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Abstract 

C60 nanotubes with outer diameters ranging from 400 to 800nm were polymerized 

at 1.5 GPa, 573 K and 2.0 GPa, 700 K, respectively. Raman and photoluminescence 

(PL) spectroscopy were employed to characterize the polymeric phases of the treated 

samples. Both Raman and PL spectra showed that the C60 nanotubes transformed into 

the dimer (D) and orthorhombic (O) phases under the two different conditions, 

respectively. The photoluminescence peaks were tuned from visible to near infrared 

range. Comparative studies indicated that C60 nanotubes were more difficult to 

polymerize than bulk C60 material under the same conditions due to the nanoscale size 

effect in the C60 nanotubes. 

 



Introduction 

Ever since the discovery of carbon nanotubes, one dimensional carbon materials 

were suggested to have potential applications in many fields, due to their unique 

structures and properties.[1–6] In particular, a great expectation was placed on the 

biological and biomedical applications of tubular nanomaterials.[7–9] As one of the 

most important materials of the carbon family, C60 has many unique properties, such 

as, fluorescence and biological activities,[10–12] which makes it a potential 

functional material. Recent research focuses on exploring practical applications from 

nanocrystals with C60 molecules as building blocks. Until now, several approaches 

have been tried to obtain C60 nanocrystals.[13–16] However, the initial PL of C60 is in 

the visible range and relatively weak, and the weak intermolecular van der Waals 

forces in pristine C60 crystals make them in general too brittle. These properties create 

a technical barrier for their application as nanodevices. It is thus imperative to 

improve their optical and mechanical properties for practical applications. 

As is known to us, introducing other molecules or covalent bonds into the crystals 

is effective for improving the optical and mechanical properties of C60 crystals.[12,17] 

In C60 bulk crystals, the high pressure and high temperature (HPHT) method has 

proved to be an efficient tool to obtain various polymeric phases without introducing 

other components.[16-18] Our previous work on the polymerization of C60 nanorods 

and nanosheets suggested that C60 nanocrystals could also be polymerized after such 

treatments, and the morphology and crystal size greatly influenced the polymerization 

process of C60. [19-21] However, the influence of crystal dimension and shape on the 

polymerization of C60 is still not clear. To understand this shape-related effect well, it 

is important to carry out detailed investigations on the polymerization of C60 

nanocrystals with designed shapes. The hollow structure of the C60 nanotubes recently 

produced in our lab has walls with an even smaller dimension in the radial direction 

compared to nanosheets and nanorods.[21] Thus HPHT treatments on such samples 

could provide further insight on the effect of sample dimensions on the 

polymerization mechanism of C60s under high pressure. More important, controlling 



the growth direction of nanotubes and the molecular packing in crystals enables us to 

analyze the pressure effect on differently oriented nanocrystals in an effective way. 

 In this work, we synthesized C60 nanotube single crystals by introducing 

isopropyl alcohol (IPA) into C60/m-xylene saturated solution, followed by heat 

treatment of the resulting precipitate at 150 °C under vacuum (10
–4

 Pa) for 5 h. A 

comparative study of pressure-induced polymerization of C60 nanotubes and bulk 

single crystals in the same experimental run at various pressures and temperatures is 

reported here. Raman and PL spectra have been employed to characterize the 

nanotube and single crystal samples after HPHT treatment. From the differences 

between the two types of materials, we found that it is more difficult for C60 

nanotubes to form polymeric structures than for bulk crystals. Furthermore. the PL 

peaks were tuned to the NIR range. From a detailed analysis of the packing of C60 

molecules in nanotubes we have found that constraints on the nano-scale play an 

important role for the polymerization of C60 in these nano-crystals. 

 

Experimental  

C60 nanotubes with outer diameters of 400–800 nm were produced by introducing 

isopropyl alcohol (IPA) as precipitant into a C60/m-xylene saturated solution, then 

storing the mixed solution at room temperature for 5 hours to grow the C60 crystals. 

The C60 nanotubes were then dropped on a metallic Mo substrate, followed by a heat 

treatment at 150 °C under vacuum (10
–4

 Pa) for 5 h to get rid of the solvent contained 

in the crystals. X-ray diffraction measurements (XRD, Rigaku D/max-RA, Cu-K1 

radiation  = 1.5418 Å) was used to characterise the structure of C60 nanotubes. 

   The C60 nanotubes were polymerized under quasi hydrostatic pressure conditions 

using a piston-cylinder device. In order to keep the initial morphologies of C60 crystals, 

we have tried many kinds of pressure medium, and we finally chose to use silicone oil 

(Dow Corning DC200). For comparison, bulk single-crystal C60 was polymerized 

together with the nanotubes under identical conditions. To polymerize our samples, 

we heated the samples to the final temperature before final pressurization as we know 

that this procedure leads to a better phase purity of the polymeric phases. Two 



experiments were carried out for comparison purposes, at the conditions of 1.5 GPa, 

573 K and 2.0 GPa, 700 K (the highest pressure and temperature that can be reached 

using silicone oil in this setup), respectively. The polymerized samples were then 

washed with pentane several times to remove the silicone oil after the treatment. 

We used Raman spectra to confirm the structure and then used the PL spectra to 

analyze the optical properties of all the samples. Raman spectra and 

photoluminescence spectra were measured with a Renishaw inVia Raman 

spectrometer at room temperature with an Argon ion laser (514 nm) for excitation. 

Scanning electron microscopy (SEM, SSX-550) and transmission electron 

microscopy (TEM, JEM-2010) were used to characterize the morphology of the C60 

nanotubes. 

 

 

Results and discussions 

Figure 1 (a) shows the XRD pattern of the as-grown and heat treated samples, in 

which the diffraction peaks can be indexed as the diffraction peaks for hexagonal and 

fcc lattice, respectively. The cell parameter of the lattice for the pure C60 nanotubes 

without solvents is a = 1.413 nm, similar to that of bulk C60. [22] A TEM image of a 

relative larger C60 nanotube is shown in Fig. 1b, it is found that the outer diameter is 

about 800 nm and the wall thickness is about 200 nm. Although the cavity is not 

Figure 1 (a) XRD patterns of as-grown and heat-treated C60 nanotubes, (b) TEM image and 

electron diffraction pattern of a selected area on a pure C60 nanotube. 



really even, we can also observe the hollow structure. A selected area electron 

diffraction (SAED) pattern shown in this figure indicates that the longitudinal 

direction of heat-treated C60 nanotubes is along the (110) orientation of its fcc lattice. 

SEM images of pristine C60 nanotubes on molybdenum substrates are shown in Fig. 

2 (a), and show that the C60 nanotubes have regular outer diameters in the range of 

400-800 nm, with wall thickness in the range of 100-150 nm and lengths about 2-5μm. 

From the inset we can clearly see that the cross-section of the obtained tubes have a 

hexagonal shape with round, hollow channels along the tube axis. SEM images of C60 

nanotubes treated under the HPHT conditions described above are shown in Figures 2 

(b) and (c). It is clear that the samples still preserve the hexagonal cross section with a 

hollow channel, similar to the shape of pristine C60 nanotubes. Thus, we think that 

HPHT treatment is a possible way to obtain polymeric C60 nanotubes, which can be 

potentially applied in building nanodevices. 

Raman spectroscopy is a powerful tool to characterize the polymeric phases of C60 

fullerenes, since the C60 intermolecular bond configuration strongly influences the 

Raman spectrum. For pristine C60, the spectrum contains ten peaks, including eight Hg 

modes and two Ag modes.[23] Among these peaks, the pentagonal pinch mode Ag (2) 

is very sensitive to the bonding configuration and its frequency depends on the 

number of intermolecular bonds to the molecule. Fig. 3a shows the Raman spectrum 

of the pristine C60 nanotubes, in which the Ag (2) mode is observed at 1468 cm
-1

, the 

same as position as for pristine C60 bulk crystals.[23] This peak position shows that 

the pristine C60 nanotubes are based on monomeric C60 molecules, which agrees well 

with the fcc structure observed in our XRD measurements. 

Figure 2. SEM images of (a) pristine C60 nanotubes, and of C60 nanotubes after treatment at 

(b) 1.5 GPa, 573 K and (c) 2 GPa, 700 K.  



Figure 3. Raman spectra of pristine C60 nanotubes (a), and of C60 bulk crystals (top) and 

nanotubes (bottom) after treatment under the conditions of (b) 1.5 GPa, 573 K and (c) 2 GPa, 

700 K.  

To study the polymeric phases of the C60 nanotubes after different HPHT 

treatments, Raman spectra of the relevant samples were again examined. Fig. 3 (b) 

shows typical Raman spectra for the C60 bulk material and for nanotubes treated at 1.5 

GPa, 573 K. For the C60 bulk crystals, the Ag (2) peak is observed at 1458 cm
-1

, which 

is consistent with earlier reports and indicates that covalent bonds were formed in the 

(110) direction of pristine fcc structure to form a linear polymerization, and an 

orthorhombic (O) phase is formed [17,18] In contrast, the center of the Ag (2) peak in 

the Raman spectrum for the C60 nanotubes treated under the same conditions showed 

a shift to 1462 cm
-1

. This suggests that the C60 nanotubes have been transformed to a 

dimer phase.[17, 24-27] and that a linear polymer could not be formed. Furthermore, 

a broad peak was found around 950 cm
-1

 (marked with “*”) in the spectra from both 

C60 bulk crystals and nanotubes. This Raman feature has been attributed to polymer 

(intermolecular) bonds and is characteristic for [2 + 2] cycloadduct phases.[17,30] 

The frequency and intensity of this mode are sensitive to the particular structure of the 

C60 polymer.[30] The lower intensity of this peak for the HPHT-treated C60 nanotubes 

than for bulk crystals reveals a lower degree of polymerization in C60 nanotubes than 

in the C60 bulk crystals under the same conditions [28]. The difference in the 

intensities of this peak agrees with the different Raman shift of the Ag(2) mode of the 

two samples. 

Typical Raman spectra for the C60 bulk material and for nanotubes treated at 2.0 

GPa, 700 K are shown in Fig. 3 (c). The Ag (2) mode shifts from the initial value 1469 

cm
-1

 to 1448 cm
-1

 for the bulk single crystals, indicating the formation of the 



tetragonal (T) phase.[29,30] The formation of this phase is due to two dimensional 

sheets of linked molecules in the (100) plane bound together into squares.[17,18,26] 

Besides the strong peak at 1448 cm
−1

, a small shoulder at 1458 cm
−1

 is also present, 

which suggests that a small amount of the O phase co-exists in this sample. For 

comparison, after treatment at the same conditions the Ag(2) Raman mode of the C60 

nanotubes instead shifts to 1458 cm
-1

, which suggests formation of an O structure. 

This is different from the cubic-orthorhombic phase transformation in ordinary C60 

bulk crystals which normally is observed at lower pressures and lower 

temperatures.[18] Again, for the C60 nanotubes the relative intensity of the "polymer 

bond" peak around 950 cm
-1

 is much weaker than the corresponding peak in the C60 

bulk crystals after HPHT. All these results suggest that higher pressure and higher 

temperature is needed to polymerize C60 nanotubes into T phases than is needed for 

bulk material. This result is similar to the results found for the C60 nanorods we 

investigated earlier.[19, 21] 

Photoluminescence is an important property of C60 and is very sensitive to the 

different polymeric states. [19, 31] It can therefore be tuned by different degree of C60 

polymerization. Fig. 4 a and b show the PL spectra of both C60 bulk crystals and 

nanotubes treated at 1.5 GPa, 573 K and 2.0 GPa, 700 K, respectively. The fitted PL 

peaks and their assignments are shown in Table 1. For the samples treated at 1.5GPa 

and 573K, the strongest peaks in the PL spectra (marked with “*”) were assigned to 

the O and D phases for C60 bulk crystals and nanotubes, respectively, consistent with 

our Raman results. The shoulder observed at 1.53 eV in the spectra for both nanotubes 

and bulk single crystal can be attributed to a rhombohedral (R) phase according to 

previous reports, [19,31] indicating that some amount of R phase exists in the samples. 

The rhombohedral phase of C60 has a high PL intensity due to the lower molecular 

symmetry,[19, 20] which explains why it can be identified from PL spectra even 

when the concentration is too low to be observed in Raman spectra. A pronounced 

peak at 1.74 eV was found in the PL spectrum of the bulk crystals, whereas it was 

much less obvious in the spectrum of C60 nanotubes. The presence of this peak 

suggests a different degree of polymerization, and its assignment will be discussed 



Figure 4. PL spectra of C60 bulk crystals (black) and nanotubes (red) after the treatment 

under the condition of (a) 1.5 GPa, 573 K and (b) 2 GPa, 700 K.  

below.  

Figure 4b shows the PL spectra for both samples treated at 2.0 GPa and 700 K. 

The PL spectrum for C60 bulk crystals have the same features as found in our previous 

work [19, 21] and suggest the formation of T phase in this sample. The main PL peaks 

for the C60 nanotubes were found at 1.60 and 1.65 eV, which can be identified as the 

PL of the O phase.[19, 31]  

 

In addition, we also observe a shoulder or peak at 1.74 eV in the PL spectra of both 

samples. 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 much higher intensity 

of this peak in the bulk sample indicates a higher degree of polymerization of C60 in 

the bulk crystal. The results suggest that the monomer stability of C60s in the 

nanotubes is higher than that in bulk crystals under the HPHT conditions probed in 

this study, in agreement with our Raman results.  

Table 1 PL peaks of C60 bulk crystals and nanotubes treated under different pressures and 

temperatures, and the assignment of these peaks. The peaks marked with * are the strongest 

peaks for each sample. 



Our earlier HPHT studies showed that C60 nanorods and nanosheets can be 

transformed to polymeric phases.[19, 20] At 1.5 GPa and 573 K, both the two samples 

can be transformed to O phase, similar to that of bulk single crystal treated under 

identical condition. However, broader Raman modes were obtained in polymerized 

nanorods and nanosheets compared to those in polymerized bulk single crystals. At 

the condition of 2.0 GPa and 700 K, C60 nanorods can transform to T phase with a 

broader peak comparing with that of bulk single crystals, and a mixture of T and O 

phases were found in C60 nanosheets. All these results suggest that the small 

dimensions of the nanorods might play a role in the polymerization process of the 

C60s.[19-21] Our present study shows clearly that it is more difficult to polymerize 

C60 nanotubes than nanorods and nanosheets. [19, 21] The much stronger nanosize 

effect is probably due to their hollow structure and even smaller crystal size, as will 

be discussed below. 

The C60 molecules are known to link up along the [110] direction to form the linear 

polymeric chains which are the basis of the O phase, while the nearest neighbor 

molecules in the [100] plane bond together in two directions in the polymerization 

process resulting in the T phase.[17, 27] For bulk crystals, due to the long periodic 

arrangement of C60 molecules and the high symmetry of fcc structure, there are 12 

possible equivalent [110] orientations in the original lattice for the formation of the O 

phase. Similarly, the T phase may form in all the [110] orientations in the three 

equivalent (001) planes.[17,27] However, because of the molecular packing 

constraints on the nanoscale all these orientations are not available for polymerization 

in nanocrystals due to a lack of long-range order. 

The SAED results shown in Fig. 1 a reveals that the longitudinal growth direction 

of the pristine C60 nanotube lies parallel to the [110] direction of the C60 lattice. To 

reveal the molecular packing more clearly, we show a model of a single nanotube and 

how its orientation is related to that of the fcc lattice in Fig. 5(a). From the top view of 

a single tube shown in Figure 5 (b) it is clear that except for the [110] growth 

direction all the other [110] directions are either perpendicular to (red line) or have an 

angle of π/3 (blue line) to the C60 nanotube axis. This result indicates that except for 



the growth direction of C60 nanotubes, the linear extent of the C60 lattice in the [110] 

directions is limited to the range of nanometers, with a length equivalent to one or 

2/ 3  times the tube diameter. Considering the hollow structure of C60 nanotubes, the 

dimensions in these directions are even smaller, with lengths of about 100 nm to 200 

nm. Previous studies have suggested that phase transformations often occur at higher 

pressures in materials consisting of particles with nanometer dimensions,[32,33] 

probably because the lattice spacing at zero pressure is slightly larger. A higher 

pressure is thus needed to reach the critical lattice spacing for the transition or 

reaction. In our C60 nanotubes, the directions perpendicular to the growth direction 

have nano-scale dimensions (100-200 nm) and at any given pressure, polymerization 

in these directions is thus probably less likely than in the growth direction. In general 

we observe that the nanotubes need a higher pressure to form a given polymer state 

than bulk crystals normally do. In particular, at conditions where bulk crystals easily 

form the orthorhombic linear chain phase [18] the nanotubes form dimers, while at 

higher pressures, where bulk crystals form the tetragonal phase, the nanotubes enter 

the orthorhombic phase. Although we believe that this is mainly a direct result of the 

nanoscale dimensions, as discussed above, we cannot rule out the possibility that it 

also results from differences in molecular orientations or molecular rotational 

dynamics [18], which also strongly influence pressure-induced polymerization, or 

from a possible strong stacking disorder in the heat-treated crystals.. 

 



 

 

Conclusion  

In summary, we have polymerized C60 nanotubes under high pressure and high 

temperature. SEM measurements show that the shape of the nanotubes can be retained 

after polymerization under quasi hydrostatic pressure condition, which makes it 

possible to apply the polymeric C60 nanotubes in the field of nanodevices. Raman and 

PL spectra from C60 nanotubes show characteristic features of the dimer and 

orthorhombic polymeric phases. Comparative experiments indicated that C60 

nanotubes are more difficult to transform into polymeric phases than bulk single 

crystals This can be rationalized by their molecule packing, their small hollow 

structure and a growth preferable along the [110] directions which gives large 

constraints for the development of long-range-ordered polymers.  
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Fig.5 (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 a single tube showing all the 

[110] direction in the tubes viewed from the top in (a). 
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