
2008:062 

M A S T E R ' S  T H E S I S

Spectroscopic characterization of fullerenes
(C60, C70) in polymeric states

 Samiullah

Luleå University of Technology

Master Thesis, Continuation Courses
 Advanced material Science and Engineering 

Department of Applied Physics and Mechanical Engineering
Division of Physics

2008:062  - ISSN: 1653-0187 - ISRN: LTU-PB-EX--08/062--SE



 

 

Samiullah 

 

 

 

 

 

 

 

Luleå Technical University 
Advanced Materials Sciences and Engineering (AMASE)  

Division of Engineering Materials 
Department of Applied Physics and Mechanical Engineering 

Sweden

SPECTROSCOPIC CHARACTERIZATION 

OF FULLERENES IN POLYMERIC STATE 
 



 

 

 

ACKNOWLEDGMENT: 
 
  I would like to express my gratitude to Professor Alexander who developed 
this work and guided me throughout this work due to which I was able to work 
on very sophisticated equipment.  

I would also like to say thanks to M.Sc David Olevik for helping me in my 
work and giving me useful information especially in understanding software 
used to analyze results. I am also thankful to all my friends and family for 
supporting me and encouraging me. 



 

 

 

Abstract:  
 

The vibrational spectra of polymerized C60 and C70 fullerenes samples are 
studied by Raman spectroscopy. All the samples were synthesized under 
different pressure - temperature (p-T) conditions (not subject of this work). 
Samples were characterized in its polymeric form which was identified via shift 
of vibrational modes and/or appearance of new Raman – active modes.  
 

We were able to distinguish between 1D and 2D polymers via the 
amplitude of pentagonal pinch mode (Ag(2)) peak position shift however the 
samples under investigation exhibit multiphase structure due to quasi non-
hydrostaticity of pressure during the high p-T synthesis. It was difficult to 
characterize high p-T treated C70 samples - no evident shift of Raman modes 
was observed. It implies that FT Raman spectroscopy is needed for 
characterization of polymeric structures generated in C70 at high p-T.  
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BACKGROUND: 
The dawn of nanoscale sciences can be traced to a now classic talk that 

Richard Feynman gave on December 29th, 1959 at the annual meeting of the 

American Physical Society at the California Institute of Technology. In this 

lecture, Feynman suggested that there exists no fundamental reason to prevent 

the controlled manipulation of matter at the scale of individual atoms and 

molecules. Nanomaterials and nanosciences become the major field of interest 

for scientists when in 1985 a new class of materials called “CARBON 60” was 

discovered accidently by Harry Kroto and Richard Smalley. The name 

“BUCKMINISTERFULLERENE” is given in recognition to architect Buckminster 

Fuller, famous for building geodesic domes. C60 has been studied in detail due 

to its availability as compared to other forms of fullerenes.  Later in 1991, a 

Japanese scientist, Sumio Iijima discovered another form of carbon “CARBON 

NANOTUBES”, a derivative of Fullerene.  

Gradually, improvements in the understanding of various fields of carbon 

nanostructures took place. Among fullerenes, C60 remains the most studied 

molecule because of its abundance, the research on carbon nanostructures 

boosted up due to the discovery of Single walled carbon nanotubes in 1993. 

However, it is found difficult to construct materials only from nanotubes, due to 

weak van der wall interactions.  

Being the subject of a very active research field over the last twenty years, 

carbon nanostructures proved to be indeed extraordinary. Their extraordinary 

mechanical, electrical and chemical properties attract a great interest among 

scientists. XRD as well as Raman and IR spectroscopy proved to be very 

important tools for characterization of carbon nanostructures and to study their 

behavior under different conditions.  
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MOTIVATION: 
Materials based on fullerenes and nanotubes are very much different from 

traditional materials because they are built from nanosized materials. However, 

it is needed to synthesize these nanosized building blocks at high pressure and 

high temperature conditions to use them in other applications. Professor 

Alexander Soldatov has developed this project to study the effect of pressure 

and temperature on the crystal structure of fullerenes. 

1.1 Introduction to Carbon Nanomaterials 
The word carbon is derived from the Latin word “carbo”, which to the 

Romans meant charcoal (or ember). In the modern world, carbon is, of course, 

much more than charcoal. From carbon come the highest strength fibers, one of 

the best lubricants (graphite), the strongest crystal and hardest material 

(diamond), an essentially non-crystalline product (vitreous carbon), one of the 

best gas absorber (activated charcoal), and one of the best helium gas barriers 

(vitreous carbon). A great deal is yet to be learned and new forms of carbon are 

still being discovered such as the fullerene molecules and carbon nanotubes 

(Nanomaterials). These very diverse materials, with such large differences in 

properties, all have the same building block-the element carbon. Carbon is sixth 

element of the periodic table and fourth most abundant element on the earth. It 

is also the most interesting material in the periodic table not because of its 

properties but also because it is the only material that has isomers from 0 

dimensions to 3 dimensions (3D). 

Nanomaterials are categorized as those which have structured 

components with at least one dimension less than 100nm. Materials with one 

dimension in the nanoscale are layers, such as a thin films or surface coatings, 

whereas Materials that are nanoscale in two dimensions include nanowires and 

nanotubes. Materials that are nanoscale in three dimensions are particles, for 

example fullerenes, precipitates, colloids and quantum dots (tiny particles of 
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semiconductor materials). Nanocrystalline materials, made up of nanometer-

sized grains, also fall into this category. 

Fullerenes:   
Fullerenes are the 0D allotropic form of carbon consists of atoms varying 

from 20 to 256. However two forms of fullerenes C60 and C70 are well-known as 

compared to other because of their abundance.  

Fullerene C60 (Buckminsterfullerene): 

C60 has a shape of truncated icosahedrons (Ih); consist of 60 vertices, 12 

pentagons and 20 hexagons, with one carbon atom on each of the vertices. The 

pentagons and hexagons are arranged according to “The Isolated Pentagonal 

Rule”, which states that  

• It must be made only of pentagons and hexagons. 

• It must have twelve pentagons. 

• No two pentagons can be together. 

C60 is highly stable because of the separation of pentagons faces from 

each other due to hexagons. Each atom of the C60 is trigonally bonded to three 

neighboring atoms and there are two different types of bonds present in the C60 

molecule; a single C-C bond located at the fusion between two hexagons with a 

length of 1.40A and a double bond at the fusion between the pentagon and 

hexagon with a length of 1.45 A. We can to the first approximation think of  

 

 

 

 

 Fig 1‐1: Buckminister C60
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fullerenes as a rolled graphene sheet because of its resemblance like number of 

bonds with each carbon atom and bond lengths. Since its discovery a lot of 

research has been done on C60 because of its interesting physical and chemical 

properties. By doping fullerenes, they can be electrically insulating, conducting, 

semiconducting or even superconducting. Promising  applications of fullerenes 

are: used as  a starting material for super hard materials and diamond, 

precursors for CVD diamond films and SiC, lithographic films, solar cells, 

lubricants, catalysts, fullerene containing polymers, and medicines. 

Fullerene C70 (Rugby Ball) 

During the production of C60, larger molecular weight fullerenes Cnc (nc > 

60) are also formed. By far, the most abundant higher molecular weight 

fullerene present in the mass spectra for fullerenes is C70, having the shape of 

Rugby ball. The higher relative abundance of C70 is connected to its stability 

however it is probably less abundant than C60 because of energetic reasons. The 

structure of C70 can be visualized by bisecting the C60 molecule normal to a 

fivefold axis, rotating one hemisphere relative to the other by 36°,  

 

 

 

 

then adding five hexagonal rings around the equatorial belt of C60 and then re-

assembling these three constituents [Fig 1-2]. The elongation of C60 molecule 

this way to yield C70 results in a lowering of the symmetry of the molecule from 

Ih to D5h. C70 molecule has five inequivalent sites and eight distinct bond 

lengths in contrast to one unique carbon site in C60 and two unique bond 

lengths. At room temperature C70 molecule coexist in the hexagonal and cubic 

phases. 

Fig 1‐2: C70 “Rugby 
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Carbon Nanotubes 
Carbon nanotubes (CNTs) are the one dimensional allotropic form of 

carbon discovered in 1991, and known as the derivatives of fullerenes. The 

molecular structure of CNTs resemble with that of graphene sheet.  When one 

atom thick layer of graphene sheet is rolled over and joined at the corner, they 

form carbon nanotubes. A nanotube can be made up of one layer (Single Wall 

Nanotubes) or more than one layer concentric into each other (Double Wall 

Nanotubes). Nanotubes can be distinguished in three different forms depending 

on the way graphene sheet is rolled up. The three types are Zigzag, armchair 

and chiral. The three types of nanotubes can be described by the chiral vector 

(n, m), where n and m are the integers of the vector equation 

Ch = na1+ma2 

 

 

 

 

 

 

 

The chiral vector makes an angle θ with the a1 direction. The chiral angle 

for the axis of the zigzag nanotubes corresponds to θ=0°, while for armchair it is 

30° and the nanotubes axis for the so called chiral nanotubes corresponds to 

0<=θ<30°.  The chiral angle can be calculated by; 

θ = tan-1[√3m / (m + 2n)] 

Fig 1‐3: Chiral Vector 
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Therefore a nanotubes can be classified by the (n, m) indices or by the 

tube diameter and chiral angle. It is possible to recognize the three different 

kinds by looking at the atoms arrangement around the diameter of tube.  

1.2 Production Methods 
Since the discovery of fullerenes, a variety of methods were developed for 

the production of fullerenes including resistive heating of carbon rods in 

vacuum, ac or dc plasma discharge between carbon electrode in He gas and 

laser ablation of carbon electrodes. However, most of the methods used for large 

scale production, simultaneously generates a mixture of fullerenes. Therefore, it 

is must to do purification following production. Fullerenes were first discovered 

after vaporizing graphite with short pulsed, high power laser; however it is not 

possible to manufacture large quantity with this method. The practical 

synthesis of fullerenes is demonstrated by Krätschmer and Huffman in 1990 by 

the simple evaporation of graphite rod. Yield of dissolvable fullerenes as high as 

94% is stated. It involves the evaporation of one electrode as cations followed by 

deposition at the other electrode. It is relatively easier method but it requires 

further purification as it produces a complex mixture of components. Two 

carbon rods are placed at a distance of about 1mm in an inert atmosphere at 

low pressure and a direct current of 50 to 100 A is applied across the tubes 

with the voltage of about 20V, which creates a high temperature discharge 

between the two electrodes. The charge vaporizes the surface of one tube 

depositing it on the other in form of small rods. The quality of carbon nanotubes 

depends on the uniformity of the charge and temperature as well as the rate of 

condensation. In such system hydrogen, water vapors and other contamination 

should be avoided because they would tend to form dangling bonds and prevent 

closure of fullerene molecules.  

Fullerene Extraction 

 During the formation of fullerenes from carbonaceous materials, insoluble 

nanoscale carbon soot is generated together with soluble fullerenes and some 
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soluble impurity molecules. Two methods are used to extract fullerenes (C60, 

C70) from the mixture. 

 Solvent method The mixture is dissolved in a solvent like toluene, in 

which fullerene is dissolved where as other components remain insoluble, hence 

fullerenes can be filtered out easily using a filter paper. However, the solvent 

also brings some other soluble carbon impurities. 

 Sublimation method The raw soot is heated in a quartz tube in He gas, or 

in vacuum to sublime the fullerenes, which then condense in a cooler section of 

the tube, leaving the soot and other impurities in the hotter section. However, 

this method also has a tendency to bring impurity with fullerenes. Therefore, 

further purification is required.  

Purification 

Fullerene purification is the key to fullerene science and the success to 

practical applications. The first available method for purification of fullerenes 

was by High Pressure Liquid Chromatography (HPLC) which gives a small 

quantity of pure fullerene at high expenses. 

Another method for purification of soot enriched in C60 and C70 is by 

Solvent method as mentioned, followed by redissolving in toluene and subjected 

to column chromatography. C60 is extracted first with purple color followed by 

C70 in a reddish brown color [12]. Other methods for purification of fullerenes 

includes adding of mixture in amidine compound DBU (1,8-

Diazabicyclo[5.4.0]undec-7-ene) where C60 does not have any affinity with the 

DBU while other forms react with the compound and hence C60 is isolated [13]. 

1.3 Doping of Fullerenes 
 Fullerenes are unique in the way that they can be doped in several 

different ways. Depending on the type of specie used to dope, fullerenes can be 

made conductors, or even superconductors. Doped fullerenes in the crystalline 

phase are often called fullerides. Doping fullerenes with other species, cause 
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transferring of charge between the both, while in some cases (Clathrate 

materials) such charge transfer does not occur. Since each carbon atom in a C60 

is attached with four neighboring atoms, it is expected that C60 is a van der 

Waals insulator (semiconductor). To make C60 and other fullerites conducting, 

doping is necessary to provide the charge transfer to move the Fermi level into a 

band of conducting states. Doped fullerenes are classified into three types 

depending on the location of the dopant. Endohedral Doping; where the dopant 

goes into the hollow core of the fullerene. Many different atomic species can be 

inserted within fullerenes. Up to four different metal atoms have thus far been 

introduced. Substitutional Doping; involves the substitution of an impurity 

atom with a different valence state for a carbon atom on the surface of a C60 

molecule. Group IV solids are commonly used for this kind of doping. Exohedral 

doping; in which the fullerene molecules form a sub lattice and dopant atoms or 

molecules fill the interstitial voids in this sub lattice. 

When C60 is doped with the alkali metals, stable crystalline phases are 

formed for the compositions MxC60 (x = 1, 3, 4, 6). In alkali metal doping, charge 

transfer of one electron per molecule occurs, which results in dopant ions at the 

tetrahedral and/or octahedral interstices of the cubic C60 host structure. An 

important factor affecting the number of metal ions involves in doping is the 

size of the metal ion, which in result plays an important role in determining the 

lattice constant. The lattice of C60 expands somewhat due to the addition of the 

dopant. The larger the ionic radius, the larger is the lattice expansion, although 

in some cases, lattice contraction is also seen because of electrostatic attraction 

between the charged alkali metal cations and the C60 anions.  

1.4 Vibrational Properties of Fullerenes 
Vibrational Properties of C60 

Due to the high symmetry, C60 has the simplest Raman spectrum among 

all fullerenes. The vibrational modes of C60 are categorized in two subdivisions, 

intermolecular and intramolecular vibrations. Out of total 180 degrees of 
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freedom (three for each atom), three are rotational and three are translational, 

rest of the 174 is vibrational degrees of freedom. Only 46 vibrational modes out 

of 174 are intramolecular modes. According to group theory, 10 of the 46 

intramolecular modes are Raman active in first order, whereas 4 are IR active. 

And remain 32 are optically silent. In 10 first order Raman active modes 8 are 

fivefold degenerate (Hg) modes, which are much complex and spans from 

270cm-1 [Hg(1)] to 1578cm-1 [Hg(8)] and rest of the two are non degenerate (Ag) 

modes. The non degenerate modes are easier to visualize because of the higher 

symmetry of their eigenvectors. The Ag (1), known as “Breathing mode” (492cm-

1) involves identical radial displacements for all 60 carbon atoms, Fig 1-4(a), 

whereas Ag (2) mode, known as “Pentagonal pinch mode” (1469cm-1), involves 

tangential displacements, Fig1-4(b), which is due to contraction of pentagonal 

rings and expansion of hexagonal rings. It is  

 

 

 

 

not possible to split an Ag mode, so whenever additional peaks appear in a 

Raman spectrum it means that multiple phases are present, each resulting in a 

slightly different Ag mode frequency. 

Vibrational modes of Doped C60 
 The addition of alkali metal dopant to form superconducting M3C60 and 

the alkali metal saturated compounds M6C60 perturbs the Raman spectra only 

slightly compared to undoped C60 Raman spectra as shown in Fig 3-2, including 

shifting of some peaks. However, the shifting of modes is observed independent 

of the dopant species, mass or crystal structure [16], which suggest that the 

effect of doping is to produce C60 anions, weakly coupled with one another and 

also to cations M+ sub lattices. Introduction of alkali metal dopant also gives 

Fig 1‐4: (a) Ag(1) Radial Breathing Mode and (b) Ag(2) Pentagonal Pinch Mode 

(a) (b)
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rise to low frequency vibrational modes. Doping of C60 with M3 (M=K, Rb) 

induced a greater sharpness of Ag modes, the absence of some of the Hg modes 

and broadening of other Hg modes. Whereas, 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1-5: Raman spectra of undoped C60 (top), C60 doped with Potassium, Rubidium and Cesium 

(Adopted from Ref. 15) 

doping with M6 (M = Na, K, Rb, Cs) induced splitting of Hg(1) modes, which is 

attributed to crystal field effect, which is expected to be more pronounced in 

M6C60 as compared to C60 due to polarization effect of M6C60 atoms. 

Vibrational properties of C70 

Due to the D5h group and coexistence of hexagonal and cubic phases it is 

complicated to assign the vibrational modes of C70 molecule according to 

symmetry. In accord with the molecular symmetry, 122 distinct frequencies 

exist for C70 molecule, of which 53 are Raman active (A1`, E2` and E1``), and 31 



11 

 

with A2`` and E1` are Infrared active. However, neither IR nor Raman scattering 

measurements reports a complete set of IR active and Raman active modes.  

Vibrational properties of Doped C70 
In C70, study of vibrational modes is focused on two types of doping, fully 

saturated insulating alkali metal compound MxC70 (x ~ 6) and maximum 

conducting compound (x ~ 4). However, not too much work is available on the 

doping of C70.  Raman spectrum of insulating C70 has many more Raman 

features like undoped C70 as compared to C60. A comparison is shown in 

diagram (Fig 1-6) below. Furthermore, the spectrum of different doped C70 

compounds shows same features. In addition, the Raman spectrum of doped 

C70 shows a shift of various modes on doping. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1-6: Raman spectra of undoped C70 (top), C70 doped with Potassium, Rubidium and Cesium 

(Adopted from Ref. 15) 
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1.5 Polymerization of Fullerenes 
 Polymerization has been induced in fullerenes through excitation by 

photons, electrons, as a result of hydrostatic pressure or in a plasma discharge. 

Fullerene molecules linked together in the form of polymers by 2+2 

cycloaddition mechanism [Rao et al in 1993] as a result of polymerization. These 

polymeric forms are insoluble in common solvents for C60. 

Polymerization of C60 
Photo polymerization 

 In the absence of diatomic oxygen, solid C60 has been found to undergo a 

photochemical transformation in presence of Ultraviolet or visible light. The 

photochemical process is found fairly efficient; exposure of pristine sample to 

laser light with flux density ~ (20mW/mm2) for 20 minutes became a cause of 

63% loss of the monomeric signatures. However, heating the sample to 100°C 

has reported to return the system to the pristine state [17]. In the photo 

polymerization process, C60 molecules join together by C-C covalent bonding 

and make polymeric chains; however, presence of diatomic oxygen prevents the 

process of polymerization [18, 19]. 

 The photo polymerization can be easily detected by Raman spectroscopy, 

which is evident by the change of Ag(2) mode from 1469cm-1 to 1464cm-1and 

appearance of new lines below 200cm-1, which is a fingerprint of dimers and 

higher oligomers. Photo polymerization process is observed only near room 

temperature since at higher temperature, it reverts back to pristine state. Some 

of the most typical signatures of polymerization of C60 are;  

• Shift of the Ag(2) mode proportional to the number of square rings 

connecting neighboring C60 molecules. 

• Peaks originating around 900-1000cm-1 from square rings vibrations 

made by polymerization 

• New peaks below 200cm-1 due to intercage vibration. 
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The pentagonal pinch Ag(2) mode of C60 is found to shift from 1469cm-1 to 

1464cm-1 (for dimers) and similarly up to 1406cm-1 for rhombohedral structure. 

Peak positions for pristine and different polymeric forms of C60 are given below 

in Table1-1; 

 

Pressure polymerization of C60  

Due to its hollow structure and hexagonal rings, C60 is quite stable and 

can resist pressure up to 22 GPa [18], however by increase of pressure, it forms 

polymerized chains due to weak van der Waal forces between the molecules, 

which come together due to increase of pressure. At zero pressure C60 forms two 

crystal structures; a simple cubic (SC) structure below transition temperature 

(261K) and face centered cubic (FCC) structure at ambient conditions.  

At relatively low pressure and ambient temperature it forms dimers, 

which are only two molecules long. By applying same conditions for longer time 

these dimers are converted to linear chains, consist of more than two molecules, 

restricting rotation of molecules and even lowering symmetry. Further increase 

in pressure will rearrange the bonds and 2D polymeric chains are formed,  

Modes Pristine  

Material 

Dimers Orthogonal Tetragonal Rhombohedral 

Hg1 272 295 274 282 306 

Hg2 432 450 452 453 453 

Hg3 710 708 714 713 709 

Hg4 772 772 770 748 768 

Hg5 1100 1102 1109 1109 1077 

Hg6 1248 1250 1260 1259 1229 

Hg7 1422 1424 1432  1381 

Hg8 1574 1570 1572 1573 1567 

Ag1 496 490 488 487 487 

Ag2 1469 1462 1457 1449 1406 

Table 1: Raman active modes of C60 crystal structures 
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Fig 1‐7: p‐T Diagram representing high pressure phases of C60 (adopted from Ref: 25) 

 

 

 

 

 

 

 

 

 

 

 

which does not has Ih symmetry anymore. C60 polymerization occurs easily at 

High Temperature conditions, since formation of intermolecular rings is a 

thermally activated process which is slow at room temperature. At temperature 

below 900 K and 9 GPa pressure, formation of several kinds of one and two 

dimensional polymerization has been reported. One dimensional orthorhombic 

structure has been obtained over a wide range of pressures and relatively low 

temperature where as at high temperature two different two dimensional 

polymers have been observed; tetragonal at lower pressure and rhombohedral 

and high pressure. It is to be noted here that this P-T diagram is developed 

based on ex-situ conditions. 

A three dimensional polymeric fullerites can also be produced at pressure 

above 12 GPa, above 800K. These fullerites are known as “ULTRAHARD” 

materials and attract a lot of attentions due to their extremely high hardness; 

however this phase is still not fully explored. When a polymeric form is 
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obtained; it can be reverted back to monomer molecules by heating till moderate 

temperature at ambient pressure. 

Polymerization of C70 
C70 does not polymerize so easily as C60, because the only double bonds 

radiating near pentagonal polar caps are able to make polymeric chains, 

whereas the bonds at equatorial belt are ineffective in undergoing 2+2 

cycloaddition polymerization. At room temperature C70 molecules in the solid 

have similar free rotations like C60. Although, earlier studies suggested that C70 

could not be polymerized with high pressure application, however later shows  

 

 

 

 

 

 

 

 

There are two orientational ordering transitions, free rotor phase going to  

that several new phases can be produced by applying pressure. In case of C70, a 

long axis oriented rhombohedral phase and the second corresponding to a 

completely oriented C70 in the monoclinic phase [14]. Hence depending on 

pressure and temperature conditions C70 could be in different orientationally 

ordered phase, which could influence the possibility of polymerization.  Mostly 

the polymeric phases of C70 are in disordered form. However, in fcc C70 the 

molecular axes orient along the (111) direction under high pressure, and this 

molecular orientation under pressure may result in the selective synthesis of  

Fig 1‐8: p‐T diagram representing high pressure phases of C70 (adopted from Ref: 24)
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only one of several possible dimers [20]. This also makes the formation of long-

range ordered structures almost impossible, since the trigonal symmetry of the 

lattice around this direction is incompatible with the pentagonal symmetry of 

the molecule. However in hcp packed C70, it is possible to make zigzag linear 

polymeric chains (Shown in Fig above). There are three main regions shown in 

Pressure temperature diagram (Fig: 1-8), the rhombohedral, 

 

 

 

 

 

 

tetragonal and disordered cross linked structures. As compared to C60, C70 has 

only two phases at High temperature High pressure region. Rhombohedral 

structure is observed at almost all pressures at low temperature, whereas 

tetragonal structure appeared at about 720K.  

 

 

 

 

 

 

Fig 1‐9: C70 zigzag polymer chains (adopted from Ref:  22) 
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II. EXPERIMENTAL 
The aim of this work was to understand and carry out a comparative 

study of the vibrational spectra of crystalline polymerized phased obtained by 
pressure-temperature treatment of C60 and C70 samples.  

2.1 Sample preparation  

Fullerene C60 
Two samples (Sample A, Sample B) were prepared under different p-T 

conditions where as one “pristine” sample was chosen as a reference sample. 
These samples were treated in a piston and cylinder device using NaCl as a 
pressure transmitting medium. Conditions under which these samples were 
prepared are given below in table 2 (Referred to Fig 1-7 for possible sample 
structures). 

Sample Name p-T Conditions 

 

 

Sample A Pressure: 1.1GPa , Temp: 550_585K 

Sample B Pressure: 2.3-2.5GPa , Temp: 820K  

Table 2: C60 sample preparation conditions 

Fullerene C70 
  Five C70 samples including one sublimed sample as a reference sample 
were prepared for analysis. Samples were treated under high pressure in a 
piston and cylinder device, with silicon oil as a pressure transmitting medium. 
The samples were annealed for different durations and different conditions  

Sample Name p-T Conditions 

 

 

 

Sublimed  Sublimed sample sealed in glass tube 

Sample A Pressure: 0.9-1.0GPa  

Sample B Pressure: 1.8GPa , Temp: 573K  

Sample C Pressure: 2.5GPa @ 16Hrs, Temp: 573K  

Sample D Pressure: 2.5GPa @ 10Hrs, Temp: 573K  

Table 3: C70 sample preparation conditions 

C60 

C70 
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given in table below; the samples were then rapidly cooled to room temperature 
under pressure before pressure was slowly released (Referred to Fig 1-8 for 
possible sample structures). 

2.2 Equipment and Methods 
Each sample was placed on a clean glass slide under confocal Raman 

microscope in open air, except sublimed (monomer) samples, which were sealed 
in glass tube to prevent from photo polymerization. Two different lasers; HeNe 
(1.96eV) red laser and Diode Pumped Solid State (2.33eV) green laser were used 
for characterization with spectral width~ 5cm-1. We used “WiTec Confocal 
Raman Microscope 200”, which has following advantages;  

In CRM 200, laser light is delivered through a single-mode optical fiber, 

which focused to a diffraction-limited spot. The reflected (Raman scattered) light 

is collected with the same objective and is focused into a multi-mode fiber 

(MMF), which directs the beam to the spectrometer equipped with a CCD 

camera and a photon counting APD. The charged coupled device (CCD) used is 

a 1D enhanced back illuminated CCD detector that is cooled down to -94°C, 

whereas the SPCM-AQR Avalanche photodiode detector (APD) is a self contained 

module which has a single photon sensitivity over a spectral range from 400nm 

to 1060nm.   

The system has the ability to a variety of Raman modes includes; 

• Single spectrum 

• Raman fast imaging 

• Time spectrum 

• Line Spectrum 

• Raman Spectral Imaging 

The confocal Raman Microscope (CRM-200) combines a triple grating 
Raman spectrometer with a high resolution confocal optical microscope. With 
this combination it is possible to obtain a Raman spectrum of the sample with a 
lateral resolution in the sub-micrometer regime. This dramatically improves the 
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ability to identify molecular-level components of both organic and inorganic 
samples. Because CRM produces both spectroscopic and optical images 
simultaneously, with the same instrument, identification of individual sources 
of specific spectroscopic profiles can be very accurate. The microscope, as well 
as the spectrometer and detectors are optimized for the highest throughput 
(MMF) and efficiency which gives the CRM-200 an unrivalled sensitivity. The 
confocal imaging system allows precise control of the depth where the 
spectroscopic data is acquired. This depth control (Z-axis imaging) allows 
layered samples to be analyzed without cutting cross-sections.  

Two gratings 600gr/mm for complete spectrum and 1800gr/mm for 
comprehensive study of Ag(2) mode in C60 and E2` mode were used. Typical 
integration time was 1-2 sec with hardware accumulation 2 and software 
accumulation 30-80 was used making total accumulation time 1-3 minutes.  
Total accumulation time was restricted to maximum 3 minutes to reduce 
background fluorescence which were observed for higher time. Spectra were 
then analyzed in “Peak fit” software and peak positions were compared with the 
available literature. 
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III. RESULTS AND DISCUSSION  

3.1  Spectral  characterization  of  C60  treated  at  high 
Pressure, high Temperature 
HeNe laser: 

The data collected from polymerized sample “A” using HeNe laser is given 

in figure 3-1. Raman spectra of other polymerized and sublimed samples also 

match with the below given spectrum. We found difficulty in identifying peaks 

in spectra taken with 1.96eV HeNe laser due to high background.  
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Fig 3‐1: Raman spectrum of C60 with HeNe Laser excitation (1.96eV) 
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DPSS Laser 

Sample A:  

Raman spectra taken from sample “A” are presented in Figure 3-2.  In 

order to test phase homogeneity of the sample, we collected data from different 

positions on the sample: spot (1) and spot (2). The corresponding spectra are 

denoted (a) and (b) in figure 3-2 respectively. Splitting and shifting of peaks was 

observed as compared to the pristine sample spectrum which could be the due 

to change in symmetry of C60 molecule due to polymerization. The pentagonal 

pinch Ag(2) mode was found at 1461cm-1 at spot (1) and at 1461cm-1 with a  

 

 

This Work Reference 

[4] 

Mode 
assign 

This Work Reference 

[4] 

Mode 

263.39 274 Hg(1) 1089.8 1086 …. 

428.44 427 …. 1106 1109 Hg(5) 

448.31 452 Hg(2) 1184.3 …. …. 

488.62 488 Ag(1) 1314.1 1310 Gg(4) 

520.1 …. …. 1356.6 …. …. 

709.07 714 Hg(3) 1394.6 1396 Hg(7) 

755.15 753 Hg(4) 1427.4 1432 Hg(7) 

771.21 770 Hg(4) 1456.6 1457 Ag(2) 

952.36 945 Gg(2) 1561.2 1560 Hg(8) 

Table 4: Raman active modes of C60 sample “A”, spot (1)  
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Fig 3‐2: Raman spectra of C60 (sample A), collected at two different locations on the sample 
(a, b). Inserts spectra in the region of Ag(2) mode  
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small shoulder at 1457cm-1 at spot (2) compared to 1462cm-1 for dimers in 

literature [4] and 1457cm-1 for orthogonal structure. Whereas Ag(1) was observed 

at 488.6cm-1 and 492.5cm-1 for spots (1) and (2) respectively as compared to 

488cm-1 for orthogonal and 490cm-1 for dimers in literature[4]. Spectra are given 

in Fig 3-2, where the inserts are the Ag(2) peak by 1800gr/mm. Other modes 

observed are given below in table (4) and (5) for spot (1) and (2) respectively. The 

important thing to note is that at some spots peak at 954cm-1 was also 

observed. This mode is not a Raman active for monomeric C60 and it is active 

due to shifting of symmetry from Ih group to Dh group by polymerization. 

Whereas at spot (2) Raman active modes like Hg(1), Hg(2) and Hg(3) were not 

visible but modes like Gu(2) at 740.34cm-1 were. From Ag(1) and Ag(2) modes, it 

is clear that the sample has orthorhombic structure (linear chains) but some 

amount of dimers phase is also present which prove that the sample is a two 

phase system. The reason for multi phased structure could be the quasi-

hydrostatic pressure during sample treatment in the piston and cylinder device. 

However no clear peaks were visible below 200cm-1, which are the primary  

polymerization and have been observed using FT Raman spectroscopy. 

This Work Reference[4] Mode This Work Reference[4] Mode 

268.05 269 …. 1160 1159 …. 

428.2 430 …. 1240.3 1233 …. 

492.48 490 Ag(1) 1343.5 1348 …. 

707.24 708 …. 1415.1 1424 Hg(7) 

740.34 733 Gu(2) 1461.1 1462 Ag(2) 

768.33 772 Hg(4) 1461 1462 Ag(2) 

1096.1 1102 Hg(5) 1566.5 1570 Hg(8) 

Table 5: Raman active modes of  C60 Sample “A”, spot (2) 
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Sample B:  

Raman spectra of sample “B” are presented in figure 3-3.Three different 

positions on the same sample were tested to check phase homogeneity and 

varying peak positions were observed in these spots. In figure 3-3, spot (1), (2) 

and (3) are presented by (a), (b) and (c) respectively. The positions of Ag(2) mode 

are 1448 cm-1 for all three spots, which are closer to 1449cm-1 (Tetragonal 

structure) [4] . However at spot (1) a small shoulder was also present at 1456cm-

1. Similarly at spot (2) and (3), shoulders were found at 1457cm-1 and 1462cm-1 

as well. Whereas the Ag(1) mode is at 485 cm-1, 486 cm-1, 487 cm-1 for spot (1), 

(2) and (3) respectively, closer to 487cm-1 peak in literature which is a 

fingerprint of Tetragonal as well as Rhombohedral structure. From the peak 

position of Ag(1) mode, it can be stated that the sample “B” has Tetragonal 

and/or Orthorhombic structure. However, from Ag(2) mode it is clear that the 

structure is Multiphase with larger portion having Tetragonal structure. 
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Fig 3‐3: Raman spectra of C60 (sample B), collected at three different locations on the sample (a, b 
and c (continued to next page)). Inserts spectra in the region of Ag(2) mode 
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Conclusion 

Both of the samples have multiphase structure which could be due to quasi 

hydrostatic pressure as discussed before. Sample “A”, which was prepared at 

1.1GPa @ 550-585 Kelvin, has Orthagonal structure however dimer structure 

was also found. Similarly in sample “B” (2.3-2.5GPa @ 820 K), it is evident from 

the peak positions that sample has tetragonal as well as orthogonal structure 

along with dimer phase. It is also observed that some modes which were not 

visible or weak in sample “A” spectrum (linear chains) but they have strong 

intensity in sample “B” spectra e.g. peaks at 430cm-1, 588cm-1, 1105cm-1, 

1204cm-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3‐4: spectrum of polymerized sample “B” (top) and sample “A”(bottom). 
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It was observed that number of peaks positions as well as the intensity in 

polymerized sample “B” is more as compared to polymerized sample “A” as new 

peaks originated in the spectrum of sample “B”. A comparison of sample spectra 

is given in Fig. 3-4. 
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3.2  Spectral  characterization  of  C70  treated  at  High 
Pressure, High Temperature. 
HeNe laser 

With HeNe laser (1.96eV), we could not record any spectrum of C70; like in 

C60 case because of strong background fluorescence even at very low power. 

Therefore, measurements discussed here are only obtained by DPSS laser 

(2.33eV).  

 

 

 

 

 

 

 

 

 

 

DPSS Laser 

Sublimed Monomeric C70   

Raman spectrum of sublimed C70 is given in Fig 3-6. Spectra were 

obtained from several different locations and found same like the one shown 

below. 22 Raman active modes were noted out of total 53 for sublimed sample 

with E2' and E1'' modes at 1560cm-1 and 453cm-1  respectively as compared to 
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Fig 3‐5: Raman spectrum of C70 with HeNe laser excitation (1.96eV) 
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1564cm-1  and 454cm-1  stated previously [Ref 8]. Other modes are stated in 

table (6) along with reference. There is a change in peaks position observed as 

compared to reference. The possible reason could be the laser line used, which 

is 532nm in  

 

 

 

 

 

 

 

 

 

 

 

 

our experiment as compared to the 488nm used in reference paper. Also shown 

in table 6, some of the peaks which we observed but not matching with any 

reference peaks like at 403cm-1,508cm-1, 568cm-1,945cm-1, 1437cm-1 and 

1461cm-1. Overall the peaks were not in good agreement with reference peaks. 

 

 

 

Fig 3‐6: Raman spectrum of sublimed C70 

0 3 0 0 6 0 0 9 0 0 1 2 0 0 1 5 0 0
0

1 0 0

2 0 0

3 0 0

4 0 0

R
am

an
 In

te
ns

ity
 (a

.u
.)

R am an  S h ift(R e l. 1 /cm )



30 

 

 

 

 

 

Polymerized C70 

 Raman spectra of four sample (A, B, C, D), produced at different 

pressure and temperature, are given below in figure 3-7. However no prominent 

difference was observed in the spectra of these samples. For sample “A”, a new 

peak was observed at 394cm-1, which was neither seen in spectrum of sublimed 

sample nor for B, C, or D samples. The peak at 403cm-1 and 1337cm-1 for 

sublimed sample shifted to 409cm-1 and 1330cm-1 respectively for sample “A”. 

Ref(cm‐1)[8] 

Mode 

Assigned[8] 

This Work 

(cm‐1) 

 

Ref(cm‐1)[8] 

Mode 

Assigned 

This  Work 

(cm‐1) 

256  E2'  256  1182  E2', E1''  1178 

403  1228  E2', E1''  1223 

410  E2'  1250  A1'  1252.5 

454  A1', E1''  453  1310  E2'  1308 

505      1328 

518  E2'  1334  E2'  1337 

568  1368  E2'  1362 

588  A1', E1''      1437 

702  E2'  698  1446     

740  A1'  734  1448  E2'  1453 

770  E1'', E2'  768      1461 

798  1514  E1'', E2'  1509 

945  1564  E2'  1560 

1060  E2'  1057       

Table 6: Comparison of peak position for sublimed C70 with the reference peak positions
[8]
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Rests of the peak positions were equivalent to those of sublimed C70 within 

±2cm-1. For sample “B”, as stated  

 

 

before, the peak at 394cm-1 disappeared again while the peak at 409cm-1 
broadened. The remaining peaks were same as for sample “A”. For sample “C” 
the 409cm-1 peak shifted to 406cm-1and broadening of peaks at 256cm-1, 
506cm-1, 700cm-1, 1060cm-1, 1180cm-1, 1330cm-1 and 1440cm-1 was observed, 

Sample “A”  Sample “B”  Sample “C” Sample “D” C70 sublimed  Mode 

256  255.17  252.39/259.42  255.4  256  E2' 

394  …..  ……  ……  ……  E2' 

409  406/411  406.38  408.8  403  E2' 

452  453  452.85  453/479  453  A1', E1'' 

508  506.5  505.42/519.849  508  505  E2' 

570  568  566.81  567  568  A1', E1'' 

697  699.69  695.54/703.56  697.5/707  698  E2' 

736  736.02  736.84  737.5  734  A1' 

767  766.99  770.12  764/777  768  E1'', E2' 

943.5  943.77  944.06  949  944.84   

1057  1059.78  1055.74/1063.7  1052.5/1060.5  1057  E2' 

1179  1179.57  1174.14/1182.1  1163/1184.12  1178  A1' 

1224  1224  1224.34  1214/1225  1223  E2', E1'' 

1255  1255.37  1254.5  1254.4  1252.5  A1' 

1310  1310  1306.54  1310  1308  E2' 

1330  1329.77  1322.84/1331.4  1332  1337  E2' 

1364  1363  1362.44  1363.5  1362  E2' 

1439  1440  1435.74/1442.6  1440.8/1458  1437   

1465  1463.3  1463.04  1460  1461   

1510  1509.37  1509.04  1504.4/1511.8  1509  E1'', E2' 

1560  1560.27  1561.14  1560.4  1560  E2' 

            Table 7: comparison of peak positions for all the C70 samples used in current experiment 
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which remain same for sample “D” as well. Overall only a small broadening of 
peaks was observed in sample “C” and “D”. 
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Fig 3‐7: Raman spectra of C70 samples, collected from four different samples (a, b, c, d). 
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4.1 Summary 

  Raman spectroscopy was used to characterize fullerene (C60 and 
C70). Spectra were acquired using HeNe and DPSS excitation lasers. Fullerenes 
were treated under different pressure temperature conditions to get different 
polymeric states. These spectra were then compared with the spectra of 
sublimed samples and the shifting of modes was observed. With HeNe laser 
excitation, very weak Raman signals were observed in case of both polymerized 
and monomeric samples due to high fluorescence. In contrary, using 532nm 
laser excitation, C60 was successfully characterized in its polymeric form which 
was identified via shift of vibrational modes  and/or appearance of new Raman – 
active modes . 

4.2 Conclusion 

 The Raman modes are the fingerprints of type of crystal structure and the 
Ag(2) mode of C60 shifts as the polymerization proceeds, whereas this shift is 
proportional to the number of intermolecular bonds. We were able to identify 
the samples structure from the peak positions especially from Ag (1) and Ag(2) 
modes for C60. Despite the similarities in the Raman spectra of 1-Dimensional 
(1D) and 2-Dimensional (2D) C60 polymers some differences in the Raman peak 
positions were identified. More importantly, we were able to distinguish between 
1D and 2D polymers via the amplitude of pentagonal pinch mode (Ag(2)) peak 
position shift. However; it was observed that in the case of C60, the molecule is 
very sensitive to the pressure and temperature conditions applied and more 
than one structure was observed in all samples. The possible reason for this 
multiphase presence could be the conditions inside the equipment in which 
samples were prepared. The pressure inside the piston and cylinder device was 
not hydrostatic but “quasi-hydrostatic” due to which pressure was not same on 
the sample at every spot. The crystal structure observed for different samples 
treated under different conditions is given in table below. However, in case of 
C70, our observation is that either it is too difficult to observe any change in the 
structure by Raman spectroscopy or as the molecules are much more stable as 
compared to C60 and does not polymerize as easily, Since we were not able to 
find any reasonable change in the spectrum of treated samples as compared to 
untreated sample, which is supported by Premila [14].  
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Sample Name Conditions 

 

 

Sample A 1D-orthorhombic 

Sample B 2D-Tetragonal + a small amount of linear orthorhombic 

 Sublimed Sublimed sample sealed in glass tube 

Sample A  

No change in spectra as compared to sublimed sample 
Sample B 

Sample C 

Sample D 

 

 

 
 

 
 

 

 

 

 
 

 

C60 

C70 

Table 8: Sample Structure observed by Raman spectroscopy 
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