambient pressure(Ⅱ). 

 



Table S1. The pressure coefficient for the selected four Raman peaks at the transition pressures of 

2.5 GPa and 6.6 GPa, respectively.  

Raman peaks Pressure coefficient(cm
-1 

GPa
-1

)   

2.5 GPa 6.6 GPa 

1213 cm
-1

 <1.88 GPa >1.88 GPa <5.81 GPa >5.81 GPa 

9.25 8.16 7.08 18.45 

1445 cm
-1

 <1.88 GPa >1.88 GPa <6.66 GPa >6.66 GPa 

5.85 5.52 5.56 5.42 

1485 cm
-1

 <2.96 GPa >2.96 GPa <6.66 GPa >6.66 GPa 

5.22 5.03 5.70 5.14 

1576 cm
-1

 <1.88 GPa >1.88 GPa <6.66 GPa >6.66 GPa 

5.04 4.62 3.81 5.11 

 



Table S2. The pressure coefficient for the selected five IR peaks at the transition pressures of 2.5 

GPa and 6.6 GPa, respectively. 

IR peaks Pressure coefficient(cm
-1 

GPa
-1

) 

2.5 GPa 6.6GPa 

815 cm
-1

 <3.54 GPa >3.54 GPa <6.13 GPa >6.13 GPa 

-1.98 -0.45 -0.75 -0.45 

1083 cm
-1

 <2.91 GPa >2.91 GPa <6.13 GPa >6.13 GPa 

4.28 4.23 3.87 4.45 

1196 cm
-1

 <2.91 GPa >2.91 GPa <5.55 GPa >5.55 GPa 

4.43 2.96 3.15 2.73 

1437 cm
-1

 <2.91 GPa >2.91 GPa <6.74 GPa >6.74 GPa 

6.51 1.47 3.61 1.39 

1462 cm
-1

 <1.60 GPa >1.60 GPa <6.74 GPa >6.74 GPa 

5.14 4.27 6.86 4.18 

 

 

 



Table S3. The assignments, pressure coefficient and the pressure at which the mode disappear for 

the selected four Raman bands are compared with their slope of Pressure dependent frequencies. 

Raman vibration modes Band assignment Pressure 

coefficient 

(cm
-1 

GPa
-1

) 

Pressure at which the mode 

disappear 

1213 cm
-1 

A1
'
 hexagon: stretching vibration 8.23 6.6 GPa 

1445 cm
-1 

E1
'
 Pentagon: stretching vibration 5.57 11.2 Gpa 

1485 cm
-1 

A1
'
 bending vibration 5.34 11.2 Gpa 

1576 cm
-1 

E1
''
 hexagon: stretching vibration 4.13 13.9 Gpa 

 

Table S4. Selected five IR bands assignment are compared with their slope of Pressure dependent 

frequencies. 

IR vibration modes Band assignment Pressure 

coefficient 

(cm
-1 

GPa
-1

) 

Pressure at which the mode 

disappear 

815 cm
-1 

E1
' 
 hexagon: stretching vibration -0.49 25.0 GPa 

1083 cm
-1 

A2
''
 hexagon: stretching vibration 4.20 7.6 GPa 

1196 cm
-1 

A2
''
+E1

'
 hexagon: stretching vibration 3.05 9.0 Gpa 

1437 cm
-1 

E1
' 
 pentagon: bending vibration 1.82 20.1 GPa 

1462 cm
-1 

A2
''
+E1

'
 Pentagon: stretching vibration 5.36 2.91 GPa 

 

vibration 

Frequency of vibration mode (cm-1) 

calculation 
experiment 

IR Raman 

radial breathing 153  170 

radial breathing 247  256 

radial breathing 393  397 

radial breathing 459  462 



radial breathing  606  608 

radial breathing 620  621 

stretching of hexagonal carbon rings  1080 1083  

stretching of hexagonal carbon rings 1208 1196  

stretching of hexagonal carbon rings 1213  1213 

stretching of hexagonal carbon rings 1312  1328 

bending of hexagonal carbon rings 1442 1437  

stretching of pentagonal carbon rings 1447  1445 

stretching of pentagonal carbon rings 1476 1462  

stretching of hexagonal carbon rings 1480  1485 

stretching of hexagonal carbon rings 1571  1576 

Table S5. IR and Raman frequencies measured from experiment and calculated by theoretical 

simulations and their assignments to the corresponding Vibration modes of D5h(1)-C90. 
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