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TOPICAL REVIEW — Low-dimensional nanostructures and devices

Controllable synthesis of fullerene nano/microcrystals and their
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Fullerene molecules are interesting materials because of their unique structures and properties in mechanical,
electrical, magnetic, and optical aspects. Current research is focusing on the construction of well-defined fullerene
nano/microcrystals that possess desirable structures and morphologies. Further tuning the intermolecular interaction of the
fullerene nano/microcrystals by use of pressure is an efficient way to modify their structures and properties, such as creation
of nanoscale polymer structures and new hybrid materials, which expands the potential of such nanoscale materials for di-
rect device components. In this paper, we review our recent progress in the construction of fullerene nanostructures and their
structural transformation induced by high pressure. Fullerene nano/microcrystals with controllable size, morphology and
structure have been synthesized through the self-assembly of fullerene molecules by a solvent-assisted method. By virtue of
high pressure, the structures, components, and intermolecular interactions of the assemblied fullerene nano/microcrystals
can be finely tuned, thereby modifying the optical and electronic properties of the nanostructures. Several examples on high
pressure induced novel structural phase transition in typical fullerene nanocrystals with Cgy or C7¢ cage serving as build-
ing blocks are presented, including high pressure induced amorphization of the nanocrystals and their bulk moduli, high
pressure and high temperature (HPHT) induced polymerization in Cgy nanocrystals, pressure tuned reversible polymeriza-
tion in ferrocene-doped Cgp/C7¢ single crystal, as well as unique long-range ordered crystal with amorphous nanoclusters
serving as building blocks in solvated Cgq crystals, which brings new physical insight into the understanding of order and
disorder concept and new approaches to the design of superhard carbon materials. The nanosize and morphology effects
on the transformations of fullerene nanocrystals have also been discussed. These results provide the foundation for the
fabrication of pre-designed and controllable geometries, which is critical in fullerenes and relevant materials for designing

nanometer-scale electronic, optical, and other devices.
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1. Introduction

Owing to their unique structures and properties,
fullerenes have attracted great attention in the studies of nano-
materials and molecule-based electronic devices.!!?! The Cg
molecule can be taken as a truncated icosahedron built up by
all carbon atoms. There are 12 pentagons and 20 hexagons on
a Cgo cage, forming a bucky ball with all carbon atoms located
at the nodes of a series of hexagons and pentagons, which is
defined by alternating single and double bonds. The double
bonds on the cage are highly reactive because their energies
increase due to curvature induced by the cage structure. Such
a curvature also results in the carbon atoms in Cgy molecules
essentially possessing sp? hybridized state with some contri-
bution of the minor sp>. As a representative zero-dimensional
nano material in carbon family whose bulk modulus is twice as
great as that of diamond, fullerene molecules thus become ex-
cellent building blocks for studying novel phase and construct-

ing new carbon-based materials both under ambient pressure
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and high pressure conditions. Moreover, engineering unique
properties are strongly dependent on the ability to control the
structures, size, and morphology of the fullerene materials,
which remains a crucial issue in both fullerene nanoscience
and nanotechnology and their applications.

Under ambient conditions, fullerene molecules are held
together by an extraordinarily weak van der Waals interac-
tion, forming molecular crystals. Since fullerene properties
depend strongly on crystals size, morphology, and structure,
the fabrication of pre-designed and controllable geometries
in fullerenes is critical for designing nanometer-scale elec-

[3-16] Recent studies have fo-

tronic, optical and other devices.
cused on the growth of low-dimensional fullerene crystals at
the nanoscale due to their superior properties.>!3 Particu-
lar efforts have been devoted to the growth of well-dispersed
fullerene nanocrystals directly on different substrates for di-
rect applications in the filed of nanoscale devices. In the re-
spect of fabricating well-dispersed fullerene nanocrystals, our

group first developed a simple and fast evaporation method
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by vaporizing the solvent from a Cg solution in various aro-
matic solvents.!”-8 In this paper, we will briefly describe re-
cent progress made in this field.

As one of the independent thermodynamic parameters
apart from those usually studied, such as temperature and
composition, pressure plays an increasingly important role in
physics and materials. Pressure can be effective in shortening
atomic distance, enhancing orbital overlap, consequently mod-
ifying crystalline structures and tuning interactions. Thus, we
can not only obtain fundamental parameters from in situ high
pressure study, such as bulk modulus, equation of state (EOS),
but also realize novel high pressure state combined with other
conditions.

High pressure and high temperature serves as an effi-
cient way of polymerizing fullerenes, creating several forms
of sp2—sp3 Ceo phases, such as dimers (D), one-dimensional
(1D) orthorhombic (O), two-dimensional (2D) tetragonal (T)
and rhombohedral (R), and three-dimensional (3D) polymeric
phases.['7-191 Polymerization of Cg fullerene has attracted
considerable attention due to the promising properties of the
materials. Though the polymerization of Cgg bulk samples has
been widely studied, there have been few reports on the poly-
merization of Cgp nanocrystals. For fullerene nanocrystals,
one important issue is to know how the size and morphology
influence the basic physical parameters compared with their
corresponding bulk counterparts. On the other hand, most
of the as-prepared fullerene nano/microcrystals are formed in
molecular crystals with weak intermolecular interactions via
either van der Waals or charge transfer, making the crystals
fragile. This restricts their future applications in some fields.
To build harder and stiffer forms of fullerenes, one way is to
induce polymerization among the Cgy molecules that contain
C=C double bonds to create strong covalent intermolecular
bonds of the sp? kind.[!7]

Another important issue is to tune and modify the inter-
molecular interaction by high pressure, which plays an im-
portant role in determining the structure and properties of
the fullerene crystals. In particular, in a dopant-C60s hy-
brid system, the presence of the intercalants strongly affects
the structure of the grown crystals, as well as the electronic
properties of the formed crystals via different intermolecular
[8.9.20-24] Finely tuning the intermolecular interac-
tion is thus important for tailoring the properties of fullerene

interactions.

crystals, which may also allow us to study the new physi-
cal process during the polymerization of fullerenes. Besides
these expectations, the parameters such as nanosize effect and
the special morphologies of the fullerene nano/microcrystals
could also play roles in the transformations of fullerenes un-
der pressure. Therefore, from both a fundamental and a prac-
tical point of view, high pressure studies on these fullerenes
nano/microcrystals have attracted great interest.

In this review,
recent progress in controllable

after a brief introduction to our

synthesis of fullerene

nano/microcrystals by solution evaporation method developed
by our group, we focus on the results of high pressure study
on fullerene nano/microcrystals. The rest of this paper is or-
ganized as follows. After a general description of the progress
in the growth of fullerene nano/microcrystals mostly by the
fast solution evaporation method in Section 2, we present
structural transformations in fullerene nano/microcrystals un-
der pressure in Section 3. The pressure induced structural
transformations and amorphization, pressure induced poly-
merization and novel carbon phase of long range ordered
crystal with amorphous nanoclusters as building blocks in
nano/microcrystals under pressure are described in this sec-
tion. Finally, we give conclusions and outlook in Section 4.

2. Material preparation

The production of shape- and size-controlled fullerene
crystals would enhance the utility of these molecules in
tailoring their properties. Up to now, the preparation of
nanometer-scale components with prescribed morphology has
been achieved by different methods, including the use of tem-
plates, solution evaporation method, precipitation method, the
liquid-liquid interfacial precipitation (LLIP) method, and the
solvent-free vapor-driven crystallization processes.>~'4l By
these methods, 1D nanorods, nanowires, nanowhiskers, nan-
otubes, 2D nanosheets, and 3D cubes have been produced. In
particular, the direct solution vapor method is a fast and facile
method to prepare fullerene single crystals on various sub-
strates, which has always been regarded as an efficient way
of fabricating fullerene crystal. Recently, we developed and
extended this method to produce well dispersed 1D, 2D, and
3D nanosized fullerene single crystals (Fig. 1).[7:8.20:25.26]

Cgo nanowires/nanorods

heat treated at 150 °C
under vacuum

Si substrate

Fig. 1. Schematic drawing of the solution evaporation method of syn-
thesizing fullerene nano/microcrystals.
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By evaporating a solution of Cgy in m-xylene, in which
neat m-xylene was used as a shape controller, Cg( can rapidly
grow into thin and rectangular nanorods with widths and thick-
nesses on the order of nanometers.!”) The widths of the rods
were in a range of 100—450 nm, and a majority of the nanorods
have a width of about 200 nm; their average length was about
100 um (Fig. 2). The diameters and length-to-diameter ra-
tios of the synthesized nanorods can be tuned by using dif-
ferent growth conditions. The smallest nanorods obtained
have widths smaller than 30 nm. The nanorods obtained
are highly crystalline and of single phase. The as-prepared
nanorods contain m-xylene solvent (Cgp:m-xylene, 1:1) and
have a hexagonal structure (P63 space group, a = 2.376 nm
and ¢ = 1.008 nm).

hibit a significant increase in photoluminescence (PL) inten-

The as-grown solvated nanorods ex-

sity, which is about 2 orders of magnitude higher than that for
pristine Cg crystals in air.[®] The interaction between Cg and
m-xylene molecules is of the van der Waals type, which re-
duces the icosahedral symmetry of Cgy molecules and induces
strong PL from the solvate nanorods.

Ho F———1 20um

Fig. 2. Scanning electron microscope (SEM) images of Cgy nanorods
produced by evaporating Cgo/m-xylene solution. (a) Low magnification
and (b) high magnification.?7!

Moreover, the solvent can be easily removed by heating
the material at above 150 °C under vacuum which transforms
the nanocrystals into FCC structure while rod shape can be
preserved. It is interesting that a gradual expansion of the lat-
tice constant is observed in the Cgp nanorods as their widths

decrease. The well-dispersed nanorods synthesized by using
this method are of great benefit to their application in the field
of nanoscale devices. In addition, it is interesting that 1D
fullerene nanotubes can be fabricated from these as-prepared
nanorods. For example, by heating the as-prepared nanorods
from evaporating Cgo/p-xylene solution at 150 °C for 10 h, the
nanorods can be transformed into nanotubes. The sizes of the
obtained nanotubes are dependent on the starting nanorods.

Later, the evaporation method was modified to synthe-
size Cgo nanosheets on substrates, which gives no chemical
reaction with the solvent and Cgg at 150 °C.[25] The obtained
Cego nanosheets are hexagonal crystals with lateral dimensions
in the micrometer range and crystallized into an fcc struc-
ture. The average thickness of the nanosheets is about 250 nm.
More interestingly, the lattice of the nanosheets is expanded by
about 0.4% compared with that of bulk Cgq. Such a lattice ex-
pansion subsequently induces the increase of the bulk modulus
and stability of the Cg cage of the material upon compression.

To better understand the effects of solvent type on grow-
ing Cgo nano/microcrystals by the evaporation techniques,
the positional isomers, including ortho- (0-), meta- (m-) and
para- (p-) type aromatic solvents have been systematically
studied.!?®! Cgq crystals with various morphologies have been
produced, including 1D nano/microrods and 2D sheets. Cgg
nano/microrods crystallized into a hexagonal structure have
been grown on solid substrates by vaporizing solutions of Cgg
in m-type solvents. The m-dichlorobenzene gives the highest
production. The diameters of the produced Cgy rods have a
wide distribution, from tens of nanometers to 5 mm. The as-
pect ratios of these rods could be tuned by changing the con-
centration of Cgg in solution. Almost no rod-like crystals were
obtained by o- and p- type solvents, but for p-type solvents
some 2D or 3D nano/microcrystals with a well-crystallized
fcc structure have been observed.[6! This indicates that dif-
ferent positional isomers have different interactions with Cgg
and therefore different abilities to shape Cgg crystals.

The SEM image given in Fig. 3(a) directly shows that
the growth of the Cgy rods follows a nucleation-growth

[26] which is a normal growth mode in some self-

pathway,
assembly models of molecular crystals.”®! Based on the SEM
studies we also find that the smaller diameter rods grow faster
than the bigger ones, making it possible for them to occasion-
ally traverse the bigger ones during their growth. High res-
olution transmission electron microscopy (HRTEM) analysis
shows that the hexagonal close-packed Cgp rods grow along
the (001) direction (Fig. 3(b)), which is consistent with the

early reported results. [>7]
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1.19 nm

7110

Fig. 3. (a) SEM image of the as-grown Cgq rods, showing that rods
grow along two directions, following a nucleation-growth model; and
(b) HRTEM image of Cg rod.?6]

This series of solvents are also efficient to grow Cyg
crystals. Various C79 nano/microcrystals, including rods,
tubes and cube shaped C79 microcrystals can be selectively
obtained.?”) The sizes of the synthesized Cyq cubes range
from several hundreds of nanometers to tens of micrometers
(> 30 wm), which could grow individually on the substrate
and some also grow in an interlaced manner. Note that the m-
type solvents produce microrods and/or microcrystalline cubes
with either an orthorhombic or a monoclinic structure, while
p-type solvents lead to cubic crystals with a hexagonal struc-
ture (possibly containing some fcc structure). In addition, the
Cyo crystals grown from m-type solvents usually contain sol-
vent molecules while the crystals grown from p-type solvents
are free from solvent. For the solvated Cyg crystals, the in-
teraction of solvent—Cryq is weak van der Waals force, similar
to that of solvated Cgg crystals. Moreover, the photolumines-
cence (PL) efficiency of Cyq crystals at room temperature in-
creases with the increase in structural order, where the best
crystalline C79 cube crystals show a 10-fold enhancement of
PL efficiency compared with the polycrystalline C79 powder,
indicating their possible implementation in optical devices.

3. Structural transformations in fullerene
nano/microcrystals under pressure
3.1. High pressure induced phase transitions and amor-
phization
High pressure studies on nanostructured material have at-
tracted great enthusiasm because of its many novel high pres-
sure behaviors in the nanomaterials. Previous high pressure

studies on nanomaterials have shown that the size and mor-
phology effects have a strong influence on the critical pressure
for phase transition, phase transition routine, and even amor-
phization process. However, high pressure studies on fullerene
nanomaterials have been rarely reported. The progress in
fabricating fullerene nanocrystals with designed morpholo-
gies and size has aroused significant interest in high pres-
sure research on these nanocrytals. It is necessary to under-
stand the size and morphology effects on the transformation
of fullerenes nanocrystals under pressure.
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Fig. 4. Raman (a) and PL (b) spectra of Cg nanotubes decompressed
from different pressures. Insert shows the images of Cgo nanotubes de-
compressed from 31.1 GPa.[?]

Cego nanotube is a good model to investigate such effects
on the stability of Cgo under high pressure.>”! At the pressure
between 1.46 and 2.26 GPa a phase transition from fcc to sc
phase has been observed based on our in situ high pressure Ra-
man measurements. However, the transition pressure is about
1 GPa higher than that observed in the bulk Cgy crystals. In
situ PL studies suggest that the pressure induces the stronger
interaction of Cgy molecules, which results in the decrease in
the band gap of Cgp and thus the redshift of PL bands. This
change is in agreement with previous results on bulk Cgps. The
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Raman peaks and PL spectra of the samples quenched from
high pressure show that the amorphous phase reverts to the
pristine crystalline Cgg after decompression, which indicates
that the Cgp molecules are stable at 31.1 GPa in nanotubes.
The Cgp nanotubes still maintain their one-dimensional mor-
phologies when quenched from 31 GPa (Fig. 4). However, the
pressure-induced amorphization became partially irreversible
when the pressure was higher than 34.3 GPa. This amorphiza-
tion pressure is much higher than that for Cgq bulk crystals re-
ported in previous work3° and nanosheets. The higher tran-
sition pressure and higher stability of the Cgy cages can be
ascribed to the effect of small size of nanotubes.*’! It is thus
suggested that the Cg( crystals with smaller size probably will
be a good candidate for fabricating superhard materials.

In the high pressure study on Cy¢ nanotubes, the small
size effect on the material transformation has also been
observed. 3!l The C7( nanotubes used here were crystallized

into an fcc structure with lattice constant a = 1.492 nm
(Fig. 5), which were fabricated by a similar process to that
for the synthesis of Cgy nanotubes, followed by a heat treat-
ment. The tubes have outer diameters in a range of 500—
800 nm. Upon compression, a molecular orientation-related
phase transition, from fcc structure to rhombohedral structure
was observed around 1.5 GPa. Again, this transition pres-
sure was about 1 GPa higher than that of bulk Cy crystals.
The amorphization pressure of C79 nanotubes was observed at
above 20 GPa and the irreversible and complete amorphiza-
tion of C79 nanotubes was above 51.1 GPa. The pressure for
this transition is much higher than that of bulk crystals. Upon
decompression from 30.8 GPa, the released nanotubes partly
remain their initial structures and tube-like morphologies. De-
compressed from higher pressure of 43 GPa, the cage structure

of C79 molecules is still preserved.
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Fig. 5. (a) SEM and TEM (insert) images, (b) XRD patterns, and (c) Raman spectra for pristine C79 nanotubes. The fcc structure of

the C7q tubes is the same as that of the bulk C7q crystal. (31]

Table 1. Amorphization pressures and bulk moduli of the studied fullerene nanocrystals.?)

Sample Size Structure Amorphization pressure Bulk modulus

Cgo nanotube D ~ 300-500 nm fee > 34.3 GPa 26.7 (> 9.8 GPa) 123.5 (> 12.3 GPa)*
Cgp nanosheet T ~ 250 nm fee 31 GPa 29+1.9

Bulk Cgg micrometers fee 28 GPa 15-20 GPa

C70 nanotube D ~ 500-800 nm fee > 43 GPa 50 GPa (bulk C7 ~ 25 GPa)

2)D is the diameter and T is the thickness of the sample. *Results obtained from Ref. [32].

In Table 1 the amorphization pressures and the bulk mod-
uli for the studied fullerene nanocrystals are listed and com-
pared with those of the bulk samples. The nanosize and mor-
phology effects are found to be important for the amorphiza-
tion of fullerene nanocrystals and the increase in the high pres-
sure stability of the fullerene cages. Moreover, the bulk mod-
uli of the nanocrystals are obviously higher than those of the
bulk. In particular, the bulk modulus of C7g nanotubes is about
50 GPa, which is twice larger than that of the bulk Cyq crystal.
The higher bulk modulus is due to the nanosize effect of the
C70 nanotubes and is responsible for the higher stabilities of
both the crystal structure and the molecular structure of Cyg

nanotubes. 3!

3.2. Polymerization of fullerene nanocrystals under pres-
sure

3.2.1. Effect of charge transfer and spatial confine-
ment on the polymerization of fullerenes under
pressure

The intercalated fullerene complexes are formed by ei-
ther the relatively weak van der Waals interactions or both
relatively weak van der Waals interactions and charge trans-
fer from donors to acceptors. Such interactions are expected
to be modified by the application of external function such as
high pressure. On the one hand, high pressure can shorten the
intermolecular distance and compress the interatomic bonds,
which may induce the polymerization of Cgps from different

directions in an fcc crystal composed of free Cgps (Fig. 6).
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It is interesting that, when the Cgos were confined in a 1D
nanochannel of single wall carbon nanotubes, the Cgps can
only form polymeric bonds with its two neighbors, transform-
ing into dimer at low pressure and then 1D linear polymeric
structure at high pressure.'**! This indicates that utilizing con-
finement environment is a possible way to realize the control-
lable polymerization of fullerene molecules.

Coo
(111)&}) rhombohedral
>
in fcc structured o S e

- (001) fcc

50 Coo crystal | B
@; :E Cpgo crystal 028 110, icc & :< -
fcc ‘\* .:':: D B

orthorhombic

Fig. 6. Polymerization of Cgps and schematic map for the polymers of
Ceos in an fce structure.

On the other hand, the presence of dopants may mod-
ify the transformation of fullerene molecules upon compres-
sion, such as polymerization, structural deformation, and even
cage collapse. Thus, compressing the intercalated fullerenes
provides a possible way to create new hybrid carbon mate-

B IR * 4
* /,_,\-"4 49&

[ )

# #.‘ -
it .

Y
‘L

rials. Moreover, the degree of charge transfer between Cgg
molecules and dopants may be tuned by applying pressure,
which is important for tuning the properties of the interca-
lated fullerides and thus for their potential applications. This
is due to the fact that the doping can change the charge dis-
tributions, the electronic structures, and the energy gaps be-
tween the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) of the parent
fullerenes. Thus, the electronic properties of the materials may
be tuned in a wide range, from insulator to superconductor.
Ferrocene (Fc, Fe(CsHs)y) is a material which has a
strong electron-donating ability but weak charger transfer
to Cgo.[>*! It has been reported that the degree of charge
transfer in the donor-acceptor complex is mainly determined
by the vertical ionisation potentials of donors and the elec-
tron affinity of acceptors together with the efficiency of the
HOMO-LUMO overlap which is related to the distance
between donor and acceptor.*>! Thus, high pressure stud-
ies of Fc—Cgy compounds provide good opportunities to
study how to tune the degree of charge transfer between
Ceo and strong electron-donating dopants. The single crys-
talline Cgo(Fc)2 nanosheets were prepared by the proce-
dures described in Ref. [34].

man on Cgo(Fc), has been used to explore the pressure-

In situ high pressure Ra-

induced change of charge transfer in this system and its ef-

fect on the transformation of Cgy molecules.!*®! The results
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Fig. 7. Packing arrangements for Cgo(Fc), in the ba plane (a), bc plane (b), ca plane (c), respectively. (d) XRD pattern of Cgo(Fc)a

from experiment (top) and calculation (bottom). 130
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show that the charge transfer between Fc and Cgp molecules
can be strengthened in a low pressure range, and at above
5 GPa the Cgy molecules start to form polymer chains. Only
certain Cgp molecules can take part in this polymerization
reaction due to the special layer structure in the Cgy(Fc);
nanosheets and the resulting spatial restriction due to the lay-
ered Fc molecules (Fig. 7). This indicates that the Fc acts not
only as an electron reservoir to transfer electrons to Cgps and
the amount of the transferred charge can be tuned by the ap-
plied pressure, but also as a spacer in the transformation of
the material. The observed polymerization is found to be re-
versible upon decompression which is probably due to the re-
versibility of the pressure-tuned charge transfer interaction be-
tween Fc and Cgo molecules. This is the first experiment show-
ing that the polymerization of Cggs in doped fullerenes is af-
fected by both charge transfer and spatial confinement, which
can be tuned by the application of pressure, opening a new
way of studying controllable polymerization of fullerenes.
Besides Cg, C7g is another “heavy” fullerene easily avail-
able in significant quantities and exhibits more unique and out-
standing physical properties than Cg9. However, the polymer-
ization of C79 becomes less efficient due to the topochemical
constraint, a specific feature of the molecule. Polymerization
of C70s usually requires HPHT conditions. Motivated by the
polymerization of Cggs in Cgo(Fc), hybrid assisted by charge
transfer, we focused on the possible polymerization of Cyg
in Cy9(Fc), under pressure at room temperature. In a recent
study, we used in situ Raman and IR spectroscopy as well as
XRD to investigate the structural transitions of C7¢(Fc), under
high pressure.®”] The synthesis process of C7o(Fc)»is similar
to that of Cgp(Fc), described above. Similarly, C;o(Fc), was
formed by weak charge transfer between the two components
under ambient conditions. We find that a dimeric phase and a
1D polymer are formed above 3 and 8 GPa (Fig. 8), respec-
tively. The polymerization is reversible when released from,
at least, 20 GPa. To support our analysis we have also calcu-
lated the electron local function (ELF) and the charge trans-
fer from Cro(Fc), under pressure, from which we observed a
gradual overlapping of the electron cloud around C7g cages,
undergoing dimeric and linear polymerization (Fig. 9). The
polymerization mechanisms are discussed in the framework of
pressure-tuned changes in the charge transfer, the overridden
steric repulsion of counterions, and the unique layered struc-
ture of Cqo(Fc),.37) This is the first time that we have ob-
served a reversible pressure-tuned polymer of C7o doped ma-
terial with the bonding between Cgs solely driven by the ap-
plied pressure. This material is different from those C7g poly-
mers that require the combination of high pressure and high

temperature treatments.

(b)

Fig. 8. Possible polymeric structures of C7¢ in C7o(Fc)2 crystal formed
at 3.5 (a) and 8 GPa (b).1?”!

;, Slice 1
- 1.000
-0.750
-0.500
- 0.250
-0

Fig. 9. ELF of the crystals viewed from the (100) plane at 2 (a), 3.5 (b), and
8 GPa (c). The green (or yellow) elliptical represents the ELF of each C7g
molecule. 7]
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3.2.2. Polymerization at high pressure and high tem-
perature

As described above, Cgy nanorods, nanotubes and
nanosheests are all single crystals with specified growth di-
rections. Such a morphological difference, together with
the nanosize effect, may cause the different polymerization
behaviors for the Cgp nanocrystals compared with the bulk
Ceo sample. HPHT treatment has thus been carried out on
the fcc structured Cgp nanorods, nanosheets, and nanotubes
(Fig. 10).38* In the experiment, the Cgy nanocrystals were
located on a Mo substrate and then transferred into a big press
for HPHT treatments with silicon oil as pressure medium.

C¢o nanorods were treated under two different condi-
tions, at 1.5 GPa and 573 K and 2 GPa and 700 K, respec-
tively. The former condition has been used to produce or-
thorhombic polymeric structure in bulk Cgy, while the lat-
ter can produce a tetragonal phase of bulk Cgg containing
minor R phase. The Cgo nanorods have been transformed
into similar polymeric structures when subjected to the same
HPHT treatments.3®! The difference in the polymeric struc-
tures between the nanorods and the bulk is their microstruc-
tures, which will be discussed below. It is worth noting that the
nanorods preserve their rod shapes after the quasi-hydrostatic
pressure treatment. Owing to the nanosize effect, most of the
Raman modes in polymeric nanorods are much broader than
those in bulk polymeric Cgp.

The main fluorescence band shifted from 1.697 eV
(730 nm) in the unpolymerized sample to 1.657 eV (748 nm)
in the O phase and further to near infrared 1.588 eV (780 nm)
in the T phase. A shoulder peak at 1.74 eV in the PL spec-
trum of the T phase has also been observed. This peak has
been discussed in our previous study on the R phase and was
assumed to originate from R phase related surface defects.*]
The PL intensity of the polymeric samples is about ten times
higher than that of pristine Cg( nanorods in air, indicating that
the polymerization greatly enhances the luminescence of Cgg
nanorods. The enhanced fluorescences with tunable frequency
for different polymeric Cgg nanorods provide a potential ap-
plication in luminescent nanomaterials.

The differences in polymeric phase and PL spectrum be-
tween nanorods and bulk samples might be caused by their dif-
ferent morphologies. In bulk samples, a single crystal of the
O phase contains a number of differently oriented domains af-
ter polymerization. Each domain is rather large, much greater
than 20 nm and has one of 12 possible orientations relative
to the original lattice because all (110) directions are equiv-
alent for O phase. In the same way, the T phase has three
equivalent directions.[#?! For this reason, a disordered network
structure possibly exists in the bulk polymeric samples. As for
nanorod sample, the pristine Cg nanorod is a single crystal
with specified growth directions; the (111) planes are horizon-

tally aligned whereas the (110) planes are vertical. This prob-
ably causes relatively well-ordered domains in polymeric Cgg
nanorods compared with that in bulk polymeric samples. Such
a morphological difference may cause the different PL spectra
for Cgp polymeric nanorods from those for bulk Cgo samples.

as-grown

- o
g = (a)

>
5
©w
=]
9]
It
=]
—=
(111) (220)  (311)
heat treated (222)
1 1 1
5 10 15 20 25
20/(°)

(b)

2 pm

P

Fig. 10. (a) XRD patterns of Cgo nanotubes obtained from solution and
heat-treated at 150 °C, in vacuum. (b) TEM image and electron diffrac-
tion pattern of a selected area on a pure Cgo nanotube.#!!

For Cgp nanosheets after the same HPHT treatments, the
produced polymeric phases are similar to those of nanorods.
Their difference is that, in the HPHT-treated nanosheets at
2 GPa and 700 K, besides the T-phase and a trace of R-phase
polymers, O phase polymer has also been observed in the
sample.*?l The main fluorescence band shifted from 1.70 eV
in the monomeric phase to near infrared in the polymeric
phase. A comparison between PL spectra of the polymeric
nanorods and those of the polymeric nanosheets from the same
HPHT conditions shows only slight difference in the relative
intensity of the PL peaks in the polymeric nanosheets which
can be observed. The differences in PL and Raman spectra
between nanosheets and nanorods samples treated under the
same conditions are probably caused by different polymeriza-
tion degrees in these samples because of different shapes. [4°]

Now we turn to the results on Cgy nanotubes with the
same HPHT treatments. The fcc structured Cgy nanotubes
(a = 1.415 nm) used here have diameters ranging from 300
to 500 nm and hexagonal cross-sections (Fig. 10). The se-
lected area electron diffraction (SAED) pattern indicates that
the longitudinal direction of the tubes is along the [110] ori-
entation. The morphology of the nanotubes can be retained
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after the HPHT treatments (Fig. 11). Treating the nanotubes at
1.5 GPa and 573 K results in a dimeric polymer phase of the
sample, while linear polymeric structure (orthorhombic phase)
has been observed as dominant phase in the nanotubes sample
after the treatment at 2 GPa and 700 K.!*! These polymeric
structures of nanotubes show low polymer degree compared
with those of the bulk crystals treated at same HPHT condi-
tions. The results indicate that Cgy nanotubes are more dif-
ficult to be polymerized than the bulk single crystals, which
has been explained by the fact that the molecule packing and
small hollow structure of nanotubes give large constraints to
the development of long-range-ordered polymers. In addition,

PL measurements show that the PL positions of HPHT treated
nanotubes are blue-shifted with the increase of the applied
pressure and temperature. A detailed comparison in the poly-
meric phases and PL among the Cgp nanorods, nanosheets,
nanotubes and the bulk crystals is listed in Table 2. The
morphology-dependent polymerization of Cgg nanocrystal can
be clearly observed. It is interesting that the polymerization of
fullerene molecules strongly affects the PL of the nanotube
samples but this tendency of the PL behavior is not obvious
for the bulk crystals. This indicates that it is possible to tune

the optical properties of the nanotubes by applying a pressure.

(a2)
5 Ag(2)
& 1468 cm™
2
]
I
=1
=
200 600 1000 1400
(b2)
>
5
‘n
=1
[
It
=}
=
nanotube
200 600 1000 1400
(c2)
145!
'é‘ bulk crystal
n
g [1400 "14a0 1480 «
-
=}
—
nanotube

600 1000 1400
Raman shift/cm~!

200

Fig. 11. SEM images (Left) and corresponding Raman spectra (Right) of (a) pristine Cgp nanotubes, and of Cgp nanotubes after

treatment at (b) 1.5 GPa, 573 K and (c) 2 GPa, 700 K.14!

Table 2. PL peaks of Cg bulk crystals and nanocrystals treated under different pressures and temperatures, and the assignment of
these peaks. The peaks marked with * are the strongest peaks for each sample.

Bulk crystals Nanotubes Nanosheets Nanorods
Treatment conditions Energy Phase Energy Phase Energy Phase Energy Phase
1.53 eV R 1.53 eV R 1.53 eV R 1.53 eV R
1.5 GPa, 573 K 1.66 eV(¥) o 1.66 eV(*¥) D 1.66 eV(¥) o 1.66 eV(¥) o
1.74 eV - 1.74 eV - 1.74 eV -
1.45eV T
1.53 eV R
2.0 GPa, 700 K 1.58 eV T 1.60 eV (*) 0 1.53 eV R 1.53 eV R
1.68 eV o 1.65 eV(¥) 0 1.58 eV(¥) T 1.58 eV(¥) T
1.74 eV(¥) - 1.74 eV - 1.74 eV - 1.74 eV -
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To further understand the difference in Cgy polymeriza-
tion between the nanocrystals and the bulk, we take the nan-
otubes as an example. A model of a single nanotube is shown
in Fig. 12. From the top moiety it is shown that except for
the [110] growth direction all the other [110] directions are ei-
ther perpendicular to or have an angle of /3 with respect to
the axis of nanotube, indicating that the linear extent of lattice
in the [111] directions is limited to the range of nanometres.
Cgo nanotubes have even smaller dimensions in these direc-
tions due to their hollow structure. For the bulk Cgps, there
are 12 possible equivalent [110] orientations in the fcc lattice
for the O phase and T phase may form in all the [110] ori-
entations in the three equivalent (001) planes. The molecu-
lar packing is confined on the nanoscale and lacks long-range
order, so all these orientations are not available for polymer-
ization on the nanocrystals and nanomaterials often exhibit
higher phase transformation pressures. Therefore, the poly-
merization in these directions that have nanoscale dimensions
requires higher pressure than in the growth directions.

[1io] _
[011] [101]

Ji
-

_____ H—

[T01][110][011]

[110]

Fig. 12. (a) Model of a single nanotube in the frame of the fcc structure,
which shows that the nanotube grows along the [110] direction, (b) top
view of this single tube, showing all the [110] direction in the tubes
viewed from the top in panel (a).[*!]

3.3. Novel carbon phase from compressing solvated Cg
crystals

From the above high pressure studies at ambient tempera-
ture we learn that when the solvent has been removed from the
as-prepared crystals and the dopant—Cgq interaction is absent,
the fullerene molecules on the nanocrystals face to each other
and their high pressure behaviors are similar to those of the
bulk pure fullerene crystals. The small size and the quasi-1D
morphology effects play dominant roles in the critical transfor-
mation pressures of the materials under pressure. By contrast,
when the solvent is preserved in the crystal lattice, the trans-
formation of the material is affected by both the interaction

of dopant-fullerene molecules and the spatial constraint of the
solvent in some directions. In a fullerene hybrid constructed
by aromatic solvents and fullerenes via weak van der Waals,
such a spatial confinement effect from the solvent should play
a dominant role in the pressure-induced transformations.

0 GPa

SR,
uanched

0 GPa

—
uanched

0 GPa
et
quanched

0 GPa
—_—
quanched

Fig. 13. Simulated structures of the material under different compres-
sion and decompression conditions. The deformation of the Cg( cages
is elastic below approximately 30 GPa, and the deformed cages return
to their initial shape as they are decompressed back to ambient pres-
sure. At above 30 GPa, many carbon-carbon bonds start to break, and
the cages can no longer return back to Cgy upon decompression. OACC
maintains long-range periodicity, and can be preserved under ambient
pressure conditions. 43

Very recently, Wang et al.!*3! compressed solvated Cgos
(Cgp*m-xylene) at room temperature and obtained a novel car-
bon phase that is called ordered amorphous carbon clusters
(OACCQ). In this study, Raman spectra on decompressed sam-
ples show that Cgy molecules from the crystalline solvated
fullerene phase undergo an order-to-disorder transition under
compression at ~35 GPa, i.e., Cgp cage collapses into amor-
phous carbon clusters. However, the X-ray diffraction reflec-
tions typical of a hexagonal close-packed (hcp) lattice and the
broad oscillations of diffuse scattering typical of amorphous
materials still can be observed in the material, suggesting that
the amorphous carbon clusters keep their translational sym-
metry. This suggests that a material can still possess long-
range order even though its fundamental building blocks are
disordered. Such a novel phase formed has not been ob-
served before and breaks the categorization of traditional solid
state materials. The transformation of the materials has been
further demonstrated by their quantum molecular dynamics
(QMD) simulations. In the simulation, a similar close-packing
(face-centered cubic) system was used as a test model sys-
tem (Fig. 13). Below ~30 GPa, the deformation is elastic.
However, above 30 GPa, the deformation becomes so large
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that a phase transition is triggered, and Cgo molecules start to
collapse by breaking the sp? hybrid C—C double bonds and
forming new sp> hybrid C—C bonds. The transformation be-
comes irreversible upon decompression. At even higher pres-
sures (> 35 GPa), the Cg cages completely collapse and trans-
form into highly disordered carbon clusters forming OACC;
OACC maintains the long-range periodicity due to the pres-
ence of the solvent molecules and can be preserved back to
ambient pressure conditions. The simulation results are con-
sistent with their experimental observations. Moreover, the
proposed OACC phase exhibits very high hardness and can
indent diamond anvils at high pressure.

It is generally accepted that the solvent plays an impor-
tant role in forming the OACC phase, but how the solvent
works is not well understood. To clarify the roles of the
solvents in transforming the Cgg molecules, we recently per-
formed comparative experiments on solvated and desolvated
Ceo crystals under pressure by in situ Raman spectroscopy. [+4]
The results show that the pressure-induced bonding change,
structural transformations of Cgps in the two materials are
quite similar, both undergoing deformation and amorphiza-
tion. Nevertheless, the two materials behave differently at high
pressure: the high pressure phases of solvated Cgy can indent
diamond anvil while that of desolvated Cgos can not. This in-
dicates that the microstructures of their high pressure phases
are probably different. Further TEM observations show that
the quenched phase contains ordered phases and disordered
phases (Fig. 14(a)), while Raman spectrum studies and laser
irradiation on the decompressed samples revealed the amor-
phous nature of the composed building blocks (see Fig. 14(b)
and Refs. [45] and [46]). This suggests that most Cgps are col-
lapsed but still a fraction of them may preserve the periodic
arrangement. Concerning the high pressure phase, the inelas-
tic X-ray scattering (IXS) from Ref. [43] revealed a complete
transition from sp? carbon (that of native Ceo) to sp> carbon
in the material at pressure above 36 GPa. Note that in the
solvated sample about 10% of sp? carbons are from the 7-
aromatic rings of m-xylene. This part should also transform
into sp® carbons by covalent bonding with highly compressed
or collapsed Cgp, which is reasonable since m-aromatic rings
of the solvent are similar to those on Cg cage and the bonding
of these m-aromatic rings is possible. In addition, our Raman
data on the released sample from 20.5 GPa show that the poly-
merization of Cggs takes place, suggesting that C¢y molecules
can polymerize with neighbors at high pressure. We thus con-
clude that m-xylene acts as a bridge and also as a spacer to sta-
bilize the periodic structure of the high pressure phase and the
high pressure phase is a polymeric phase composed of amor-
phized Cgps and a small number of intact Cgps, which are kept
in position by the solvent molecules in the lattice. Such poly-
meric carbons formed 3D network is superhard.

20 nm

(b)

from 44 GPa

Intensity

after irradiation

1000 1400 1800

Raman shift/cm~!

200 600

Fig. 14. (a) HRTEM image of the solvated Cgos sample released from
44GPa; (b) Raman spectra from the solvated sample from 44 GPa and
after laser irradiation. The spectrum suggests that the released amor-
phous fullerene phase from 44 GPa is depolymerized into sp? carbon
rich amorphous carbon clusters.

4. Conclusion and outlook

By using the facile solvent-assisted evaporation method,
1D fullerene nanorods, nanotubes, 2D nanosheets, and 3D
cubes can be selectively synthesized by selecting suitable sol-
vents as shape controller. Solvents play critical roles in shap-
ing the fullerene crystal morphologies and tuning their crystal
structure and properties.

Cgo nanocrystals, including rods, sheets and tubes have
been polymerized by HPHT. The polymerization of fullerenes
is affected by the special morphologies of the nanocrys-
tals, which influences the optical properties of the polymeric
nanocrystals. Single-crystalline nanorods show advantages
in the formation of polymerized structure compared with the
bulk due to the special morphology. Furthermore, we show
that high pressure serves as an efficient technique for tuning
the intermolecular interaction and the amount of the charge
transfer and thus the polymerization of fullerene molecules,
thereby paving the way for the creation of new carbon-based
materials. When the solvent is removed from the as-grown
nano/microcrystals, the high pressure induced transformation
sequence of fullerene crystals is similar to that of the bulk
counterparts, while the nanosize effect and the special crys-
tal geometries of the nanocrystals play dominant roles in the
transformation pressure. The nanocrystals exhibit higher bulk
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modulus and higher pressure stability when subjected to com-
pression, which is explained by their nanosized dimension and
slight lattice expansion. The changes of the pressure-tuned op-
tical property in the 1D nanotubes are observed. Moreover,
compressing solvated fullerene crystals induces the collapse
and amorphization of Cgg cages while the solvent is still pre-
served, creating a new carbon phase, in which the amorphized
carbon clusters are still arranged into a long-range periodic
structure. The high pressure phase of this structure is a poly-
meric phase composed of amorphized fullerene and a small
number of intact Cgos, which are kept in position by the sol-
vent molecules in the lattice. Such polymeric carbons formed
3D network is superhard and can indent diamond anvil at high
pressure. It will be interesting to perform further study to un-
derstand the band structure of such a crystalline material com-
posed of amorphous building blocks, which may bring new
insight into this type of new hybrid hard materials.

We thus show here the progress in making new fullerene-
based materials with fullerene molecules as building blocks,
paving the way for producing new carbon materials with novel
structure and properties for various application.
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