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Preface

This book entitled Fullerenes and Relative Materials: Properties and Applications considers some
aspects of the synthesis, structural, vibrational, tribology, optical, and nonlinear optical
properties of the fullerenes and relative materials to some area of the applications. It consists
of eight chapters including the introductory one. All chapters present the results of the
unique properties of the materials studied in the different areas of their applications, includ‐
ing the general optoelectronics, solar energy and gas storage, laser and display, and biome‐
dicine. It is important for the education process and for civil and special device operations.
The advanced idea, the special approach, and the information described in the current book
will be fruitful for readers to find a sustainable solution in a fundamental study and in the
technique. The book can be useful for students, postgraduate students, engineers, research‐
ers, and technical officers of optoelectronic universities and companies.

The editor of this book would like to thank all the authors of the chapters presented and to
acknowledge the reviewers and all who have helped prepare this book. The editor would
like to express gratitude to Mr. Slobodan Momcilovic, Publishing Process Manager, Inte‐
chOpen, Croatia, for his good and continued cooperation.
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1. Introduction

It is known that the use of the laser technique has been dramatically activated from the 1960’s. 
Due to the reason that the lasers are operated at different spectral range and at different 
energy density (power), the scientists and engineers have had the task to find the novel mate-
rials to protect the human eyes and technical devices from high laser irradiation. Moreover, 
the modern solar energy, gas storage, and biomedicine elements have searched for the new 
sensitizers with good advantage as well.

In this aspect, the science history and nature permits to resolve this task [1–7]. From David Jones 
experiments (1966) and E. Osawa calculations (1970); from E. Colder experiments (1984), and 
from H.W. Kroto, R.E. Smalley, R.F. Curl consideration (1985), the fullerenes have been discov-
ered and have got their name on 1985. Indeed, it provokes the future investigation. Thus, the car-
bon nanotubes (CNTs) have been opened in 1991. Now, these nanostructures have an important 
advantage in the modification of the surface and the body of inorganic and organic materials.

The main reason to use the fullerenes is connected with their unique energy levels and high 
value of electron affinity energy. Only S1-T1 transition has the time close to 1.2 ns, but the higher 
transitions from the exited singlet or triplet states have the time in the pico- or femtosecond 
range. Thus, the study of the fullerene and relative systems dynamic in the nano-, pico-, and 
femtosecond regime is actual, and the investigation of the ionization and fragmentation of 
fullerenes with different approaches are important. Moreover, the fullerenes have the large 
value of the electron affinity energy close to 0.65–0.7 eV. That is larger than the one for most 
dyes and organic molecules intramolecular acceptor fragment. It can stimulate the efficient inter-
molecular charge transfer complex (CTC) formation in the fullerene-doped organic conjugated 
materials. Regarding the CNTs, it should be necessary to take into account the variety of charge 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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transfer pathways, including those along and across a CNT, between CNTs, inside a multiwall 
CNT, between organic molecules and CNTs, and between the donor and acceptor moieties of an 
organic matrix molecule. The data presented in Figure 1a and b show the possible mechanism 
of charge carriers moving in the fullerene-, carbon nanotubes, and relative nano-objects-doped 
organic materials. Moreover, the bio-objects based on DNA can be added to this consideration. 
Some theoretical and experimental results about the process shown in Figure 1 have been previ-
ously presented in the papers [8–15]. It should be remarked that the polarizability of the sensi-
tized organic composites is larger than the one for the pure polymer or the liquid crystal matrix 
due to the formation of the larger dipole moment under the sensitization process.

The basic features of carbon nanotubes are regarded to their high conductivity, strong hardness 
of their C─C bonds, complicated and unique mechanisms of charge carrier moving, and large 
surface energy [16–22]. Moreover, the CNTs refractive index n is so small, namely, it is placed in 
the range of 1.05–1.1. Different types of the optical materials, especially inorganic ones, can be 
treated by CDV, PDV, laser ablation, laser oriented deposition, etc. technical methods, to deposit 
the CNTs on the materials surfaces in order to develop the novel coatings. Indeed, it can provoke 
the change of the refractivity, spectral, mechanical, and wetting phenomena of the composites. 
Analytical and quantum chemical simulations have supported the experimental results. Some 
accent has been given to form the covalent bonding between the atoms of carbon nanotubes and 
near-surface atoms of the matrix materials, see Figure 2. It provokes the dramatic increase of 
the transparency, mechanical hardness, laser strength, wetting angle, etc. parameters [23–27].

In the current “Fullerenes and relative materials” book, namely eight chapters are placed. 
They are devoted to study the fullerenes C60 and C70, as well as the polymeric phase of fuller-
enes and their derivatives under high pressure and high temperature. The interesting results 
are presented about the possibility to encapsulate of 3–10 nitrogen atoms into the C70 cage. 

Figure 1. The possible mechanisms of CTC formation in the nano- and bio-objects-doped conjugated organics (a) with 
the selection of possible charge transfer on the CNTs basis (b).

Fullerenes and Relative Materials - Properties and Applications2

Raman spectrum of hydrogenated carbon film deposited by dc-pulse plasma CVD has been 
analyzed, and the process of the hybridization of graphene fragment, which limits the nucle-
ation and growth of onion-like nanoparticle, has been shown. Optical, nonlinear optical, and 
mechanical features of the nano-objects containing composites are presented and supported 
by the analytical and quantum-chemical simulations.

All chapters present the results about the unique properties of the materials studied in the differ-
ent area of their applications, including the general optoelectronics, solar energy and gas storage, 
laser and display, biomedicine, etc. It is important for the education process and for the civil and 
special device operation. The advanced idea, the special approach, and the information described 
in the current book will be fruitful for the readers to find a sustainable solution in a fundamental 
study and in the technique. The book can be useful for the students, post-graduate students, 
engineers, researchers, and technical officers of optoelectronic universities and companies.
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Figure 2. Possible covalent bonding formation in the systems of MgF2-CNTs (a) [24] and analytical calculation of this 
process (b) [25].
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Abstract

Fullerenes are a unique family of carbon-based cage molecules, which attract interest 
because of their remarkable properties and potential applications. Most effort so far has 
been focused on the study of C60 and C70, whereas other members of the huge fullerene 
family remain poorly explored. One of the main challenges in this field is the developing 
of the synthetic methods, which are suitable for the production of these unique materi-
als in isomer-pure form in macroscopic amounts. Here, we review studies toward the 
rational synthesis of fullerenes from molecular precursors that have been published to 
date. The scope and limitation of the zipping strategy are discussed. The relevance and 
prospects for construction of the fullerene cages and related carbon-based nanostructures 
via cyclodehydrofluorination (C─F bond activation) are highlighted.

Keywords: fullerenes, bottom-up synthesis, zipping approach, C─F bond activation

1. Introduction

Fullerenes represent a unique class of sp2-carbon-based compounds with a spherical π-system, 
displaying intriguing physical and chemical properties [1, 2]. The conventional methods of 
fullerene production are based on various graphite evaporation techniques which result in the 
heterogeneous fullerene containing soot [1, 2]. Unfortunately, none of the existing techniques 
provide access to fullerenes in isomer-pure form, which is crucial for their possible applications. 
The random nature of the fullerene formation results in a highly heterogeneous mixture contain-
ing mainly the most stable C60-Ih and C70-D5h cages. Both fullerenes can be rather easily obtained 
in pure form by single-step HPLC separation of the fullerene soot extract (Figure 1). So far, only 
these two fullerenes have been the subject of in-depth investigations although the fullerene fam-
ily represents a huge class of carbon-cage molecules. As soon as C60 became available in bulk 
amounts, a number of unique properties such as superconductivity [3], ferromagnetism [4, 5], 
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and high electron affinity [6] have been disclosed. C60 and C70 fullerenes were found to be ideal 
material for the development of solar-energy conversion systems, in which the fullerene plays 
the role of effective electron acceptor [7]. Besides these two fullerene members, the fullerene soot 
typically contains about 1% of the so-called higher fullerenes (C2n with n > 35). In contrast to 
C60 and C70, the higher fullerenes have several structural isomers obeying the isolated pentagon 
rule (IPR), stating that all pentagons have to be completely surrounded by hexagons [8]. Some 
of isomers of C76-С84 can be obtained in small amounts by multi-step HPLC using recycling 
HPLC. However, the HPLC technique reaches its limit already on the separation of individual 
isomers of C84. The separation of isomers of higher fullerenes with more than 84 carbon atoms is 
extremely complicated and these fullerenes remain highly unexplored (Figure 1). Moreover, the 
number of possible IPR isomers surges exponentially with increasing number of carbon atoms 
in the cage, which make the separation of higher fullerenes practically impossible. For exam-
ple, C100 has 450 IPR isomers whereas for C200 the number of possible IPR isomers is 15.655.672. 
Furthermore, fullerenes that satisfy the IPR rule represent only a tiny fraction of possible car-
bon cages that in principle can be formed. Thus, C60 has 1811 non-IPR isomers whereas C200 has 
already more than 214 millions of isomers [8]. The non-IPR cages are remarkably less stable 
than IPR fullerenes, since adjacency of two pentagons resulted in high local strain and therefore 
high reactivity of these species. Nevertheless, it has been demonstrated that non-IPR cages exist 
and can be isolated at least in the form of exohedral or endohedral derivatives [9]. Furthermore, 
the possibility to introduce heteroatoms (heterofullerenes) [10], and/or to incorporate rings of 

Figure 1. (Left) Several members of the fullerene family and the number of possible IPR isomers. (Right) Typical HPLC 
profile of the fullerene soot extract (Buckyprep column, toluene as eluent, UV detection). Two strong signals at 8 and 
10 min correspond to C60-Ih and C70-D5h fullerenes, which can be easily isolated. The fraction eluting between 17 and 
25 min corresponds to abundant higher fullerenes—C76-C84 (mixture of about 30 fullerene species). The huge number 
of small overlapping peaks (tR > 28 min) corresponds to the mixture of a large number of unknown higher fullerenes.
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different sizes (non-classical fullerenes) into the carbon cage [11], provides virtually unlimited 
number of possible fullerene structures. Each individual fullerene molecule possesses its own set 
of unique properties such as HOMO-LUMO gap, electron affinity, optical and magnetic charac-
teristics. Despite intense research in the fullerene field during last decades, only a small fraction 
of possible fullerenes has been isolated in pure form and characterized. The higher fullerenes, 
as well as non-IPR and non-classical cages remain poorly explored due to the extremely low 
content in the soot and difficulties connected with purification. Further development in this field 
requires alternative synthetic methods which are suitable for the macroscopic production of 
desired fullerenes in isomer-pure form.

2. The concept of the rational synthesis of fullerenes

Rational synthesis of fullerenes is of practical interest as a promising method for the synthe-
sis of isomer-pure fullerenes, including fullerenes which cannot be obtained by conventional 
techniques. One of the first attempts of the “rational synthesis“ of fullerenes was undertaken 
in 1993 [12]. It has been proposed that C60-Ih fullerene cage can be constructed by the fusion of 
six naphthalene moieties. Indeed, small amounts of C60 were detected in the pyrolysis prod-
ucts of the naphthalene performed in the argon atmosphere at 1000°C [12]. The proposed 
mechanism suggests a step-by-step assembly of naphthalene molecules via cyclodehydro-
genation leading to various oligo-naphthalenes. Some of hexamers with defined orientation 
of naphthalene fragments possess the required for C60 connectivity, and thus can act as a 
precursor of C60. The intramolecular cyclization of such precursors should unambiguously 
lead to the C60 cage formation. One of the possible naphthalene hexamers (C60H28), which is 
likely to form C60 trough intramolecular condensation, is shown in Figure  2. The low yield 
of C60 in this case might be explained by the low probability of the formation of the naphtha-
lene hexamer with required orientation of subunits during accidental condensation. Indeed, 
as it was shown later, the pyrolysis of properly connected oligo-naphthalene improves the 
C60 yield [13]. In spite of the fact that this hypothesis does not explain the simultaneous 
formation of C70, which was also observed in the pyrolysis products (direct assembly of C70 
from naphthalene fragments is impossible), the given mechanism suggests that fullerenes 
can be built from well-defined aromatic fragments—the so-called fullerene precursors. These 
polycyclic aromatic hydrocarbons (PAHs), already containing required carbon connectivity, 
appear to be the key intermediates which exhaustive cyclization should lead to the strictly 
predefined carbon cage. In 2001, this methodology was successfully employed by Scott 
et al. for C60 fullerene synthesis under laser ablation conditions [14]. The rigid C60 fuller-
ene precursor, containing all 60 carbon atoms at required positions, was obtained through a 
multi-step organic synthesis and subjected to the LDI-induced “pyrolysis” (laser desorption 
ionization). According to MS analysis the LDI-induced cyclization led the formation of C60 
(Figure 2) [14]. Although the cyclization was found to be rather inefficient, the demonstrated 
principal transformation of the preprogrammed PAH precursor to the desired carbon cage 
paves the way for the rational construction of the fullerenes and other related carbon-based 
nanostructures.

The general strategy of the rational synthesis of fullerenes is based on the synthesis of spe-
cially “designed” PAH-precursor molecules containing the carbon framework required for 
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the formation of the target fullerene cage. The respective precursor can be “zipped” to the 
desired fullerene by the tandem intramolecular Aryl─Aryl coupling. The characteristic fea-
ture of this approach is a zipper mechanism of cyclization in the final synthetic step. Since the 
regiospecificity of each condensation step can be strictly predefined by the precursor design, 
the cyclization will lead to the preprogrammed isomer of fullerene exclusively. This final 
cyclization step represents the key transformation in the rational synthesis of fullerenes by 
the zipping approach.

2.1. Wet-chemical synthesis

Since a big number of new C─C bonds have to be established during precursor zipping, the 
efficiency of each condensation has to be very high in order to achieve reasonable conversion. 
Unfortunately, methods developed for the synthesis of the planar PAHs via intramolecular 
Aryl–Aryl coupling are usually uneffective in the case of highly strained fullerenes. The strain 
energy of the fullerenes stems mainly due to pyramidalization of carbon atoms, as a result 
of deviation from energetically ideal values observed in graphene lattice. The perturbation of 
the π-system causes enormous enhancement of the energy, which has to be overcome during 
cyclization. Thus for example, various polyphenylenes can readily undergo an intramolecular 
cyclization under UV irradiation in the presence of an oxidant [15]. The photocyclization is an 
effective and frequently used technique for the synthesis of large planar polycyclic systems. 

Figure 2. (Top) Schematic presentation of the C60 fullerene formation during naphthalene pyrolysis showing formation 
of the naphthalene hexamer as a key intermediate. (Bottom) Synthesis of C60 fullerene by zipping of the rigid atomically 
precise precursor under LDI conditions. The new C─C bond, which forms during cyclization, is coded by dashed lines.
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Alternatively, oxidative intramolecular cyclodehydrogenation can be carried out under Scholl 
condition [16]. Recently, this approach has become of high practical interest for the synthesis 
of large PAHs such as nanographenes and nanoribbons [17, 18]. Although both cyclodehy-
drogenation methods show excellent efficiency in the case of planar PAHs, these techniques 
appear to be not effective for the synthesis of bowl-shaped PAHs and fullerenes. Several alter-
native intermolecular aryl–aryl coupling techniques have been developed to overcome these 
disadvantages. Here the palladium(0)-catalyzed direct arylation utilizing bromo and chloro 
derivatives has been found to be effective for the synthesis of small fullerene fragments [19]. 
The largest fullerene fragments obtained so far contain 50 carbon atoms and formally repre-
sent more than 83% of the C60 fullerene surface (Figure 3) [20].

Although the largest synthesized C50 bowl is more curved than C60 [20], the rational synthesis 
of fullerene following this route still remains a challenge. This is mainly connected with dif-
ficulties to perform the Pd-catalyzed cyclization in a domino fashion. Secondly, the reaction 
conditions appear to be aggressive with respect to fullerene species. The recent discovery of 
effective intramolecular aryl–aryl coupling via C-F bond activation under transition-metal 
free conditions might be a solution to this problem. Recently, Siegel et al. [21], Ichikawa et al. 
[22], and Amsharov et al. [23, 24] have demonstrated the efficiency of the C─F bond activation 
strategy for the synthesis of various bowl-shaped PAHs via formal HF elimination step (cyclo-
dehydrofluorination). In the last case, the effective cyclization was achieved utilizing easily 
accessible aluminum oxide, which makes the approach highly attractive for preparative-scale 
synthesis. Moreover, it has been found that intramolecular Aryl-Aryl coupling of fluoroarenes 
via γ-aluminum oxide-mediated C─F bond activation can be realized under mild conditions 
with unprecedentedly high chemoselectivity [25, 26]. Using this technique an extended bowl-
shaped PAHs representing more than 75% of the C60 fullerene connectivity was obtained 
with close to quantitative yield (Figure 4) [24], demonstrating high potential for generating 
extended nonplanar carbon-based nanostructures including fullerenes. Although the rather 
big fullerene fragments can be successfully produced by wet-chemical methods, the solution-
synthesis of fullerenes remains a challenge.

Figure 3. The synthesis of bowl-shaped PAH (C60 fullerene fragment) by Pd-catalyzed microwave-assisted intramolecular 
arylations.

Rational Synthesis of Fullerenes
http://dx.doi.org/10.5772/intechopen.73251

13
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of the naphthalene hexamer as a key intermediate. (Bottom) Synthesis of C60 fullerene by zipping of the rigid atomically 
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Alternatively, oxidative intramolecular cyclodehydrogenation can be carried out under Scholl 
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2.2. Surface-assisted synthesis

The direct on-surface synthesis of nanostructures is a highly promising strategy. The on-sur-
face studies are usually conducted on single-crystal surfaces under ultra-high vacuum condi-
tions that offer extraordinary degree of control in the experiments [27]. Moreover, the usage of 
atomically clean and flat crystal surfaces allows the observation of the reaction process at the 
single molecule level by means of scanning tunneling microscopy (STM) [28]. Recent progress 
in this field demonstrates a high potential for the synthesis of complex architectures via Aryl-
Aryl coupling of organic precursors on single-crystal metal surfaces [29, 30]. In the case of pla-
nar PAHs, the intramolecular cyclodehydrogenation can be performed effectively on Cu(111), 
Ag(111), and Au(111) surfaces. Intramolecular cyclization on Au(111) surfaces typically occurs 
at around 400°C [31]. On the more reactive copper surfaces, cyclization takes place earlier at 
200°C [32]. However, attempts to perform a similar cyclization to form non-planar PAHs were 
unsuccessful because of the intermolecular merging of the precursor molecules. Therefore, 
the synthesis of fullerenes requires harder conditions, including using more reactive Pt-group 
metal surfaces and applying higher temperatures of 450–600°C [33]. The first surface-assisted 
synthesis of the bowl-shaped PAH was reported by Rim et al. on the example of the hemispher-
ical PAH C48, which was generated on the Ru(0001) surface via exhaustive cyclodehydrogena-
tion of hexabenzocoronene precursor (Figure 5) [34]. The six-fold cyclodehydrogenation on the 
periphery of precursor was achieved by annealing of the precursor molecule at 600°C. Note 
that Ru surface serves not only as a catalyst for the cyclodehydrogenation it also prevents 
intermolecular coupling due to efficient bonding to the surface. Finally, the Ru surface acts 
as a support for precursors and products enabling STM investigation. The STM analysis has 

Figure 4. (Left) Synthesis of the extended fullerene fragments via alumina-assisted cyclodehydrofluorination. (Right) 
Superposition of C60 fullerene (dashed lines) and buckybowl (highlighted by gray) structures showing the same atom 
topology.
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revealed a high selectivity and exceptionally high conversion ratio of the deposited precursors 
into non-planar PAH structure (Figure 5). However, due to high reactivity of the Ru surface 
and high temperature applied, the dehydrogenation process does not stop on the formation of 
the C48H12 bowl. The bowl-shaped PAH undergoes further dehydrogenation resulting in all-
carbon C48 bowl covalently bonded to the Ru surface by 12 C─Ru bonds (Figure 5) [34].

Soon after, the efficiency of the surface-assisted approach has been demonstrated by Otero 
et al. on the synthesis of C60 fullerene on Pt surface [35]. In their study, C60H30 fullerene precur-
sor molecules (Figure 6, precursor A) were deposited onto a Pt(111) surface and annealed at 
around 480°C. The annealing step led to the formation of C60 cages with an efficiency close to 
100%. The STM analysis shows that the molecular coverage does not change during tempera-
ture-induced reaction, and all of the precursor molecules converted into fullerenes [35]. Later 
it was shown that the process is highly selective in nature and is not accomplished by skeletal 
rearrangements. This important question has been addressed by the investigation of surface-
catalyzed cyclodehydrogenation of a specifically designed precursor molecule (Figure 6, 
precursor B) “preprogrammed” to the formation of the C60-bowl-shaped PAH with unique 
triangular shape [36]. The on-surface cyclodehydrogenation of two isomeric C60H30 precursors 
(Figure 7) gave convincing evidence that the reaction occurs in a highly selective manner [36]. 
In contrast to the condensation of the precursor A whose cyclodehydrogenation leads to the 
spherical C60, the zipping of the precursor B resulted in a triangular-shaped C60-bowls whose 
formation was distinguished by the STM analysis.

Those works demonstrated that the surface-assisted cyclodehydrogenation on Pt-group metal 
surfaces is highly selective and can be used for fabrication of various specifically designed 
carbon-based nanostructures including fullerenes.

Figure 5. Surface-assisted synthesis of the hemispherical C48 buckybowl via exhaustive cyclodehydrogenation of 
hexabenzocoronene on Ru surface at 600°C.
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Finally, the approach was successfully applied for the first rational synthesis of isomer-pure 
higher fullerene C84(20) [36]. Upon annealing of specially designed C84H42 precursor at 550°C 
on Pt(111) surface, the shape of all of precursor molecules changed and all species became 
spherical with a lateral size expected for C84 fullerene (Figure 8). The formation of the C84 
fullerene cages was additionally confirmed by MS analysis [36]. Moreover, the approach was 
found to be suitable for the synthesis of highly interesting hetero fullerenes. The fabrication 
of an azafullerene by surface-assisted approach has been demonstrated by Otero et al. on the 
example of C57N3 synthesis. In this study, a structurally related precursor with three incorpo-
rated nitrogen atoms was quantitatively converted to the hetero fullerene C57N3 upon anneal-
ing on Pt(111) surface at 477°C [35].

Although the technique allows to perform effective zipping to the target carbon nanostruc-
tures [37, 38], the resulting nano-carbons are covalently bonded to the metal surface and can-
not be desorbed without decomposition. Those difficulties could be probably overcome by 
using less active metal oxide surfaces. Since the metal oxides show low activity in cyclode-
hydrogenation, the cyclization on such surfaces would require much higher temperatures 
leading to loss of selectivity. However, introduction of “activating” groups into the precursor 
structures could significantly reduce the activation barriers. In particular, it has been found 
that fluorine functionality appears to be an excellent ring-closure promoter, which has dem-
onstrated unexpectedly high efficiency. It has been found that coupling can be realized in flu-
oroarenes on thermally activated aluminum oxide at very mild conditions [23–26]. Moreover, 
the alumina-supported cyclodehydrofluorination (cyclization via formal HF elimination) has 
demonstrated unprecedentedly high chemoselectivity and regiospecificity. The intramolecu-
lar Aryl–Aryl coupling on aluminum oxide was achieved with close to quantitative yield even 

Figure 6. Structures of the C60 fullerene precursor (A and the C60 buckybowl precursor (B) molecules and their 
cyclodehydrogenation products.
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in the case of large bowl-shaped PAHs. Since fluorine can promote the ring closure only if 
hydrogen is placed neighboring in space in the precursor structure, it was possible to perform 
the cyclization in domino fashion. This makes the cyclodehydrofluorination more attractive 
in comparison to cyclodehydrogenation where the selectivity must be predefined by the rigid 
structure of precursor. Further, it was found that metal oxides of II, III and IV groups are 
active in the cyclodehydrofluorination of fluoroarenes. In particular, zirconium, titanium and 
indium oxides were found to be effective for cyclization via C─F bond activation [39]. These 
results point the way for fabrication of higher fullerenes and other related carbon-based nano-
structures in a fully controllable manner directly on metal oxide surfaces.

2.3. Gas phase synthesis

The rational construction of fullerenes in the gas phase seems to be very logic, since in all 
conventional techniques the cage fabrication occurs in the gas phase. First of all, fullerenes, 
including higher, non-IPR and heterofullerenes, are stable in the gas phase. Second, the unde-
sired intermolecular interactions can be effectively suppressed in the gas phase, providing 
excellent conditions for intramolecular processes. Not surprising that gas-phase synthesis 
appears to be the most promising approach.

Figure 7. Surface-assisted synthesis of fullerene C60-Ih (top) and C60 buckybowl (bottom) via cyclodehydrogenation of 
respective precursors on Pt(111) surface. STM images of the precursor before and after annealing at 480°C (reprint with 
permission from Ref [36]).
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The flash vacuum pyrolysis (FVP) represents one of the most powerful techniques for the 
synthesis of highly strained architectures via intramolecular cyclization. It consists in the 
heating of precursor molecules in the gas phase to a very high temperature for a very short 
time. The high temperature applied in FVP causes hemolytic cleavage of C─H bonds leading 
to the formation of radicals possessing enough energy to cause intramolecular cyclization 
yielding highly strained products. Pioneering by Scott et al., variety of small bowl-shaped 
PAHs (fullerene fragments) have been successfully synthesized in macroscopic amounts via 
intramolecular cyclization of quasi-planar PAH precursors under FVP conditions [40–42]. It 
was found that introduction of chlorine or bromine functionalities into the initial precursor is 
essential to facilitate the cyclization via free radical mechanism (Figure 9). Finally, this meth-
odology has been successfully applied for the first rational synthesis of C60 utilizing partially 
chlorinated C60 fullerene precursor (Figure 9) [43]. Despite the low yield of C60 (0.1–1%) the 
power of the strategy has been clearly demonstrated.

The possibility of the synthesis of higher fullerenes by FVP has been shown on the examples 
of C78 [44] and C84 [45] by pyrolysis of specially programmed precursors. In both cases the size-
selective formation of fullerenes was observed as indicated by the MS analysis (Figure 10). 
However, the rates of conversion to the target molecules have remained disappointingly low 
because of the low efficiency of intramolecular condensation of non-activated precursors. 
The usually employed for activation chlorine reach their limits in the case of large molecules 
because of decomposition of precursors during sublimation. The molar masses will  generally 

Figure 8. Surface-assisted synthesis of fullerene C84(20) via cyclodehydrogenation of C84H42 precursors on Pt(111) surface. 
STM images of the precursor before and after annealing at 550°C (reprint with permission from Ref. [36]).
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Figure 9. (Left) Synthesis of fullerenes and fullerene fragments by FVP approach from chlorinated PAH precursors. 
(Right) The cyclization mechanism under FVP condition for activated (chlorinated) and non-activated PAHs.

Figure 10. Schematic representation of the intramolecular cyclodehydrogenation of fullerene precursors to fullerenes C78(4) 
and C84(20). Dashed lines indicate where the new bonds have to be established in order to create a closed fullerene cage.
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be high, since a large number of new C─C bonds that need to be formed necessitate the 
 introduction of a big number of promoter groups. Moreover, the radical nature of the conden-
sation could drastically affect the selectivity of the process.

Although the FVP approach has been proven to be very prolific for the synthesis of small 
non-planar PAHs, the high-yield synthesis of large bowls and isomerically pure fullerenes has 
remained challenging. Recently, an efficient intramolecular fluorine-promoted ring closure 
in benzo[c]phenanthrenes under FVP conditions via HF elimination has been reported [46]. 
It has been shown that HF elimination is a synchronous process leading directly to the C─C 
bond formation without any intermediates, thus producing no side products [46]. The small 
size and low molecular weight of fluorine, as well as high thermostability of the C─F bond 
make fluorine a perfect activating group for the rational synthesis of fullerene by zipping 
approach. The feasibility of the approach has been demonstrated on the successful synthesis 
of C60 fullerene from the respective fluorinated precursor which was effectively folded into 
the fullerene under laser ionization. The respective 15-fold cyclization was realized in a dom-
ino fashion via consecutive HF elimination without observation of side reactions or undesired 
fragmentations [47]. As it is shown in Figure 11, the precursor molecule undergoes highly 
selective HF loss (with simultaneous C─C bond formation) leading to the open-cage which 

Figure 11. Mass spectrum of the C60 fullerene precursor (C60H21F9) obtained under laser ablation (negative-ion mode) 
showing an effective domino-like HF elimination yielding C60 fullerene via 15 selective C─C bond formation steps. The 
mechanism of single cyclodehydrofluorination involving a four-centered transition state is shown in the insert on the 
example of benzo[c]phenanthrene model.
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spontaneously collapses to the target C60 via H2 loss. The regioselectivity of the domino-like 
cyclization and the formation of bowl-shaped intermediates and finally spherical C60-Ih cage 
were recently confirmed by ion-mobility experiments [48].

Due to exceptionally high efficiency, it was assumed that the same approach can be extended 
to the synthesis of higher fullerenes as well as to the synthesis of highly attractive non-IPR 
cages. Recently, it has been demonstrated that non-IPR fragments can be indeed fabricated 
via cyclodehydrofluorination in the gas phase. It was shown that despite high strain the 
respective precursor undergoes rather smooth four-fold cyclodehydrofluorination, leading to 
the non-IPR fullerene fragment C26H10 (Figure 12) [49]. These results demonstrate the general 
possibility of rational fabrication of the non-IPR architectures via cyclodehydrofluorination 
of the specially preprogrammed fluoroarene-based precursors. Two possible precursors for 
generation of non-IPR fullerenes C38 and C42 are shown as example. Taking into account the 
present state-of-the-art of MS-based synthesis/deposition technique, which allows multilayer 
deposition of such compounds, the future scale-up appears to be feasible. Among non-IPR 
cages, the laser-induced cyclodehydrofluorination approach seems to be also applicable for 
the rational synthesis of higher and non-classical carbon cages.

3. Conclusion

The zipping strategy had been proved to be prolific for the rational synthesis of the fullerene 
fragments and the fullerene cages. The progress in this field shows the general possibility to 
fabricate elusive fullerenes in a fully controllable manner. Production of these unique materi-
als in isomer-pure form in macroscopic amounts does no longer appear elusive, and there is 
promising prospect that such compounds will become available in the near future. Since there 
are virtually no limiting factors, there are no principle obstacles standing against extending 
the zipping approach to highly interesting related carbon-based architectures.

Figure 12. Mass spectrum of model precursor C26H14F4 obtained under laser ablation showing tandem cyclodehydro-
fluorination yielding the non-IPR C26H10 fragment. The DFT optimized geometry of the non-IPR bowl (side and top 
views) is shown in the inset. (Right) Two examples of possible non-IPR fullerene precursor.
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non-planar PAHs, the high-yield synthesis of large bowls and isomerically pure fullerenes has 
remained challenging. Recently, an efficient intramolecular fluorine-promoted ring closure 
in benzo[c]phenanthrenes under FVP conditions via HF elimination has been reported [46]. 
It has been shown that HF elimination is a synchronous process leading directly to the C─C 
bond formation without any intermediates, thus producing no side products [46]. The small 
size and low molecular weight of fluorine, as well as high thermostability of the C─F bond 
make fluorine a perfect activating group for the rational synthesis of fullerene by zipping 
approach. The feasibility of the approach has been demonstrated on the successful synthesis 
of C60 fullerene from the respective fluorinated precursor which was effectively folded into 
the fullerene under laser ionization. The respective 15-fold cyclization was realized in a dom-
ino fashion via consecutive HF elimination without observation of side reactions or undesired 
fragmentations [47]. As it is shown in Figure 11, the precursor molecule undergoes highly 
selective HF loss (with simultaneous C─C bond formation) leading to the open-cage which 

Figure 11. Mass spectrum of the C60 fullerene precursor (C60H21F9) obtained under laser ablation (negative-ion mode) 
showing an effective domino-like HF elimination yielding C60 fullerene via 15 selective C─C bond formation steps. The 
mechanism of single cyclodehydrofluorination involving a four-centered transition state is shown in the insert on the 
example of benzo[c]phenanthrene model.
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spontaneously collapses to the target C60 via H2 loss. The regioselectivity of the domino-like 
cyclization and the formation of bowl-shaped intermediates and finally spherical C60-Ih cage 
were recently confirmed by ion-mobility experiments [48].

Due to exceptionally high efficiency, it was assumed that the same approach can be extended 
to the synthesis of higher fullerenes as well as to the synthesis of highly attractive non-IPR 
cages. Recently, it has been demonstrated that non-IPR fragments can be indeed fabricated 
via cyclodehydrofluorination in the gas phase. It was shown that despite high strain the 
respective precursor undergoes rather smooth four-fold cyclodehydrofluorination, leading to 
the non-IPR fullerene fragment C26H10 (Figure 12) [49]. These results demonstrate the general 
possibility of rational fabrication of the non-IPR architectures via cyclodehydrofluorination 
of the specially preprogrammed fluoroarene-based precursors. Two possible precursors for 
generation of non-IPR fullerenes C38 and C42 are shown as example. Taking into account the 
present state-of-the-art of MS-based synthesis/deposition technique, which allows multilayer 
deposition of such compounds, the future scale-up appears to be feasible. Among non-IPR 
cages, the laser-induced cyclodehydrofluorination approach seems to be also applicable for 
the rational synthesis of higher and non-classical carbon cages.

3. Conclusion

The zipping strategy had been proved to be prolific for the rational synthesis of the fullerene 
fragments and the fullerene cages. The progress in this field shows the general possibility to 
fabricate elusive fullerenes in a fully controllable manner. Production of these unique materi-
als in isomer-pure form in macroscopic amounts does no longer appear elusive, and there is 
promising prospect that such compounds will become available in the near future. Since there 
are virtually no limiting factors, there are no principle obstacles standing against extending 
the zipping approach to highly interesting related carbon-based architectures.

Figure 12. Mass spectrum of model precursor C26H14F4 obtained under laser ablation showing tandem cyclodehydro-
fluorination yielding the non-IPR C26H10 fragment. The DFT optimized geometry of the non-IPR bowl (side and top 
views) is shown in the inset. (Right) Two examples of possible non-IPR fullerene precursor.
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Abstract

The discovery of fullerenes and their production in measurable quantities launched many 
studies about their reactivity and possible applications. Their peculiar structure opened pos-
sibilities for their study, initially replacing carbon atoms with alternative atoms. The surface 
also offers the possibility of attaching several species and the interior of their hollow structure 
represents a challenge because of the possibility of confining elements or molecules that may 
become less stable when attached to the exterior of the cage. These modifications may consid-
erably affect both chemical and physical properties. In this chapter, we propose the encapsula-
tion of 3–10 nitrogen atoms as aggregates inside the C70 cage. We also study the structures and 
reactivity indexes and the stabilization conferred as a result of being part of the fullerene. These 
aggregates are mainly of interest because of their possible application as energetic materials.

Keywords: polynitrogen, endohedral fullerenes, Density Functional Theory, reactivity 
indexes, C70, energetic materials

1. Introduction

Over the course of time, carbon materials have become important components not only every-
day aspects of life, but also vanguard research. The enormous diversity concerning their uses 
and applications is constantly increasing, representing an area of constant development. 
Whether as part of a compound or in pure form, carbon has always attracted attention. At 
least in its purest forms, its structural diversity is extremely attractive (Figure 1).

Research on the formation and arrangement of carbon compounds that included long chains 
of this element in interstellar space lead to the discovery of fullerenes in 1985. Subsequently, 
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they were produced in measurable quantities for use in experiments [1–3]. Even though their 
study may have evolved accidentally, insufficient effort has been dedicated to understand-
ing their structure, properties and applications. The best known examples of fullerenes are 
C60 and C70, both of which consist of 12 pentagons, and only differ concerning the number of 
hexagons in their structure: 20 in the case of the first and 25 in the second. These differences 
result in the C60 structure, which is more like a soccer ball and C70, which is more like a rugby 
ball (Figure 2). While C60 is more often known as a buckyball, the rest of the hollow structures 
are inscribed to the general fullerene group.

1.1. Types of fullerenes

Research into fullerenes has been extremely diverse, but can be categorized according to the 
structural aspect to be studied. Correspondingly, we have the following: exohedral fullerenes 
(with external ligands or molecules), endohedrals (with internal atoms or molecules) and het-
erofullerenes (with one or more carbon atoms in the cage replaced by heteroatoms).

Exohedral fullerenes have essentially resulted from efforts to “decorate” the surface of the fuller-
enes; mainly achieved by means of chemical functionalization. These types of fullerenes have 
proved to be extremely interesting, both for medical applications and for their possible applica-
tions in material sciences [4–8]. With respect to heterofullerenes, the substitution of carbon atoms 
by boron, nitrogen and silicon has been proposed; in the case of the first two, these have regularly 

Figure 1. Allotropic forms of carbon. From left to right and up to down, diamond, graphite, nanotube and fullerene.
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been as -BN- pairs, thus ensuring that isoelectronic species are obtained, although this has not 
necessarily been the only purpose; in the case of silicon, the main motive has been to search for 
useful applications in electronics [9–21]. Last but not least, endohedral fullerenes exist because 
of the fact that they are hollow; so they have the potential application of confining or protecting 
molecules, thus acting as carriers or stabilizers. Particularly, those with metallic atoms inside 
them—endohedral metallofullerenes—have been attractive for chemistry, physics and interdis-
ciplinary areas, such as materials and biological sciences [22–25].

1.2. Polynitrogenated materials

Considerable interest in nitrogen compounds has emerged, especially those with a high con-
tent of this element, because of their particular properties and forms. Apart from the previously 
known molecular nitrogen (N2), little was known of species with higher nitrogen content, until 
the synthesis of the azide anion (N3

−) [26]. However, over time, new polynitrogenated species 
such as N3, N4, N5

− and N5
+ have been discovered or posited, whose synthesis has either repre-

sented a challenge or turned out to be surprisingly simple [27–30]. In spite of this, until now, 
the species with the highest content of nitrogen produced in measurable quantities has con-
tained 5 nitrogen atoms, meaning that in particular the cyclopentazole anion could be consid-
ered as a motivator for theoretical studies on its formation, as well as representing a building 
block towards more complex structures [31–35]. As species with higher nitrogen content have 
proved to be very unstable with respect to decomposition to N2, theoretical studies have out-
numbered experimental ones. Of these, it has been determined that the preferred forms of N4 
and N6 are acyclic, N8 must be formed from an azide-pentazole (N3–N5) and that more  complex 

Figure 2. Comparison of C60 fullerene with a soccer ball and C70 with a rugby ball.
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polynitrogens may exist such as N7, N12, N18, N20 and a great etcetera [36–42]. Considering 
larger structures, there is no doubt that polyhedral or fullerene-type structures have provided 
inspiration, as they are considered as alternative polynitrogenous arrangements with a greater 
number of nitrogen atoms [18, 19, 21, 41, 43–47]. In this sense, a hollow structure could in prin-
ciple be useful for storing internal molecules, which is why it is common to find hollow carbon 
structures as candidates for confining polynitrogenous species. Currently, the most notable 
examples have been studies of N@C60, N@C70 or even N2@C60 [48–52], which have extended 
the use of the C60 cage as a way of confining up to 16 nitrogen atoms [53, 54]. Also recently, the 
encapsulation of a polymer nitrogen chain in a carbon nanotube was conceived, as in principle 
this could be stable up to room temperature [55]. This contrasts with other proposed polyni-
trogenated phases of nitrogen that have been inspired by the analogy to phosphorus and arse-
nic, all superior in energy to the “cubic gauche” (CG). These have been proposed for extreme 
conditions and some experimental evidence has even been found for them [56–61]. Therefore, 
confinement represents an alternative for the stabilization of polynitrogenated species that are 
not necessarily related to high temperatures and pressure.

As our work group has studied fullerenes and their reactivity [7, 16, 62–65] and it has been 
proposed that C60 might be an ideal candidate for trapping nitrogen by a polymer [53, 54], the 
intention now is to show that C70 might also be an alternative way of storing polynitrogenous 
species, contributing to the development of new materials in the future.

2. Methodology

Initiating with considerable structural diversity, we calculated and modeled endohedral 
fullerenes; Nn@C70 (n = 3–10). For this, we used the C70 structure that corresponds to the iso-
mer from this composition and complies with the isolated pentagon rule, IPR. The Avogadro 
visualizer was used as an auxiliary [66]. Given the considerable number of possible isomers, 
we determined the minimum energy structures in two stages. Initially, we obtained the geom-
etry optimizations for all molecules, using the PM6 method [67]. To ensure that the global 
minimum for each composition has been identified, the use of search algorithms, such as 
those inspired by genetic algorithms, is essential, but this is currently beyond the scope of this 
type of system. However, the diversity of proven structures inspires confidence in our deter-
mination of the most important and representative species. Subsequently, both the geometry 
and the electronic structure were refined for the lower energy isomers of each composition. 
Likewise, the calculation of vibrational frequencies was undertaken in order to corroborate 
that the stationary points located on the potential energy surface correspond to a minimum 
(NImag = 0). All this was undertaken using the hybrid functional B3LYP with the base set 
6-311G [68, 69]. As the structures of the polynitrogen species in free state may differ according 
to charge, this factor was also evaluated, determining the structures for the isomers neutral, 
cation and anion. All calculations were performed using the Gaussian09 program [70].

We also calculated ionization energies (IE) and electron affinities (EA). These were therefore 
calculated to reveal the following energy differences: IE = Ecation − Eneutral, EA = Eneutral − Eanion.

Fullerenes and Relative Materials - Properties and Applications32

Chemical potential was computed by conceptual Density Functional Theory approximation. 
For an N electron system with an external potential v(r) and total energy E, electronegativity 
is defined as the partial energy derivative to the number of electrons at constant potential and 
then by the definition of Mulliken as the mean of IE and EA and the negative of electronega-
tivity is the molecular chemical potential, μ:

  μ = − χ =   (  ∂ E ___ ∂ N  )   
ν (r) 

   ≈ −   IE + EA ______ 2    (1)

Chemical hardness was calculated as defined by Parr and Pearson [71], differentiating the 
chemical potential to the number of electrons, also at constant energy potential:

  η =   (   ∂   2  E ____ ∂  N   2   )   
ν (r) 

   ≈   IE − EA ______ 2    (2)

Energies were also obtained for the stabilization reactions for polymer species within the 
C70 structure, applying the formula: ∆E = ΣE(products) − ΣE(reagents) for two possible schemes. In 
the first, the stabilization of isolated nitrogen atoms could be analyzed through the reaction 
nN + C70  Nn@C70. In the second scheme, the reagents are substituted with nitrogen as found 
in standard state (N2) or detected in experiments (N3

−, N5
−, etc).

3. Results

It was previously reported that the methodology consisted of an optimization at the PM6 
level. As the refinement and electronic structure were performed at the B3LYP/6-311G level, 
they are presented exclusively in the following.

For the majority of the structures obtained, neutral and charged species correspond to the 
same arrangement. In cases where it is not observed, it will be mentioned in due course.

3.1. Nn@C70 structures and reaction energies

N3. The minimum energy structure corresponds to a linear and centered N3, which shows 
the same structure in charged and neutral systems, see Figure 3. There is also found a second 
stable structure that may closely resemble the association between the N2 molecule and an 
“isolated” nitrogen atom. The difference in the relative energies exceeds 40 kcal/mol, leading 
us to assume that the linear isomer encapsulated in C70 would predominate, if it was ever pro-
duced. Distances between nitrogen atoms (1.20 Å) suggest a weaker bond than that observed 
for N2 (1.11 Å).

Reaction energies were calculated based on various assumptions. First, it is considering only 
the stabilization due to the encapsulation of nitrogen atoms as reagents. Second, considering 
structures that can be found at room temperature as starting materials (Table 1).

The 3N + C70 → N3@C70 reaction was used to evaluate the role of the C70 box for the stabilization 
(or not) of 3 isolated nitrogen atoms, compared to placing them within the cage in polymer 
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form as N3. Apparently reactions are energetically favored. This energy difference is also high-
est for the cation, followed by the anion and finally the neutral (Table 1).

We evaluated energy differences for the reactions presented, while attempting to evaluate 
the role of the box, when initial material consisted of existing structures (such as N3

− and N2, 
rather than isolated nitrogen atoms). Evidently, as is stated in Table 1, the cation has lower 
∆E energy. This molecule would be the most viable option at the time of the reaction, as the 
carbon cage would effectively stabilize the nitrogen polymer. Similarly, fullerene C70 is able to 
stabilize and cage the anion polynitrogen, as it also has a negative ΔE value. Contrastingly, in 
the case of the neutral structure, this is not predicted as a favorable reaction. In spite of this, 
stabilization of N2 + N in the C70 cage is favorable (∆E = −60.44 kcal/mol).

N4. We analyzed structures consisting of two pairs of N2 molecules, Figure 3, in almost parallel 
positions (with an approximate distance of 2.67 Å between the two N2 pairs). An arrangement 
very similar to the neutral one was observed for the charged systems. Unstable structures for 
charged systems were also found, as in essence they could almost be considered as 4 atoms 
with no obvious interacting link.

The stabilization of arrangements of 4 nitrogen atoms in the cage was evaluated in terms of 
reaction energy, results for which are shown in Table 1. Evidently, the encapsulation would be 

Figure 3. Structure of Nn@C70, where n = 3–10, endohedral fullerenes, calculated using the B3LYP/6-311G method.
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energetically favored. Similar to that observed in the previous isomer, it is predicted that the inter-
action with the cationic system would be greater than with the anionic or with the neutral one.

Analyzing encapsulation reactions initiating with different materials (such as N2, neutral and 
charged), evidently the neutral one is not predicted to be energetically favorable. This would 
lead to a structure which could be very interesting for possible high energy density mate-
rial (HEDM) applications, a field where metastable compounds and single nitrogen-nitrogen 
bonds are encouraged. However, the distance between nitrogen atoms (1.11 Å) is character-
istic for a triple bond, which discards (at least in principle) this structure as a candidate. For 
charged systems, the reaction energy is favorable. This gives an idea of the role played by the 
C70 cage in general, as it stabilizes systems with higher charge density.

Nn@C70 Anion Neutral Cation

For n = 3 2N + N− + C70 → N3@C70
− 3N + C70 → N3@C70 2N + N+ + C70 → N3@C70

+

−495.82 −383.89 −544.51

N3
− + C70 → N3@C70

− 1.5N2 + C70 → N3@C70 N3
+ + C70 → N3@C70

+

−39.13 101.29 −106.97

For n = 4 3N + N− + C70 → N4@C70
− 4N + C70 → N4@C70 3N + N+ + C70 → N4@C70

+

−678.69 −606.42 −764.55

N2 + N2
− + C70 → N4@C70

− 2N2 + C70 → N4@C70 N2 + N2
+ + C70 → N4@C70

+

−69.85 40.49 −145.73

For n = 5 4N + N− + C70 → N5@C70
− 5N + C70 → N5@C70 4N + N+ + C70 → N5@C70

+

5 N-a −764.51 −652.59 −814.12

5 N-b −745.26 −646.04 −804.31

5 N-a N5
− + C70 → N5@C70

− 2.5N2 + C70 → N5@C70 2N2 + N+ + C70 → N5@C70
+

−0.13 156.04 −167.21

5 N-b N2 + N3
− + C70 → N5@C70

− N2 + N3 + C70 → N5@C70 N2 + N3
+ + C70 → N5@C70

+

34.89 73.75 −43.31

For n = 6 5N + N− + C70 → N6@C70
− 6N + C70 → N6@C70 5N + N+ + C70 → N6@C70

+

−881.66 −807.24 −965.47

2N2 + N2
− + C70 → N6@C70

− 3N2 + C70 → N6@C70 2N2 + N2
+ + C70 → N6@C70

+

50.62 163.12 −23.19

N5
− + N + C70 → N6@C70

− N5
− + N+ + C70 → N6@C70 N3 + N3

+ + C70 → N6@C70
+

−117.29 −385.00 −131.54

N3
− + N3

+ + C70 → N6@C70

−255.14

Table 1. Reaction energies due to the encapsulation of nitrogen structures for Nn@C70, where n = 3–6, obtained at 
B3LYP/6-311G level of theory.
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form as N3. Apparently reactions are energetically favored. This energy difference is also high-
est for the cation, followed by the anion and finally the neutral (Table 1).

We evaluated energy differences for the reactions presented, while attempting to evaluate 
the role of the box, when initial material consisted of existing structures (such as N3

− and N2, 
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positions (with an approximate distance of 2.67 Å between the two N2 pairs). An arrangement 
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charged systems were also found, as in essence they could almost be considered as 4 atoms 
with no obvious interacting link.

The stabilization of arrangements of 4 nitrogen atoms in the cage was evaluated in terms of 
reaction energy, results for which are shown in Table 1. Evidently, the encapsulation would be 

Figure 3. Structure of Nn@C70, where n = 3–10, endohedral fullerenes, calculated using the B3LYP/6-311G method.
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+

−117.29 −385.00 −131.54
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−255.14

Table 1. Reaction energies due to the encapsulation of nitrogen structures for Nn@C70, where n = 3–6, obtained at 
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N5. The geometries for N5@C70 nitrogen polymers are shown in Figure 3. Captions 5 N-a and 
5 N-b symbolize the optimized structures, noting that 5 N-a represents a cycle of 5 nitrogen 
atoms that is quite similar to cyclopentazole; a system found only as an anion [29, 31]. Distances 
between nitrogen atoms (~1.34 Å) for the cycle suggest a double-like bond. Contrastingly, 
5 N-b isomers essentially consist of two systems; N2 and N3, separated by approximately 
2.4 Å. We attempted to optimize a structure similar to N5

+ that was predicted theoretically; 
however, our efforts were in vain, as all the structures presented fragmentation. Distances 
between nitrogen atoms are, for bended N3 fragment, 1.19 Å, whereas for N2 dimer 1.11 Å.

Geometry acquired by 5 N-a molecule represents the most stable. The energy of neutral 5 N-b 
is 6.5 kcal/mol greater than 5 N-a, which may be considerable, but would not be as difficult 
to achieve under experimental conditions. Likewise, the energy difference between the anion 
and cation systems exceeds 10 kcal/mol, with the cyclic isomers proving the most stable.

The formation energies of the different N5@C70 isomers were calculated by assuming that 
nitrogen atoms were the material at initiation, indicating at all times that this reaction would 
be favored. The highest value corresponded to cationic species, followed by anionic species 
and finally neutral species. Changing the reagents for other species reveals interesting dilem-
mas. Assuming formation with the pentazolate anion would imply a slightly favored reaction, 
but when substitute for N2 + N3

−, these systems become energetically unfavorable. Although 
this approach might discourage synthesis, it could also act as a motivator, as it would be con-
sidered as metastable and a candidate for high energy material, HEDMs.

N6. For N6@C70, the most favored structure corresponds to the arrangement of three N2 mol-
ecules, separated 2.4 Å each of the other (Figure 3). For previous reports of N6@C60 [53, 54], 
the lower energy structure corresponds to the pot-shaped hexagon, in contrast to that pre-
sented here. We suggest that this difference is due to the larger volume of C70 as compared 
to C60, which allows a bigger dispersion within the cage. Cyclic structure with boat-shaped 
conformation is found 100 kcal/mol greater in energy than reported here and, therefore, is not 
considered as a possible candidate.

When the reactants are represented by isolated nitrogen atoms, formation energy shows an 
energetically favorable reaction. However, by changing the reactants for N2, the prediction 
becomes highly unfavorable. We undertook analysis by changing the reagents, finding that 
when we proposed charged species as reactants, negative formation energies appeared. We 
attribute this mainly to the stabilization of charges by the cage.

N7. Of isomers identified in this system, lowest energy consisted of an N5–N2 partnership, 
similar to that found previously for C60 [53, 54]. Other systems involving N3 with 2N2 or even 
rings of N7 proved to be stable but considerably higher in energy (Figure 3). Bond distances 
for nitrogen-nitrogen in the pentagon are 1.31–1.33 Å long, which indicate a double bond. The 
second energy isomer in order (with N3 and 2N2 fragments) is 28 kcal/mol higher in energy, 
whereas a distorted heptagon N7 cycle is about 90 kcal/mol higher. This is an indication that 
the pentagon-N2 association would be the only isomer found in a hypothetical experiment.

Reaction energies show that the stabilization of individual nitrogen atoms is favored, whereas 
if the reagents are exchanged for others found experimentally such as N5

− + N2, this would not 
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be the case. Again this presents a possible other use (as HEDM) for this type of molecule. We 
also present alternative reactions with energetically favored schemes, which we essentially 
attribute to the stabilization of charges in the fullerene cage (Table 2).

N8. The most stable isomer for this composition consists of the assembly between a hexagon 
and a dimer as two separate units. Bond distances for N─N are around 1.33–1.34 Å, more 
related to a double bond. Likewise, isomers that involve the formation of a distorted—but 
unstable—octagon are found with considerably higher energies, making it possible to ensure 

Nn@C70 Anion (−) Neutral (0) Cation (+)

For n = 7 6N + N− + C70 → N7@C70
− 7N + C70 → N7@C70 6N + N+ + C70 → N7@C70

+

−979.94 −866.37 −1026.35

N2 + N5
− + C70 → N7@C70

− 3.5N2 + C70 → N7@C70 3N2 + N+ + C70 → N7@C70
+

107.89 265.72 −55.99

2N2 + N3
−+C70 → N7@C70

− N5
− + N2

+ + C70 → N7@C70

123.67 −148.76

For n = 8 7N + N− + C70 → N8@C70
− 8N + C70 → N8@C70 7N + N+ + C70 → N8@C70

+

−1615.18 −1528.77 −1688.71

N3 + N3
− + N2 → N8@C70

− 4N2 + C70 → N8@C70 3.5N2 + N++C70 → N8@C70
+

187.33 392.54 70.88

N3 + N5
−→ N8@C70

− N5
− + N3

+ + C70 → N8@C70

171.55 −41.48

For n = 9 8N + N− + C70 → N9@C70
− 9N + C70 → N9@C70 8N + N+ + C70 → N9@C70

+

−1046.85 −995.79 −1149.58

N5
− + 2N2 + C70 → N9@C70

− 4.5N2 + C70 → N9@C70 4N2 + N+ + C70 → N9@C70
+

364.43 459.75 144.23

3N2 + N3
−+ C70 → N9@C70

− N3
− + N3

++ N3 + C70 → N9@C70

380.20 −47.35

For n = 10 9N + N− + C70 → N10@C70
− 10N + C70 → N10@C70 9N + N+ + C70 → N10@C70

+

b −1143.41 −981.87 −1192.45

a −1150.42 −996.12 −1184.66

N3
−+3.5N2 + C70 → N10@C70

− 5N2 + C70 → N10@C70 4N2 + N2
++C70 → N10@C70

+

a 438.36 621.14 396.74

N5
− + 2.5N2 → N10@C70

−

422.59

Table 2. Reaction energies due to the encapsulation of nitrogen structures for Nn@C70, where n = 7–10, obtained at 
B3LYP/6-311G level of theory.
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N5. The geometries for N5@C70 nitrogen polymers are shown in Figure 3. Captions 5 N-a and 
5 N-b symbolize the optimized structures, noting that 5 N-a represents a cycle of 5 nitrogen 
atoms that is quite similar to cyclopentazole; a system found only as an anion [29, 31]. Distances 
between nitrogen atoms (~1.34 Å) for the cycle suggest a double-like bond. Contrastingly, 
5 N-b isomers essentially consist of two systems; N2 and N3, separated by approximately 
2.4 Å. We attempted to optimize a structure similar to N5

+ that was predicted theoretically; 
however, our efforts were in vain, as all the structures presented fragmentation. Distances 
between nitrogen atoms are, for bended N3 fragment, 1.19 Å, whereas for N2 dimer 1.11 Å.

Geometry acquired by 5 N-a molecule represents the most stable. The energy of neutral 5 N-b 
is 6.5 kcal/mol greater than 5 N-a, which may be considerable, but would not be as difficult 
to achieve under experimental conditions. Likewise, the energy difference between the anion 
and cation systems exceeds 10 kcal/mol, with the cyclic isomers proving the most stable.

The formation energies of the different N5@C70 isomers were calculated by assuming that 
nitrogen atoms were the material at initiation, indicating at all times that this reaction would 
be favored. The highest value corresponded to cationic species, followed by anionic species 
and finally neutral species. Changing the reagents for other species reveals interesting dilem-
mas. Assuming formation with the pentazolate anion would imply a slightly favored reaction, 
but when substitute for N2 + N3

−, these systems become energetically unfavorable. Although 
this approach might discourage synthesis, it could also act as a motivator, as it would be con-
sidered as metastable and a candidate for high energy material, HEDMs.

N6. For N6@C70, the most favored structure corresponds to the arrangement of three N2 mol-
ecules, separated 2.4 Å each of the other (Figure 3). For previous reports of N6@C60 [53, 54], 
the lower energy structure corresponds to the pot-shaped hexagon, in contrast to that pre-
sented here. We suggest that this difference is due to the larger volume of C70 as compared 
to C60, which allows a bigger dispersion within the cage. Cyclic structure with boat-shaped 
conformation is found 100 kcal/mol greater in energy than reported here and, therefore, is not 
considered as a possible candidate.

When the reactants are represented by isolated nitrogen atoms, formation energy shows an 
energetically favorable reaction. However, by changing the reactants for N2, the prediction 
becomes highly unfavorable. We undertook analysis by changing the reagents, finding that 
when we proposed charged species as reactants, negative formation energies appeared. We 
attribute this mainly to the stabilization of charges by the cage.

N7. Of isomers identified in this system, lowest energy consisted of an N5–N2 partnership, 
similar to that found previously for C60 [53, 54]. Other systems involving N3 with 2N2 or even 
rings of N7 proved to be stable but considerably higher in energy (Figure 3). Bond distances 
for nitrogen-nitrogen in the pentagon are 1.31–1.33 Å long, which indicate a double bond. The 
second energy isomer in order (with N3 and 2N2 fragments) is 28 kcal/mol higher in energy, 
whereas a distorted heptagon N7 cycle is about 90 kcal/mol higher. This is an indication that 
the pentagon-N2 association would be the only isomer found in a hypothetical experiment.

Reaction energies show that the stabilization of individual nitrogen atoms is favored, whereas 
if the reagents are exchanged for others found experimentally such as N5

− + N2, this would not 
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be the case. Again this presents a possible other use (as HEDM) for this type of molecule. We 
also present alternative reactions with energetically favored schemes, which we essentially 
attribute to the stabilization of charges in the fullerene cage (Table 2).

N8. The most stable isomer for this composition consists of the assembly between a hexagon 
and a dimer as two separate units. Bond distances for N─N are around 1.33–1.34 Å, more 
related to a double bond. Likewise, isomers that involve the formation of a distorted—but 
unstable—octagon are found with considerably higher energies, making it possible to ensure 
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that this isomer would predominate in an experiment. The nitrogen hexagon shows distances 
that suggest double bonds, ranging from 1.31 to 1.35 Å, whereas for the unstable octagon they 
range from 1.26 to 1.39 Å.

Similarly, the reaction energy from the stabilization of nitrogen atoms shows that this would 
be a favored case, starting with the cation, followed by the anion and finally the neutral. 
Changing the reactants it is found that metastable species would be formed with molecules 
present at laboratory conditions, such as N2 and N5

−. This alternate reaction scheme opens up 
the possibility to produce HEDM candidates.

N9. The most favored structure for this encapsulation consists of the assembly formed from 
an N5 ring and two dimers parallel to this. Nitrogen-nitrogen bonds for the cycle are very 
similar to the corresponding for similar cycles (1.3–1.33 Å) and the distance to N2 is about 
2.29 Å. Qualitatively, it is similar to that found for C60, although with considerably greater 
distances [53, 54]. Stable structures involving ensembles formed with N3 and 3N2 species are 
18.78 kcal/mol higher in energy. The fact that it is preferred a more complex structure instead 
simple ones, indicates us to suggest a more determinant role of the C70 cage in the stabiliza-
tion of the structure. The negative values of the reaction energy reflect the stabilization of the 
polynitrogenated species and evidently the reaction is more favored when the system is posi-
tively charged, after which follows the negative system and finally the neutral system. The 
energy difference revealing a positive energy reflects an unfavorable and endergonic reaction, 
although probably with metastable products. Moreover, by exploring other reaction paths to 
obtain the isomers of 9 nitrogen atoms, favorable reactions are obtained.

N10. As the amount of nitrogen atoms in the fullerene cage increases, a greater variety of nitro-
gen polymer structures can be perceived. For this system, the neutral minimum corresponds 
to a distorted cycle of 10 atoms, which contrasts with that reported previously for C60 [53, 
54]. However, the second energy structure for charged systems (with an energy difference 
not exceeding 8 kcal/mol compared to the most stable) corresponds to that reported for C60. 
Bonding distances between nitrogen atoms are 1.23–1.43 Å for the lowest energy isomer and 
1.24–1.48 Å for the second. The formation energy starting from isolated nitrogen atoms shows 
negative values, suggesting stabilization on the part of the box for N10, which is highest for 
the cation, followed by the anion and finally the neutral. The formation reaction that initi-
ates from a variety of reagents, such as N3

−
, N5

− and N2, shows positive values, which suggest 
metastable structures.

3.2. Global reactivity indexes

We obtained the following chemical reactivity indexes: ionization potential, electron affin-
ity, as well as electronic hardness and chemical potential and the results are summarized in 
Table 3. For ionization potentials, apparently fullerenes encapsulating 3–8 nitrogen atoms fall 
within a range of 7.4–7.6 eV. Notably, when the fullerenes contain 4 and 6 nitrogen atoms, the 
force with which the nitrogen endohedral fullerenes retain the electrons is slightly greater 
than when encapsulating between 3 and 5 nitrogen atoms. When encapsulating between 7 
and 8 nitrogen atoms, this force tends to be the same, but with 9 nitrogen atoms within the 
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fullerene, this energy increases to 7.81 eV, implying that more energy is required in order to 
remove an electron. Contrastingly, when there are 10 nitrogen atoms within the fullerene 
network, it is easier to remove an electron because the ionization potential decreases. The 
even/odd effect observed in the first clusters may be explained by the resistance of systems 
with closed shell (even number of nitrogens) to be ionized, in contrast to those with an open 
shell (odd number of nitrogens) that contrarily would present a greater tendency to lose an 
electron, resulting in a closed shell.

The odd/even behavior of endohedral fullerenes, on gaining an electron and forming a nega-
tive ion, is also reflected in electron affinity; as apparently when C70 fullerenes encapsulate 3, 
5 and 7 nitrogen atoms, the energy released is greater than when 4, 6 and 8 nitrogen atoms 
are caged. Notably, the energy of 8 nitrogen atoms increases to a lesser degree than 4 and 
6 atoms of nitrogen. When encapsulating 9 and 10 nitrogen atoms, the sequence tends to 
change, because higher energy release corresponds to the 10 nitrogen structure and the lower 
energy release corresponds to the 9 nitrogen structure.

In terms of electronic chemical potential, endohedral fullerenes: of 4, 6 and 8 N atoms pres-
ent the highest values for chemical potential, so they tend to accept electrons. Fullerenes of 3, 
5 and 7 atoms have the lowest value, so they can donate electrons more easily. However, on 
reaching 9 and 10 atoms, the sequence changes because the isomer with 9 nitrogen atoms is 
the one that has the highest value of chemical potential than all other values, whereas the one 
with 10 nitrogen atoms has the lowest value of all.

With respect to overall hardness, there is a sequence ranging from 3 to 7 nitrogen atoms 
where the highest hardness values are the even numbers. These, therefore, have the greatest 
resistance for modifying their electronic density. The lowest hardness values correspond to 
the odd numbers of nitrogen atoms. At 8 nitrogen atoms, the sequence changes direction: 
now the odd number of nitrogen atoms is the one that presents the greatest value for global 
hardness, besides being the molecule that is least reactive in terms of hardness. Considering 
the case of N10, this structure has the lowest hardness value. Consequently, it can modify 

I A μ η

N3@C70 7.51 4.49 −6 1.51

N4@C70 7.61 2.77 −5.19 2.42

N5@C70 7.47 4.49 −5.98 1.49

N6@C70 7.61 2.87 −5.24 2.37

N7@C70 7.54 4.56 −6.05 1.49

N8@C70 7.54 3.39 −5.46 2.08

N9@C70 7.81 1.85 −4.83 2.98

N10@C70 6.3 6.33 −6.31 −0.02

Table 3. Global reactivity indexes for Nn@C70, where n = 7–10, obtained at B3LYP/6-311G level of theory.
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that this isomer would predominate in an experiment. The nitrogen hexagon shows distances 
that suggest double bonds, ranging from 1.31 to 1.35 Å, whereas for the unstable octagon they 
range from 1.26 to 1.39 Å.

Similarly, the reaction energy from the stabilization of nitrogen atoms shows that this would 
be a favored case, starting with the cation, followed by the anion and finally the neutral. 
Changing the reactants it is found that metastable species would be formed with molecules 
present at laboratory conditions, such as N2 and N5

−. This alternate reaction scheme opens up 
the possibility to produce HEDM candidates.

N9. The most favored structure for this encapsulation consists of the assembly formed from 
an N5 ring and two dimers parallel to this. Nitrogen-nitrogen bonds for the cycle are very 
similar to the corresponding for similar cycles (1.3–1.33 Å) and the distance to N2 is about 
2.29 Å. Qualitatively, it is similar to that found for C60, although with considerably greater 
distances [53, 54]. Stable structures involving ensembles formed with N3 and 3N2 species are 
18.78 kcal/mol higher in energy. The fact that it is preferred a more complex structure instead 
simple ones, indicates us to suggest a more determinant role of the C70 cage in the stabiliza-
tion of the structure. The negative values of the reaction energy reflect the stabilization of the 
polynitrogenated species and evidently the reaction is more favored when the system is posi-
tively charged, after which follows the negative system and finally the neutral system. The 
energy difference revealing a positive energy reflects an unfavorable and endergonic reaction, 
although probably with metastable products. Moreover, by exploring other reaction paths to 
obtain the isomers of 9 nitrogen atoms, favorable reactions are obtained.

N10. As the amount of nitrogen atoms in the fullerene cage increases, a greater variety of nitro-
gen polymer structures can be perceived. For this system, the neutral minimum corresponds 
to a distorted cycle of 10 atoms, which contrasts with that reported previously for C60 [53, 
54]. However, the second energy structure for charged systems (with an energy difference 
not exceeding 8 kcal/mol compared to the most stable) corresponds to that reported for C60. 
Bonding distances between nitrogen atoms are 1.23–1.43 Å for the lowest energy isomer and 
1.24–1.48 Å for the second. The formation energy starting from isolated nitrogen atoms shows 
negative values, suggesting stabilization on the part of the box for N10, which is highest for 
the cation, followed by the anion and finally the neutral. The formation reaction that initi-
ates from a variety of reagents, such as N3

−
, N5

− and N2, shows positive values, which suggest 
metastable structures.

3.2. Global reactivity indexes

We obtained the following chemical reactivity indexes: ionization potential, electron affin-
ity, as well as electronic hardness and chemical potential and the results are summarized in 
Table 3. For ionization potentials, apparently fullerenes encapsulating 3–8 nitrogen atoms fall 
within a range of 7.4–7.6 eV. Notably, when the fullerenes contain 4 and 6 nitrogen atoms, the 
force with which the nitrogen endohedral fullerenes retain the electrons is slightly greater 
than when encapsulating between 3 and 5 nitrogen atoms. When encapsulating between 7 
and 8 nitrogen atoms, this force tends to be the same, but with 9 nitrogen atoms within the 
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fullerene, this energy increases to 7.81 eV, implying that more energy is required in order to 
remove an electron. Contrastingly, when there are 10 nitrogen atoms within the fullerene 
network, it is easier to remove an electron because the ionization potential decreases. The 
even/odd effect observed in the first clusters may be explained by the resistance of systems 
with closed shell (even number of nitrogens) to be ionized, in contrast to those with an open 
shell (odd number of nitrogens) that contrarily would present a greater tendency to lose an 
electron, resulting in a closed shell.

The odd/even behavior of endohedral fullerenes, on gaining an electron and forming a nega-
tive ion, is also reflected in electron affinity; as apparently when C70 fullerenes encapsulate 3, 
5 and 7 nitrogen atoms, the energy released is greater than when 4, 6 and 8 nitrogen atoms 
are caged. Notably, the energy of 8 nitrogen atoms increases to a lesser degree than 4 and 
6 atoms of nitrogen. When encapsulating 9 and 10 nitrogen atoms, the sequence tends to 
change, because higher energy release corresponds to the 10 nitrogen structure and the lower 
energy release corresponds to the 9 nitrogen structure.

In terms of electronic chemical potential, endohedral fullerenes: of 4, 6 and 8 N atoms pres-
ent the highest values for chemical potential, so they tend to accept electrons. Fullerenes of 3, 
5 and 7 atoms have the lowest value, so they can donate electrons more easily. However, on 
reaching 9 and 10 atoms, the sequence changes because the isomer with 9 nitrogen atoms is 
the one that has the highest value of chemical potential than all other values, whereas the one 
with 10 nitrogen atoms has the lowest value of all.

With respect to overall hardness, there is a sequence ranging from 3 to 7 nitrogen atoms 
where the highest hardness values are the even numbers. These, therefore, have the greatest 
resistance for modifying their electronic density. The lowest hardness values correspond to 
the odd numbers of nitrogen atoms. At 8 nitrogen atoms, the sequence changes direction: 
now the odd number of nitrogen atoms is the one that presents the greatest value for global 
hardness, besides being the molecule that is least reactive in terms of hardness. Considering 
the case of N10, this structure has the lowest hardness value. Consequently, it can modify 

I A μ η

N3@C70 7.51 4.49 −6 1.51

N4@C70 7.61 2.77 −5.19 2.42

N5@C70 7.47 4.49 −5.98 1.49

N6@C70 7.61 2.87 −5.24 2.37

N7@C70 7.54 4.56 −6.05 1.49

N8@C70 7.54 3.39 −5.46 2.08

N9@C70 7.81 1.85 −4.83 2.98

N10@C70 6.3 6.33 −6.31 −0.02

Table 3. Global reactivity indexes for Nn@C70, where n = 7–10, obtained at B3LYP/6-311G level of theory.
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its electronic density more easily, so that it represents the most reactive molecule. Previous 
results for C60 encapsulation [53] showed a reduced HOMO-LUMO gap, as the number of 
nitrogens increased: 2, 4, 6, 8, 10. This is somewhat similar to the results for hardness, as one 
of the approximations to this parameter is precisely the HOMO-LUMO gap (Figure 4).

3.3. Analysis of frontier orbitals

Previous studies have mentioned that from 2 to 10 nitrogen atoms, there would be a charge 
transfer from the C60 cage to the nitrogen polymer, explained as resulting from the greater 
ionization and electronegativity potential of N compared to C. For more than 10 nitro-
gen atoms, there would be a reverse transfer from the nitrogen to the carbon atoms. This 
was attributed to reduced space availability and overlapping of orbitals [53]. In this work, 
the frontier orbitals of the most stable structures were analyzed, showing that there is an 
appreciable contribution from frontier orbitals to the nitrogen atoms. This implies that 
there must be areas susceptible to receiving charge density. It is especially interesting that 
when the number of N atoms within the fullerene increases, the contribution of Nitrogen-
centered orbitals for LUMO is even greater. Particularly, in the case of N8 and higher sys-
tems, a very considerable contribution of HOMO is observed, and a sure indication that 
possible interactions with the cage are initiating. This may also relate to the suggestion 
that greater interaction between the cage and the Nn takes place, as the amount of nitrogen 
atoms increases. The reaction energy may also result from this, particularly as it is apparent 
that from N3 to N7 there is a more or less constant increase of 150 kcal/mol in stabilization 
energy. This reaction energy changes with N8 and higher, suggesting greater participation 
on the part of the cage and its interaction with Nn.

Figure 4. Frontier orbitals for Nn@C70, where n = 3–10, endohedral fullerenes, calculated using the B3LYP/6-311G method.
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4. Conclusions

The C70 fullerene is viable for storage and stabilization of nitrogen aggregates of at least 3–10 
atoms, without presenting any concurrent structural deformation in the carbon network or 
obvious interaction (bond-like) between the nitrogen atoms and the carbon of the fullerene.

Evidently, the formation energy from the isolated nitrogen atoms is favored in all cases and 
from N3 to N8 there is a progressive increase, indicating the role of the cage as an encapsulator 
and stabilizer of polynitrogenous structures. When we propose the formation of endohedral 
fullerenes, initiating with materials that can be found under laboratory conditions, we predict 
that metastable structures will form, a fact that may be of interest in the potential use of these 
materials as HEDMs. The stabilizing contribution of the cage becomes more evident, as the 
number of nitrogen atoms within it increases, manifested in a considerable contribution on 
the part of frontier orbitals as potential charge stabilizers.

As C70 fullerene is a large molecule of approximately 1 nm diameter, nitrogen, polymers of 
3–7 nitrogen atoms prefer to remain as nitrogen molecules or as azides. However, from 8 
atoms onwards, the fullerene cage begins to have greater interaction with the nitrogen poly-
mers, reflected in the fact that these begin to compact and create more complex nitrogen 
polymers (in the form of rings).

According to indexes of global chemical reactivity, endohedral fullerenes present an odd/
even behavior that corresponds to that expected for open layer species (odd number of 
electrons: lower ionization potential and hardness, greater electronic affinity and chemical 
potential) and closed layer (even number of electrons: greater ionization potential and hard-
ness, lower electronic affinity and chemical potential). However, for 8, 9 and 10 encapsulated 
nitrogen atoms, there is a change in behavior. This coincides with the change in formation 
energies and the analysis of frontier orbitals, reflecting greater participation of the cage in 
fullerene behavior. The fact that smaller fullerenes have been able to encapsulate more atoms 
is an indication that the point of saturation in this structure has not yet been reached, provid-
ing an incentive to find new structures with greater complexity, as the degree of encapsula-
tion progresses. These would thus constitute candidates for energetic materials and studies 
are ongoing.
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Abstract

Ultrafast and ultra-intense, short X-ray pulses from free-electron lasers (FELs) have 
opened up a new regime for all scientific research and for fullerenes in particular. FELs 
allow for the investigation of ultrafast nonlinear and multiphoton processes, as well as the 
exploration of the fragmentation dynamics of fullerenes. This chapter describes the FELs’ 
attributes that enable new FEL-based investigations. In particular, we report on the X-ray 
ionization and fragmentation of C60 under high- and mid-fluence femtosecond pulses, 
from the Linac Coherent Light Source (LCLS), at SLAC National Accelerator Laboratory. 
We also describe the X-ray ionization and fragmentation with low-fluence X-ray pulses of 
the endohedral fullerene (Ho3N@C80). We end our contribution by presenting opportuni-
ties for future time-resolved dynamics research using pump-probe techniques.

Keywords: fullerenes, photoionization, fragmentation, ions, photons, free-electron laser, 
FEL, LCLS, femtosecond, attosecond, X-rays, dynamics, pump probe, C60, Ho3N@C80

1. Introduction

Fullerenes, which bridge the gap between molecules and nanoparticles, are ideal systems for 
investigating the dynamical behavior of extended systems when exposed to X-rays. Fullerenes 
and their derivatives, characterized by their hollow geometric structures and nanometer-
sized outer diameter, draw a great deal of interest due to their wide range of applications and 
“supramolecular” physical and chemical properties [1]. Fullerenes have displayed molecular 
[2] and bulk [3] behavior and have proven to be an excellent testing ground for experiments 
and theories [4].

This chapter, which is not a review, focuses on the interaction of intense lasers with fuller-
enes—and in particular, with X-ray free-electron lasers (FELs). After brief, general introduc-
tions on the interaction of fullerenes with strong laser fields using tabletop lasers and on 
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endohedral fullerenes, ultrafast and ultra-intense free-electron lasers (FELs) are described; we 
focus our report on the interaction of C60 and of the endohedral Ho3N@C80 fullerene with a spe-
cific FEL: the Linac Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory.

In recent years, the nonlinear physics research in atoms, molecules, and clusters that were 
conducted using strong laser fields has led to various phenomena, such as the generation of 
attosecond pulses [5]. The behavior of molecules in short, intense laser fields [6] was extended 
to large molecules, such as C60, which is intriguing due to the numerous nuclei-electron 
responses exhibited, because it is a cage of 60 atoms with 240 valence-electrons [7–16]. The 
interaction of such a large system is key to investigating many-body problems induced on 
the system’s electrons by the photon electric field. The photon interaction with the electronic 
fullerene’s degrees of freedom results in electronic dynamics that lead to nuclei dynamics, 
because they are both interconnected. Fullerenes, including endohedral fullerenes, are ideal 
candidates to explore their many-body responses to electromagnetic fields because they 
respond in different ways—depending upon the field parameters [7–17]. Ionization, which is 
one of the possible reactions, has shown to occur on different time scales.

The laser photoionization mechanisms of fullerenes have been found to be wavelength and 
pulse duration-dependent [9, 10, 18]. For IR pulses (800 nm) of about 30 fs duration and inten-
sities below 5 × 1013 W/cm2, it was found that multiphoton processes dominate when ionizing 
C60, while tunneling, and/or over-the-barrier ionization and ionization due to induced elec-
tron re-collision [8] have a low probability to occur under these conditions. The single-active-
electron (SAE) method was used to calculate the ionization of C60 in intense, 4 × 1013 W/cm2 
laser pulses with durations between 27 and 70 fs, and for a wide range of wavelengths rang-
ing from 395 to 1800 nm [19]. This calculation agreed with measurements by Shchatsinin et al. 
[12]. For a long IR wavelength of 1800 nm and 70 fs pulse duration, the SAE picture predicts 
“over the barrier” ionization for a peak intensity of 1015 W/cm2, leading to non-fragmented 
but highly charged C60

q+ (q = 1–12) [7]. At a short wavelength of 355 nm, the excitation of 
C60 with 10 ns pulses leads to fragmentation by delayed ionization and C2 emission, as well 
as other fragments—even for small intensities of about 2 × 106 W/cm2 [15]. The use of elec-
tron spectroscopy in addition to the ion measurements allowed new questions to be posed, 
such as the impact of multi-electron dynamics and whether the ionization and the fragmen-
tation dynamics be adequately modeled in the SAE picture [12]. This latter work resulted in 
other recent experimental and theoretical investigations, which concluded that both SAE and 
many-electron effects are important [8].

Trimetallic nitride template (TNT) endohedral metallofullerenes (EMFs), which consist of 
a trimetallic nitride moiety and a fullerene host, have also sparked broad interest in many 
fields—including materials chemistry, organic chemistry, biomedicine, biomedical chemistry, 
and molecular device design [20–23]. In addition to the fundamental photodynamics inter-
est, EMFs carry the expectation or hope to act as radiotherapy agents to treat tumors while 
significantly reducing the X-ray dose for patients. Functional groups can be attached to the 
endohedral fullerene shell to bind the molecules to a specific site in order to deliver toxic, 
high-Z metal atoms, which are enclosed inside [24, 25]. Endohedral fullerenes have high sta-
bility, which is an inherent advantage for resisting biologically induced cage-opening [26]. 
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This is thought to help protect healthy tissues from the toxic metals. Monochromatic X-rays 
could be used to resonantly excite the high-Z atom, restricting the X-ray radiation damage to 
the cells that need to be treated, while leaving surrounding tissues largely unaffected by the 
radiation dose. In our case, we are interested in exploring the X-ray absorption and response 
of EMF with ultrashort X-rays.

2. FELs as tools for fullerene dynamics

A new class of intense and short-wavelength lasers, the FELs [27–32], has opened up new 
research opportunities for many scientific fields, from physics to chemistry, as well as matter 
under extreme conditions and biology. These vuv/X-ray lasers are accelerator-based tools, 
which are hybrid, as far as their attributes are concerned, between synchrotron facilities and 
typical tabletop lasers. FEL typically employs linear accelerators to drive relativistic electron 
beams through long undulators, characterized by alternating magnetic field, in order to pro-
duce intense radiation [32, 33]. Figure 1 shows a schematic of the LCLS FEL undulator [34]. 
This type of insertion device, which was key for high-brightness third-generation synchrotron 
light sources, enable, if they are long enough, the production of ultra-intense vuv/X-ray radia-
tion with femtosecond (fs) pulse duration [27, 30–32].

The use of FELs is unique despite the availability of fs and attosecond tabletop lasers to inves-
tigate ultrafast fullerenes and cluster dynamics. FELs add new attributes to tabletop lasers 
because they provide very high fluence (>1018 photon/pulse) in a wide, tunable photon energy 
range (10 eV–12 keV) that is not yet achievable with any tabletop laser. One of the essential attri-
butes of the use of short wavelengths is to enable element selectivity, which permits selecting 
a specific atom in any system. Furthermore, short wavelengths allow for site selectivity, which 

Figure 1. Schematic of the 33 m long LCLS FEL undulator [34].
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The use of FELs is unique despite the availability of fs and attosecond tabletop lasers to inves-
tigate ultrafast fullerenes and cluster dynamics. FELs add new attributes to tabletop lasers 
because they provide very high fluence (>1018 photon/pulse) in a wide, tunable photon energy 
range (10 eV–12 keV) that is not yet achievable with any tabletop laser. One of the essential attri-
butes of the use of short wavelengths is to enable element selectivity, which permits selecting 
a specific atom in any system. Furthermore, short wavelengths allow for site selectivity, which 

Figure 1. Schematic of the 33 m long LCLS FEL undulator [34].

Fullerene Dynamics with X-Ray Free-Electron Lasers
http://dx.doi.org/10.5772/intechopen.70769

51



thus targets a specific atomic shell in any system. This provides atomic-scale spatial resolution, 
which is very important for delineating the effects of each atom in a given system. Because 
FELs target atomic orbitals instead of molecular orbitals, they allow simple measurements of 
the response of inner-shell electrons (localized with each atom composing the molecule), com-
pared to the complex response of the molecular orbitals composed of all valence electrons. 
Probing inner-shell electrons with short wavelengths allows efficient probing of physical and 
chemical phenomena in fullerenes or clusters from within, in an inside-out ionization.

Tabletop laser technology is also progressing to shorten the wavelength and increase the 
pulse energy, in order to enable study of photon-matter interactions as well—by ionizing or 
scattering from inner-shell electrons. Short-wavelength FELs also provide femtosecond pulse 
duration to study nuclear dynamics. Tabletop laser technology has already progressed to pro-
vide attosecond pulses, thus allowing the probing of electronic properties of given systems. In 
parallel, FEL scientists are also working hard at shortening their photon pulses; for example, 
the LCLS is aiming to produce ~600–400 attoseconds X-ray pulses in the fall of 2017. This new 
development will allow time-resolved studies of not only nuclear [5] but electronic molecular 
dynamics as well [35]. These new FEL-based xuv or X-ray photon sources initiate the photo-
dynamics by core ionization. The initial charge is induced with high degrees of temporal and 
spatial localization, thus making the data analysis easier to handle. The new FEL family of 
ultrafast xuv/X-ray complement and extend the work carried out by tabletop lasers [36], xuv 
[37], synchrotron [38], or photon sources.

FELs are emerging photon tools that have been available since 2005, with the first vuv FLASH 
FEL at DESY in Germany [31] becoming available to scientists. The first X-ray FEL, the LCLS, 
was commissioned and available to scientists while being commissioned in 2009 [27, 30]. One 
of the most important attributes of FELs is their tunability within a wide frequency range. They 
currently span a photon energy range of about 10 eV to 12 keV, with pulse energies that exceed 3 
mJ. This includes a repetition (rep) rate of up to 120 Hz, including a fs time scale where the pulse 
duration can be as short as 2–3fs and as long as 500 fs. The LCLS FEL aims to provide ~600–400 
attoseconds in the soft X-ray regime by December 2017, which is an unprecedented progress. 
This new breakthrough will push the frontiers of science and may result in new science.

In addition to the X-ray LCLS FEL in the United States [27, 30] and the hard X-ray SACLA FEL 
in Japan’s Riken laboratory [28], there are four vuv FEL counterparts: FLASH-1 and FLASH-2 at 
DESY [31], Germany; SCSS in Spring-8 Japan [28]; and FERMI in Trieste, Italy [29]. Other FELs 
that will be available this year, in 2017, are as follows: the large European XFEL project at DESY, 
Germany, will be available in the fall of 2017; a hard and soft X-ray FEL in South Korea called 
PAL-XFEL; and the SwissFEL at the Paul Scherrer Institute in Switzerland. Other FELS are either 
amidst planning in Sweden or in construction for the soft-X ray LCLS-II FEL in the United States.

Most FELs produce their photons via the self-amplified spontaneous emission (SASE) pro-
cess, which is a stochastic process; thus, FEL laser pulses build up from noise and consist of a 
number of randomly spaced spikes of 1–5 fs duration within an energy envelope of about 15 
eV—if it is not monochromatized—giving rise to not well-defined laser pulse profiles. The only 
exception so far is the FERMI FEL, which is a laser-seeded FEL that has similar pulse profiles 
compared to tabletop lasers. In addition, the FERMI FEL [29] produces a high-pulse energy, 
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20–100 μJ, between 14 and 62 eV, with ~100 fs pulse duration, and the spectral width is typi-
cally Δλ/λ ≈ 1 x 10−3 (FWHM). The combination of these parameters surpasses tabletop lasers. 
Progress toward the X-ray FEL pulse shape is happening; however, the LCLS has introduced 
a so-called self-seeding, where a tunable element—typically a crystal or grating monochro-
mator—is inserted halfway through the undulators to filter a specific wavelength for further 
amplification. This provides higher stability and reduces the laser bandwidth from 20 to 0.5 eV 
(e.g., 0.75 eV bandwidth at 8450 eV photon energy). The XFEL, in Hamburg, Germany, which 
will be operating in the fall of 2017, will utilize a new technology based on superconducting lin-
acs, in order to accelerate the electrons that produce the FEL photon pulses, with higher bright-
ness and a higher repetition (rep) rate. This high rep rate of ~1 MHz enables highly differential 
measurements, such as e-ion-ion coincidence techniques that can delineate dynamics. These 
coincidence techniques will allow the examination of both electronic and nuclear dynamics, in 
real time, subsequent to photo-absorption, which is important for ultrafast chemistry.

If one were to compare tabletop lasers and FELs, he or she would state that they are comple-
mentary light sources, with their own advantages and challenges. The drawback with the 
tabletop lasers is the need to overcome their low-pulse intensity in the xuv-X-ray regime, as 
well as their short-range frequency tunability. They can provide weak intensity attosecond 
pulses, thus enabling electronic dynamics research in some cases [36]. Tabletop lasers deliver 
higher rep rates (~100 kHz) compared to FELs (120 Hz). However, as stated above, the XFEL 
in Germany will offer MHz rep rates in 2017. FELs, like synchrotron light sources, interact 
with inner-shell electrons instead of molecular orbitals. In fact, all FELs produce high-pulse 
intensity in the X-ray regime, which is ten orders of magnitude higher compared to synchro-
tron radiation. The broad tunability, with the use of monochromators, enables the exploration 
of resonance structures and enables wavelength-dependent experiments.

All short-wavelength light sources enable inner-shell ionization, which is followed by the 
Auger decay—thus, the absorption of one photon leads to the emission of two electrons, as 
shown in Figure 2. With ultra-intense FELs, the fluence is so high that multiple absorptions of 
photons occur, leading to sequential multiphoton ionization.

Figure 2. Schematic of the photoionization and Auger decay mechanism.
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shown in Figure 2. With ultra-intense FELs, the fluence is so high that multiple absorptions of 
photons occur, leading to sequential multiphoton ionization.
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3. Ionization and fragmentation dynamics of C60 with the LCLS and FEL

The ionization and fragmentation of C60 were investigated experimentally and theoretically 
by using intense, fs, X-ray FEL pulses. The goal was to understand the response of a rel-
atively large, strongly bonded molecule and to quantitatively understand the fs dynami-
cal effects initiated by intense X-ray exposure. This is important to fundamental nonlinear 
physics research progress in general. It also directly impacts both the study of matter under 
extreme conditions and the area of biomolecular imaging. Imaging viruses and proteins, at 
an atomic spatial scale and on the time scale of atomic motion, requires quantitative under-
standing—which is best accomplished through spectroscopic measurements of a system that 
is simpler than a biomolecule—instead of scattering experiments. In other words, studying 
fullerenes, this is the first step toward understanding in a large system how a multiply ion-
ized fullerene leads to slow electrons, which in turn initiate radiation damage in biologi-
cal systems [39]. Therefore, the photoionization of C60 with intense FEL pulse is relevant to 
imaging of biomolecules, because such a study revealed the influence of processes that were 
not known or reported prior to our work [40].

The structure determination of biomolecules is done by imaging these systems using 
X-ray scattering experiments. These studies need photon brightness to obtain the images, 
which unfortunately induces electronic and structural radiation damage—thus altering the 
sample despite the use of short pulse durations [41]. Calculations have shown that high-
intensity X-ray pulses trigger a cascade of damage processes in ferredoxin crystals, which 
are a metalloprotein of particular interest to the biology community [41, 42]. Furthermore, 
intense X-ray FEL pulses were found to modify the electronic properties of C60 on a fs 
time scale, based on observations of the diffraction of intense 32-fs X-ray pulses by a pow-
der sample of crystalline C60 [41]. These radiation damages need to be evaluated, and 
spectroscopic measurements can reveal information that is not available with scattering 
experiments.

C60 was chosen as a benchmark molecule because of its chemically bonded carbon atoms, 
whose bond lengths and damage processes can emulate biomolecules. The fs experimental 
and theoretical C60 investigation dynamics was studied in the gas phase, with intense 485 
eV photon energy to take advantage of the large photo-absorption cross section of carbon 
1s electrons. We aimed to reach conditions in which approximately each C atom within a 
C60 molecule in the focus of X-ray pulse absorbs multiple photons during the X-ray pulse 
duration.

The experiment was carried out at the AMO hutch at the LCLS. The fullerenes (C60 and Ho3N@
C80) were introduced into the vacuum through a heated oven source. For the C60 experiment, 
a 2m-long-magnetic-bottle time-of-flight spectrometer [43] was used to measure the ions and 
electrons that resulted from the ionization [40]. The spectrometer is shown in Figure 3, while 
a zoom of the interaction region is displayed in Figure 4; the oven appears as a cylinder from 
the top, the spectrometer’s permanent magnet sticks to the left of the figure, and the spectrom-
eter lens is shown to the right side of Figure 4.

We chose three pulse durations 4, 30, and 90 fs to explore the effect of the X-ray pulse dura-
tion on the C60 ionization. As explained with Figure 2, the inner-shell ionization will lead to 
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the Auger process, but with a high-fluence X-ray FEL pulse, this results in many photo- and 
Auger electrons due to the cyclic, multiphoton ionization until the pulse duration is over. 
Additionally, this photoionization process leads to secondary ionization of C60, as well as of its 

Figure 3. Picture of the AMO hutch installation. The 2m-long-magnetic-bottle spectrometer, wrapped in aluminum foil, 
is shown sticking out from the interaction chamber.

Figure 4. Close-up view of the interaction region showing the nozzle part of the oven, the permanent magnet, and the 
spectrometer lens (see details in the text).
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the Auger process, but with a high-fluence X-ray FEL pulse, this results in many photo- and 
Auger electrons due to the cyclic, multiphoton ionization until the pulse duration is over. 
Additionally, this photoionization process leads to secondary ionization of C60, as well as of its 
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fragment ions by the photo- and Auger electrons. The C60 molecule charges up to C60
8+ based on 

our data. The X-ray pulse is not homogeneous, as described in Section 2. Therefore, depend-
ing upon where C60 lands in the X-ray pulse, it can fragment in different scenarios. If C60 lands 
outside of the focus of the X-ray FEL pulse, it will fragment, as shown in Figure 5, into molecu-
lar ion strands with either a ring or linear structure. Figure 5 shows the mass-to-charge ratio 
(M/Q), displaying the parent C60 ionized up to q = 8+ along with the molecular ions Cm

+, m = 
1–11.

If C60 lands in the focus of the FEL pulse, because of the short C─C bond lengths, it frag-
ments via the Coulomb repulsion into small molecular carbon ions and atomic carbon 
charge-state distribution from C+ to C6+. Therefore, C can be fully stripped with 90 fs pulse 
duration [40] as shown in Figure 6. In this case, the pulse is intense and long enough 
for the C atom to undergo at least three cyclic photoionization-Auger decays, leading 
to C6+.

As shown in Figure 6, the charge-state distribution depends upon the pulse duration. At 
the shorter pulse duration we used (4fs), the highest charge state obtained is C5+ indicating 
that at least two cyclic photoionization-Auger decays occurred [40, 44]. Our measurements 
(light color data) were compared with calculation (dark color data) in order to under-
stand the different physical and chemical effects, giving rise to the observed charge-state 
distribution.

Figure 5. Time-of-flight spectrum showing the fragmentation of C60 with mid-fluence LCLS X-ray pulses. Light color 
data are experiment while dark color data are theory.
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Figure 6. Atomic carbon charge-state distribution resulting from the Coulomb explosion of C60 under high-fluence X-ray FEL 
pulses. (a) corresponds to data taken with 4f pulse duration while (c) corresponds to data taken with 90 fs pulse duration.
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lar ion strands with either a ring or linear structure. Figure 5 shows the mass-to-charge ratio 
(M/Q), displaying the parent C60 ionized up to q = 8+ along with the molecular ions Cm

+, m = 
1–11.

If C60 lands in the focus of the FEL pulse, because of the short C─C bond lengths, it frag-
ments via the Coulomb repulsion into small molecular carbon ions and atomic carbon 
charge-state distribution from C+ to C6+. Therefore, C can be fully stripped with 90 fs pulse 
duration [40] as shown in Figure 6. In this case, the pulse is intense and long enough 
for the C atom to undergo at least three cyclic photoionization-Auger decays, leading 
to C6+.

As shown in Figure 6, the charge-state distribution depends upon the pulse duration. At 
the shorter pulse duration we used (4fs), the highest charge state obtained is C5+ indicating 
that at least two cyclic photoionization-Auger decays occurred [40, 44]. Our measurements 
(light color data) were compared with calculation (dark color data) in order to under-
stand the different physical and chemical effects, giving rise to the observed charge-state 
distribution.

Figure 5. Time-of-flight spectrum showing the fragmentation of C60 with mid-fluence LCLS X-ray pulses. Light color 
data are experiment while dark color data are theory.
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Figure 6. Atomic carbon charge-state distribution resulting from the Coulomb explosion of C60 under high-fluence X-ray FEL 
pulses. (a) corresponds to data taken with 4f pulse duration while (c) corresponds to data taken with 90 fs pulse duration.
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3.1. Discussion

With current computer technology, it is not possible to carry out ab initio calculations via quan-
tum mechanical methods. The best that can be done is to develop classical physics models that 
describe the dynamics of atoms/ions and electrons that appear in the continuum after pho-
toionization. These models include, for example, the rate equations of the ionization and the 
C ionization cross sections that are directly resulting from quantum mechanical calculations 
[45, 46]. The model used in this FEL-based C60 work consists of a mixed molecular dynamics 
(MD) Monte Carlo tool based on treating C atoms [47]. The real-space dynamics of atoms, ions, 
and the (quasi-) free electrons resulting from photoionization and Auger decay is described by 
Newtonian mechanics. In this methodology, C60 is modeled as 60 individual carbon atoms. The 
atoms’ electronic configuration is tracked and changed stochastically during each time step (0.8 
attosecond) by using a Monte Carlo scheme. During the many ionization events, new electrons 
that are released from their bound atomic orbitals are treated classically, with the appropri-
ate energies, as they “appear” in the system. The C atoms were held together by a fullerene-
specific classical Brenner force field, and the charges interacted via Coulomb forces. In order to 
mimic a molecule, the model needed to contain several physical and chemical processes that 
were revealed through the experiment. Figure 6 shows a good agreement between the model 
and the experiment, but in the initial comparison, they did not agree. The model originally 
predicted more abundant C ion charge states, which revealed that there was strong recombina-
tion between the released electrons from photoionization and the ions after the FEL pulse ends.

The comparison between the model and the experimental data not only led to the interpreta-
tion of our experiment but also led to solid improvement in the MD calculation. Specifically, 
the model had to include several physical and chemical processes: (1) bond-breaking in C60 
was modeled by setting the bonding force field to zero between two C-charged ions; (2) the 
secondary ionizations arising from free electrons colliding with and ionizing atoms/ions was 
included; (3) the molecular Auger effect consisted of sharing the energy and using two carbon 
atoms in the release of the two electrons. This was taken into account by removing the ejected 
electron from the L-shell of a neighboring C atom, while the 1s vacancy of an ion was filled 
up with its own L-shell electron; and (4) the recombination of a classically trapped electron 
if it were no longer delocalized among several C ions but instead localized to only one C ion.

Figure 7 shows the effect of the MD modeling, where we compare the data and the model 
for two pulse durations, 30 and 90 fs. As can be seen, there is no effect with the two different 
pulse durations, which thus revealed that the dynamics might already be over with the use of 
a 30 fs X-ray pulse. This means that the physical and chemical processes included might have 
occurred within 30 fs.

In order to explain the comparison between the model and the data, we display in Figure 7 the 
C ion yield difference between the model and the experiment on the Y-axis. The smallest value 
of the bars corresponds to the best agreement between the model and the experiment. Each 
yield corresponds to the sum of the charge-state distribution (C1+–C6+) shown in Figure 7. The 
X-axis displays bars that correspond to the several different physical and chemical processes, 
which were included in the model. As described above, each of these processes were included 
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one at a time to display their importance. As can be seen, molecular effects and molecular 
bonds slightly contributed to a better agreement. The dramatic effect is obtained in the case of 
the secondary ionization of C60 by the photo- and Auger-electrons. This effect is weak in small, 
isolated molecules and van der Waals clusters; it is completely absent in atoms. As can be seen, 
the addition of molecular bond-breaking and molecular Auger improved even more the model.

This combined theoretical and experimental work illustrates the successful use of classical 
mechanics to describe all moving particles in C60. The work clearly revealed the influence of 
processes not previously suspected or reported. The impact we aimed to achieve was also 
realized because this fullerene spectroscopic work quantitatively demonstrated electronic 
damage due to photoelectron and Auger electrons interacting with the ions as a secondary 
ionization effect. Our results were corroborated with recent separate calculations [39]. Finally, 
one of the goals of the MD model was to build a new approach that would scale with larger 
systems, such as biomolecules. This work demonstrated that the modeling [40, 44] coached 
by experiment was successful and can be applicable for X-ray interactions with any extended 
system—even at higher X-ray dose rates that are expected with future FEL sources, such as 
the soon-to-be available XFEL in Germany and with the future LCLS-II.

Figure 7. Comparison between the experimental data and the model (see text for details).
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4. Ionization and fragmentation dynamics of Ho3N@C80

The C60 work described above led us to consider exploring increased complexity by choos-
ing the interaction of endohedral fullerenes (also called doped fullerenes) with FELs. These 
systems are even more intriguing than C60, because they host a moiety that ranges from an 
atom to a molecule. Nothing was known about their structure or dynamics when excited with 
X-ray FEL. As mentioned in the introduction, these nanoscale systems have received attention 
in part because they can be used for applications ranging from medical usage [48] to drug 
delivery, as well as their possible use for quantum computing [49]. Our interest, however, 
stems from exploring a fundamental point of view, the fragmentation of Ho3N@C80 induced 
by short, X-ray pulses from the LCLS FEL.

The experiment was carried out at the AMO hutch using a time-of-flight spectrometer [50] 
for detecting the ions produced in the interaction of the endohedral fullerenes with the LCLS 
pulses. The experiment on Ho3N@C80 was carried out with 1530 eV in order to selectively tar-
get the ionization from a specific shell, which was the Ho 3d. The pulse duration of the X-ray 
pulse was 80 fs with a pulse energy of about 6.7 × 1015 photons/cm2. This experiment had less 
fluence than the experiment on C60 by two orders of magnitude due to a different transport of 
the photon beam through the optics [50]. We estimate that the fluence used in the Ho3N@C80 
is only ¼ of the fluence used in C60 [40], thus resulting in only a few multiphoton ionization 
cycles. Figure 8 shows three time-of-flight spectra that result from the multiphoton ionization 
processes of Ho3N@C80 with intense X-ray FEL. We show in Figure 8 three panels that focus 
on the singly, doubly, and triply ionized parent.

The top panel, which spans the mass-to-charge ratio (M/Q) from 350 to 1300, depicts struc-
tures attributed to multiply charged fullerenes’ parent ions from singly charged Ho3N@C80

+ 
to quintuply charged Ho3N@C80

5+ (albeit weak). This clearly shows that the fluence for this 
experiment is weaker than for the C60 experiment we described above since in Figure 5 the 
parent ions were charged up to C60

8+. It is also clear that the atomic Ho+ ion has the highest 
yield compared to all other ion fragments. This must arise from the fragmentation of the 
encapsulated Ho3N moiety—thus, indicating that the three multiply charged Ho atoms, which 
were selected to be the most ionized compared to N or C atoms, freed themselves from the C80 
cage. The middle panel focuses on the doubly and triply ionized parent molecule along with 
doubly ionized fullerene molecules that lost C dimers such as Ho3N@C78

2+, Ho3N@C70
2+, and 

Ho3N@C50
2+. The loss of C dimers was also observed previously with tabletop experiments 

[2]; however, the shrunk cage size to C50 was never previously observed. The bottom panel 
shows the triply and quadruply charged parent fullerenes, along with triply ionized parent 
fullerenes that lost C dimers, namely, Ho3N@C78

3+, Ho3N@C76
3+, Ho3N@C70

3+, and Ho3N@C50
3+.

Figure 9 shows other fragments that occur in the 160–240 M/Q range. The prominent signal is 
the atomic Ho+ ion which escaped the cage. Other fragment ions are C molecular ion chains 
or rings such as C15

+ and C17
+ along with surprising new fragments such as HoC2

+, HoCN+, 
HoC4

+, and HoC3N+ [51].

Fullerenes and Relative Materials - Properties and Applications60

4.1. Discussion

This experiment was carried out in the low-fluence regime, since we estimated that about 
eight photons were absorbed by Ho3N@C80. In the C60 experiment, described in Section 3, 
we appraised that about 180 photons were absorbed per C60 molecule. The photoionization 
with 1530 eV leads to the absorption cross section of Ho to be about 1.55 Mb, while that of C 
was about 0.013 Mb. Our interpretation of the interaction of Ho3N@C80 with 1530 eV photon 
energy was that the Ho atom charges up and gets multi-ionized due to the cyclic photoioniza-
tion and Auger decay [51]. In doing so, it grabs electrons from the carbon cage via electron 
transfer between the Ho and the cage—resulting in the whole parent molecule charging up 
and reaching at least Ho3N@C80

5+, as observed in Figure 8. We assumed that as the carbon 
cage charges up, it would become unstable and will break apart, thus leading to molecular 

Figure 8. Ion yield M/Q spectra shown in three panels. The top panel depicts a wide M/Q fragment ions, while the 
middle and bottom fragments focus on doubly and triply charged parent ions (see text for details).
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fragment ions. The Ho atoms are about ten times heavier than the C atoms, and, therefore, we 
assume that they will not move faster than the carbon cage. We clearly have evidence of bond-
breaking and bond-forming since we observed in Figure 9 the following fragments: HoC2

+, 
HoCN+, HoC4

+, and HoC3N+. It is unclear if the moiety first breaks into three Ho atoms and the 
N atoms and then the carbon cage fragments or if the reverse occurs. It is also unclear how the 
new bonds have formed. This is to be determined by future time-resolved experiments that 
might track the ionization and fragmentation dynamics and decipher the mechanisms lead-
ing to the final ionic states we observed. Additionally, we hope that our work will stimulate 
the development of molecular dynamics simulations suitable for endohedral fullerenes and 
for even larger molecules exposed to intense XFEL.

5. Measuring time-resolved dynamics using pump-probe techniques 
with  FELs

Pump-probe spectroscopy techniques, championed by tabletop lasers [36], allow the mea-
surement of dynamics for any system—from atoms to fullerenes and from solids to biological 
specimens. They are being used extensively, and the ultimate goal is to determine the motions 
and locations of nuclei and electrons and to determine the energy flow and charge transfer in 
systems. Recording these motions and making “molecular movies” using pump-probe spec-
troscopy seem reachable in the near future due to the new technologies.

Figure 9. Ion spectrum displaying M/Q focusing on Ho ion and the Ho-based molecular fragments ion (see text for 
details).
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Pump-probe techniques with FELs offer similar opportunities to measure physical and chem-
ical changes in molecules at an atomic spatial resolution (on the time scale of atomic motion). 
With attosecond, the goal is to also measure the electronic motion. These techniques can be 
used for the study of fullerenes, in order to tackle fundamental questions such as, how do 
the atoms in the fullerenes move after the photon energy is deposited in the fullerenes? How do the 
bonds between the atoms that make the fullerenes break, or what are the pathways for the 
induced atomic motion in fullerenes? These questions can be asked and answered with FELs 
using pump-probe techniques. As in standard pump-probe work, to capture the dynamics, 
the pump pulse initiates the motions, and a probe pulse detects the changes using as many 
time delays as needed between the pump and probe pulses, ideally in a wide time scale. In 
order to achieve this goal, one needs two pulses, which can be generated in a few ways: (1) 
the accelerator scientists have developed several methods, but the most recent one cuts fresh 
slices from the electron bunch. They manipulate the electron bunch before it enters a split 
undulator, so that only its tail is lasing, in order to produce the first X-ray pulse. Next, they 
delay the electron bunch in order to acquire a time delay and spoil the electron bunch orbit 
further, by having the head of the bunch lasing and thus using a fresh slice from the electron 
bunch to produce the second photon pulse [52]. This scheme is also capable of providing two 
X-ray colors [52]; (2) the FEL pulse can be split into two X-ray pulses with an X-ray split and 
delay tool [53]. These two schemes were used successfully in experiments in the mode of 
X-ray pump-X-ray probe; and (3) a third scheme utilizes an X-ray pulse from the FEL as either 
the pump or the probe, and it is paired with a short tabletop pulse laser [54] (IR or UV). All of 
these schemes have been used in various FELs.

The FEL-based experiments, paired most of the time with pump-probe techniques, are carried 
out by using various types of spectrometers or imaging detectors for absorption experiments 
or for diffractive scattering experiments, respectively. The latter holds the promise to achieve 
imaging of molecules in the gas phase. Double VMI spectrometers paired with X-ray/IR, for a 
pump-probe scheme, are also used to measure the electrons—as well as the ions using the ion-
ion coincidence techniques. These differential techniques examine both electronic and nuclear 
dynamics following the interaction of fullerenes with FEL X-ray pulses and also resolve the 
transient electronic rearrangement that accompanies photoionization [55]. The current repeti-
tion (rep) rate for the operational FEL facilities is at most 120 Hz (lower than the current tabletop 
repetition rate of 1–100 KHz), which does not allow easy FEL-based electron-ion-ion coincidence 
studies—although some work has been done in this highly differential mode [56]. However, 
the new XFEL in Hamburg, Germany, which will be completed by the end of this year, will 
offer ~1 MHz rep rate—thus allowing the measurement of e-ion-ion coincidences to track and 
precisely determine the decay channels and time it takes for the ultrafast nuclear dynamics to 
occur. It seems that the dream of making molecular movies is reachable in the next few years.

6. Conclusions

The investigation of the ionization and fragmentation of fullerenes with FELs is at its infancy. 
This work reported on the first two spectroscopic experiments on C60 and Ho3N@C80 using ion 

Fullerene Dynamics with X-Ray Free-Electron Lasers
http://dx.doi.org/10.5772/intechopen.70769

63



fragment ions. The Ho atoms are about ten times heavier than the C atoms, and, therefore, we 
assume that they will not move faster than the carbon cage. We clearly have evidence of bond-
breaking and bond-forming since we observed in Figure 9 the following fragments: HoC2

+, 
HoCN+, HoC4

+, and HoC3N+. It is unclear if the moiety first breaks into three Ho atoms and the 
N atoms and then the carbon cage fragments or if the reverse occurs. It is also unclear how the 
new bonds have formed. This is to be determined by future time-resolved experiments that 
might track the ionization and fragmentation dynamics and decipher the mechanisms lead-
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and locations of nuclei and electrons and to determine the energy flow and charge transfer in 
systems. Recording these motions and making “molecular movies” using pump-probe spec-
troscopy seem reachable in the near future due to the new technologies.
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6. Conclusions

The investigation of the ionization and fragmentation of fullerenes with FELs is at its infancy. 
This work reported on the first two spectroscopic experiments on C60 and Ho3N@C80 using ion 
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spectroscopy but much more needs to be accomplished. These first experiments need to be fol-
lowed by time-resolved studies to delineate the nuclear dynamics, including electron transfer, 
using e-ion-ion coincidence techniques or using diffraction techniques and imaging. In addi-
tion, the next generation of attosecond FELs will allow the exploration and hopefully under-
standing of electron migration between atoms using photoelectron spectroscopy. Finally, the 
work done on C60 was conclusive because of the close interaction with theories and modeling. 
We hope that the reported work will stimulate theorists to tackle the many-body interactions 
resulting from the interaction of fullerenes with femtosecond or attosecond X-ray or vuv FELs.
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Abstract

Carbon nanotubes (CNTs) can encapsulate small and large molecules, including C60 
and C70 fullerenes (so-called carbon peapods). The challenge for nanotechnology is to 
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1. Introduction

Since Kroto et al. discovered C60 by laser vaporizing graphite into a helium stream in September 
1985, fullerenes are at the heart of nanotechnology [1]. Other fullerenes were discovered 
shortly afterward with more and fewer carbon atoms. Since the discovery of multiwalled 
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carbon nanotube systems have attracted significant attention from the scientific community. 
A remarkable property of SWCNT is its ability to have been filled with various fullerenes and 
metallofullerenes, fullerenes adducts, metal complexes, and other small molecules. These fill-
ings are highly dependent on the nanotube diameter and the inserted molecule size, so that 
even small changes in SWCNT diameter can alter the geometry of fullerene arrays. This class 
of hybrid materials has been dubbed as “peapods” (C60@SWCNT and C70@SWCNT), reflect-
ing structural similarities to real peapods. After the discovery of C60 peapods by Smith et al. 
in 1998 [4], many experimental studies clearly evidenced the existence of various fullerenes 
like C70, C76, and C80 inside SWCNTs [5–7]. However, these materials represent a new class 
of a hybrid system between fullerenes and SWCNTs where the encapsulated molecules peas 
and the SWCNT pod are bonded through van der Waals interactions. Using high-resolution 
transmission electron microscopy (HR-TEM) experiments, the peapods are clearly observed, 
as seen in Figure 1, and organized into bundles [6–8].

The physicochemical properties of the fullerene molecules inserted inside carbon nanotubes 
are generally well known in their stable phase. But what happened when these same molecules 
are confined inside a carbon nanotube? Furthermore, changes in the electronic and mechan-
ical properties of carbon nanotubes induced by the insertion of these molecules have been 
demonstrated [9, 10]. Peapods are typically characterized by one or more of the conventional 
techniques such as transmission electron microscopy (TEM), Raman spectroscopy, electron dif-
fraction, electron energy loss spectroscopy (EELS), and X-ray diffraction. Raman spectroscopy 
is a useful tool to characterize carbon nanotubes and related nanomaterials and widely used 
by experimentalists as a fast and nondestructive method to identify the type of nanoparticle 
and to study their electronic and vibrational properties [11]. In this chapter, the structure and 
vibrational properties of C60 and C70 peapods are reviewed. We show that the structure of the 

Figure 1. (a) Electron microscopy image of C60 peapod (from reference [4]). (b) Schematic representation of the molecular 
structure of an individual C60 peapod.

Fullerenes and Relative Materials - Properties and Applications70

C60 and C70 molecules encapsulated inside SWCNTs adopt different configurations according 
to the nanotube diameter. Then, we report for each structure its associated calculated Raman 
responses. The dependencies of the Raman spectrum with different structural parameters such 
as nanotube diameter, fullerenes configuration, and the filling level are discussed. Finally, we 
evaluate, for each peapod configuration, the reliability and the transferability of the experi-
mental method proposed by Kuzmany [12] to estimate the relative C60 and C70 concentrations 
in peapods.

2. Structure and dynamics of C60 and C70 peapods

2.1. Configuration of C60 and C70 inside carbon nanotubes

A C60 (C70) carbon peapod is considered to be consisting of a number of C60 (C70) molecules 
inside SWCNT. The configurations of C60 and C70 molecules within nanotube are diameter 
dependent. Carbon peapods can be produced in a very high yield close to 90% simultane-
ously by heating opened SWCNTs and fullerenes in a scaled quartz tube [6] and by the vapor 
phase reaction by using open end SWCNTs [7, 8]. The encapsulated molecules peas and the 
SWCNT pod are bonded through van der Waals interactions [6].

2.1.1. C60 peapods

Several theoretical and experimental studies have been reported on C60 formed within 
SWCNTs, and several interesting structural properties have been predicted or observed. In 
particular, theoretical calculations of C60 peapods suggest that the smallest tube diameter 
for encasing C60 molecules inside SWCNT is around the diameter corresponding to (10,10) 
or (9,9) SWCNTs [7]. Hodak and Girifalco showed that the guest molecules structure within 
the nanotube is diameter dependent [13, 14]. Using a convenient Lennard-Jones expression 
of the van der Waals intermolecular potential to derive the optimum configurations of C60 
molecules inside single wall carbon nanotubes, Chadli et al. have found that the C60 molecules 
adopt a linear configuration with SWCNT diameters below 1.45 nm and a zigzag configura-
tion for SWCNT diameters between 1.45 and 2.20 nm [15–17] (see Table 1). The optimum C60 
packing can be characterized by the angle formed by three consecutive C60 (see Figure 2a). 
This angle θ is found to depend primarily on the nanotube diameter and does not depend 
significantly on the nanotube chirality. In the following paragraphs, the peapods in which the 
C60 molecules adopt a linear (zigzag) configuration are called linear (zigzag) peapods.

The calculations of structural parameters of C60 peapods are extended to a larger range of 
nanotube diameters in which C60 molecules can adopt a double helix (Figure 2b) or a two-
molecule layer (Figure 2c) configuration. When the tube diameter increases up to 2.28 nm, the 
energy minimizations show that two other optimal configurations of C60 molecules are possi-
ble: a double helix structure (2.15 ≤ D ≤ 2.23 nm) and a two-molecule layer (2.23 ≤ D ≤ 2.28 nm). 
Optimized structural parameters issued from the energy minimizations are listed in Table 2.
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The optimal interlayer C60-SWCNT distance is calculated around 0.30–0.33 nm, which is 
close to gaps commonly observed in carbon systems. For all optimized configurations, the 
interfullerene C60-C60 distance varies from 0.998 to 1.01 nm. This result is in good agreement 
with the previously reported peapod interball separation of 0.97 nm from electron-diffrac-
tion profiles [18] and 0.95 nm from HRTEM data [7]. The predicted phases of C60s inside 
SWCNTs have been experimentally observed by Kholoystov et al. HRTEM micrographs 
[19].

Figure 2. (a) Schematical representation of carbon peapods showing some of the parameters used for the geometrical 
optimization of the C60 molecules inside the nanotube (see text). (b) and (c) Schematic view of ordered phases resulting 
from C60 packing in SWCNTs: (b) double helix and (c) two-molecule layers.

Tube index (n,m) Diameter (nm) C60-tube distance (nm) Angle θ (deg) C60-C60 distance (nm)

(10,10) 1.36 0.323 180 1.003

(15,4) 1.41 0.355 180 1.003

(11,11) 1.49 0.321 164 1.006

(18,4) 1.59 0.309 150 1.003

(12,12) 1.63 0.306 145 1.008

(21,0) 1.64 0.307 143 1.008

(15,10) 1.70 0.30 134 1.006

(22,0) 1.72 0.302 132 1.006

(13,13) 1.76 0.301 127 1.007

(23,0) 1.80 0.30 121 1.003

(18,9) 1.86 0.298 112 1.003

(14,14) 1.90 0.30 108 1.006

(25,0) 1.96 0.298 99 1.006

(19,10) 2.00 0.298 90 1.008

(15,15) 2.03 0.3025 88 1.004

(17,14) 2.11 0.296 70 0.998

Table 1. Optimized linear and zigzag structural parameters of the C60 molecules inside SCNTs for different nanotubes 
diameter and chirality.
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2.1.2. C70 peapods

Fullerenes with ellipsoidal shape-like C70 are of particular interest. Unlike the spheroidal 
molecules such as C60, there are several geometrically distinct orientations possible for the 
C70 molecule within a nanotube. Experimentally, depending on the nanotube diameter, two 
different orientations (with regard to the nanotube axis) of a C70 molecule encapsulated into 
SWCNTs are observed by Chorro et al.: the lying down orientation where the long axis of C70 
molecules is parallel to the nanotube long axis, and the standing up orientation where the C70 
long axis is perpendicular to the nanotube axis [19, 20]. The value of the nanotube diameter 
beyond which the change from the lying to standing orientation occurs is experimentally 
estimated to ∼1.42 nm. Besides, HRTEM measurements showed that there is no SWCNT con-
taining C70 in both orientations.

C60 phases Tube index (n,m) Tube diameter (nm) C60: tube distance (nm) C60 − C60
Distance (nm)

Double helix (22,9) 2.164 0.321 1.003

(16,16) 2.171 0.323 1.001

(18,14) 2.176 0.325 0.998

(25,5) 2.181 0.323 1.001

(19,13) 2.183 0.329 0.998

(28,0) 2.193 0.331 1.001

(27,2) 2.197 0.312 1.003

(24,7) 2.206 0.309 1.003

(26,4) 2.210 0.308 1.006

(22,10) 2.221 0.30 1.008

Two molecule layers (28,1) 2.233 0.312 1.01

(17,16) 2.239 0.297 1.002

(18,15) 2.242 0.302 1.008

(19,14) 2.247 0.308 1.005

(20,13) 2.255 0.306 1.006

(24,8) 2.259 0.307 1.008

(21,12) 2.266 0.311 1.01

(29,0) 2.271 0.303 1.007

(28,2) 2.276 0.308 1.009

(22,11) 2.280 0.310 1.01

Table 2. Packing phases parameters obtained from minimized energy of the C60 molecules inside SCNT with diameters 
between 2.16 and 2.28 nm.
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These results indicate that only one type of orientation can exist for a given nanotube and 
confirm that the C70 alignment is associated with the geometrical parameters of the nanotube 
host. Theoretical studies showed that the configuration of C70s inside SWCNT depends pri-
marily on tube diameter and does not significantly depend on tube chirality [21, 22]. In order 
to obtain the optimal structure of the C70 inside the nanotubes, an energy minimization pro-
cedure was performed by Fegani et al. (for more detail, see reference [21]). The authors found 
that the C70 molecules adopt a lying orientation for small SWCNT diameters (below 1.356 nm), 
whereas a standing orientation is preferred for large diameters (above 1.463 nm). Between 
these diameters, an intermediate tilted regime where C70 are tilted have been obtained (see 
Figure 3).

Structural parameters issued from the energy minimization are listed in Table 3. The opti-
mum fullerene packing can be characterized by the inclination θ of the molecule long axis 
with respect to the nanotube axis: θ = 0° for lying orientation, θ = 90° for standing orientation, 
and 0° < θ < 90° for tilted orientation.

2.2. Elements of lattice dynamics

An extensive review on phonon dynamics is out of the scope of this chapter. The lattice 
dynamical properties comprise the phonon modes, which provide fundamental information 
regarding the interatomic interaction within the material, and direct connections can be made 
to macroscopic phenomena and properties. The lattice dynamics theory was established by 
Born in the 1920s and further developed by Debye, Einstein, and others. For a comprehen-
sive description and discussion regarding lattice dynamic theory, readers are referred to the 
book by Born and Huang [23]. We restrict the presentation to vibrations within the harmonic 
approximation. In this case, the expression of the hamiltonianis:

  H =   1 __ 2    ∑ i𝛼𝛼      M  i     u  α     ̇     (i)    2  + ∅  (1)

Figure 3. Orientations of a C70 inside a SWCNT: (a) lying, (b) tilted, and (c) standing.
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where ∅ is the potential energy of particles in interaction, while uα(i) is the displacement of 
atom i. It is given by:

  ∅ =  ∅  0   +   1 __ 2    ∑ ij,𝛼𝛼𝛼𝛼      ∅  𝛼𝛼𝛼𝛼   (i, j)   u  α   (i)   u  β   (j)    (2)

∅0 is the static potential energy of the system (molecule or crystal). The starting point is the 
calculation of the dynamical matrix D given by:

   D  𝛼𝛼𝛼𝛼   (i, j)  =   1 _____ 
 √ 

_____
  M  i    M  j    
    ∅  𝛼𝛼𝛼𝛼   (i, j)    (3)

where ∅αβ(i, j) are the force constants between i and j atoms, the mass Mi (Mj) of the i(j)thatom. 
The symmetry of the system permits to reduce the number of independent ∅αβ(i, j) coefficients.

The dynamical matrix is the key component for the computation of accurate vibrational fre-
quencies and normal modes and contains all the information required for vibrational analysis 
within the harmonic approximation. In the case of C60 and C70 peapods, the dynamical matrix 
is calculated by block by using the coupling between the density functional theory (C60 and 
C70), Saito force field (SWCNT) [24], and van der Waals potential (fullerene − SWCNT and 
fullerene-fullerene interactions) type:

   V  LJ   (r)  = 4ϵ [  (  σ __ r  )    
12

  −   (  σ __ r  )    
6
 ]   (4)

where the depth of the potential well and the finite distance at which the interparticle poten-
tial is zero are given by ϵ = 2.964 meV and σ = 0.3407 nm, respectively.

SWNT index (n,m) SWNT diameter (nm) C70-SWNT distance (nm) Angle θ (deg) C70-C70 distance (nm)

(17,0) 1.330 0.307 0 1.125

(14,5) 1.335 0.309 0 1.125

(10,10) 1.356 0.320 0 1.125

(18,0) 1.409 0.307 5 1.122

(17,2) 1.415 0.305 9 1.118

(12,9) 1.428 0.307 41 1.106

(13,8) 1.437 0.309 47 1.101

(17,3) 1.463 0.323 60 1.082

(19,0) 1.487 0.329 90 1.003

(16,5) 1.487 0.329 90 1.003

(11,11) 1.491 0.331 90 1.003

Table 3. Optimized structural parameters of the C70 molecules inside SCNT for different diameters and chiralities.
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confirm that the C70 alignment is associated with the geometrical parameters of the nanotube 
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marily on tube diameter and does not significantly depend on tube chirality [21, 22]. In order 
to obtain the optimal structure of the C70 inside the nanotubes, an energy minimization pro-
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book by Born and Huang [23]. We restrict the presentation to vibrations within the harmonic 
approximation. In this case, the expression of the hamiltonianis:
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3. Nonresonant Raman spectra: Model and method

3.1. Raman scattering

Raman scattering from molecules and crystals was treated by many authors, among them 
Long [25] and Turell [26]. The main origin of the scattered light is considered to be an electric 
oscillating dipole, P, induced in the medium (molecules, amorphous materials, glasses, and 
crystals), by the electromagnetic incident field E. At first order, the induced dipole moment is 
given by

  P =  ̃  α  E  (5)

where    ̃  α     is the electronic polarizability tensor.

In a Raman experiment (Figure 4), a visible, or near infrared light, of frequencyω1, wave vec-
tor k1, polarization unit vector e1, is incident in an isotropic medium, (ε0 is the dielectric con-
stant of vacuum, c is the speed of light in vacuum, and η1 is the indice of refraction of the 
medium at the laser frequency).

The time-averaged power flux of the Raman-scattered light in a given direction, with a fre-
quency between ωf and ωf + dωf in a solid angledΩ, is related to the differential scattering 
cross section,

     d   2  σ ______ dΩd  ω  d     =   
 ħω  d  2  

 _____ 8  π   2   c   4     ω  i    ω  d  3   [n (ω)  + 1]   ∑ αβγλ        e  2α   e  2β   I  αγβλ   (ω)   e  1γ    e  1λ  ,  (6)

where

   I  𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼   (ω)  =  ∑ j        a  𝛼𝛼𝛼𝛼  ∗   (j)   a  𝛼𝛼𝛼𝛼   (j)    
1 ___ 2  ω  j  

   (δ (ω −  ω  j  )  − δ (ω +  ω  j  ) ) ,  (7)

Figure 4. Sketch of a Raman scattering experiment.
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n(ω) is the Bose factor, the Raman shift ω is ω = ωi − ωd and

   a  𝛼𝛼𝛼𝛼   (j)  =  ∑ k𝛿𝛿         
 π  𝛼𝛼𝛼𝛼,δ  k  

 ____ 
 √ 

___
  M  k    
    e  δ   (j | k)   (8)

where Mk the mass of the kth atom, ωj and eδ(j| k) are the frequency and (δj) component of 
the jth mode. The coefficients   π  

αγ,δ
  k    connect the polarization fluctuations to the atomic motions. 

They are obtained by expanding the atomic polarizability tensor    π ˘     k   in terms of atom displace-
ments  u  

δ
  k  , with

   π  𝛼𝛼𝛼𝛼,δ  k   =  ∑ k′         (  
∂  π  𝛼𝛼𝛼𝛼  k  

 _____ ∂  u  δ   (k)   )   
0

    (9)

aαγ(j) is the αγ component of the so-called Raman polarizability tensor of the jth mode, and ωj 
is the frequency of the jth vibration mode.

3.2. The bond polarizability model

The Raman intensities can be calculated within the framework of the nonresonant bond polar-
izability model [27]. The basic assumption of the bond polarizability model is that the optical 
dielectric susceptibility of the material or molecule can be decomposed into individual contri-
butions, arising only from the polarizability   α  

ij
  b   of bonds b between nearest neighbor atoms. In 

this model, each bond is characterized by a longitudinal polarizability, αl, and a polarizability 
perpendicular to the bond, αp. Thus, the polarizability contribution of a particular bond b can 
be written as follows:

   π  ij  b  (r)  =   1 __ 3   ( α  l   + 2  α  p  )   δ  ij   +  ( α  l   −  α  p  )  ( r  i    r  j   −   1 __ 3    δ  ij  ) ,  (10)

where i and j are the Cartesian directions (x, y, z) and r is the unit vector along the bond b 
which connects the atom n and the atom m covalently bonded. Within this approach, one can 
assume that the bond polarizability parameters are functions of the bond lengths r only. The 
derivatives of Eq. (10) with respect to the atomic displamcent of the atom n in the direction k,   
π  

ij,k
  n   , are linked to the Raman susceptibility of modes (see [27] for the detailed formalism) and 

are given by:

   π  ij,k  n   =  ∑ m         1 __ 3   (α  ′  l   + 2α  ′  p  )   δ  ij    r  k   +  (α  ′  l   − α  ′  p  )  ( r  i    r  j   −   1 __ 3    δ  ij  )   r  k   +   
 α  l   −  α  p   _____ r   ( δ  ik    r  j   +  δ  jk    r  i   − 2  r  i    r  j    r  k  )    (11)

where  α  ′  
l
   =   (  

∂  α  
l
  
 ___ ∂r  )   

r=r0
   ,  α  ′  

p
   =   (  

∂  α  
p
  
 ___ ∂r  )   

r=r0
    and r0 is the equilibrium bond distance. The values of these 

parameters (α′) are usually fitted with respect to the experiments. For example, in the case of 
the C60, the sum over bonds in Eq. 11 includes two types of bonds, single and double, so there 
is one parameter that determines the Raman intensities for SWCNT.
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n(ω) is the Bose factor, the Raman shift ω is ω = ωi − ωd and
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3.3. The spectral moment’s method

The direct method to calculate the Raman spectrum requires, besides the polarization param-
eters, direct diagonalization of the dynamical matrix to obtain the eigenvalues and the eigen-
vectors of the system. The diagonalization fails or requires long computing time when the 
system contains a large number of atoms, as for a long C60 and C70 chains inside nanotubes. 
By contrast, the spectral moment’s method allows computing directly the Raman responses 
of harmonic systems without any diagonalization of the dynamical matrix [28, 29]. In the case 
of C60 and C70 peapods, calculations of the Raman spectra of peapods showed that approxi-
mately 500 moments are sufficient to obtain good results for larger samples (~25,000 degrees 
of freedom).

4. Raman spectroscopy of C60 and C70 peapods

4.1. Raman-active modes in C60 and C70 fullerene

Because of their structural and vibrational properties, a lot of theoretical and experimental 
studies have been presented on C60 and C70 fullerenes, and several interesting properties have 
been predicted or observed. In particular, experimentalists have reported Raman scattering 
spectra of C60 and C70 measured by depositing fullerenes on the electrode or metal surface in 
order to obtain more intensive and more distinguishable spectral signals [30–32]. The free C60 
and C70 cluster belongs to the Ih and D5h symmetry group, respectively. According to group 
theory [33, 34], the high symmetry of C60 gives rise to 10 Raman-active modes (8Hg ⊕ 2Ag), 
while C70 has 53 Raman-active vibrational modes decomposed (12A1’ ⊕ 22E2’ ⊕ 19E1”).

A large variety of theoretical methods have been applied to the calculation of C60 and C70 
vibration of the internal modes and to the determination of their Raman activity. These 
approaches can be mainly classified as force field model [35, 36], modified neglect of diatomic 
overlap (MNDO) [37], Quantum-mechanical Consistent Force Field Method for Pi-Electron 
Systems (QCFF/PI) [38], and density functional theory [39]. The experimental and calculated 
frequency (cm−1) of Raman-active modes in free C70 molecule with their assignments is listed 
in Table 4.

4.2. Raman spectra of carbon nanotubes

Raman spectroscopy is one of the primary methods used to yield the geometrical structure 
of one isolated individual SWCNT [40] and organized into bundles [11]. The experimental 
Raman spectra of SWCNTs are dominated by the radial breathing mode (RBM), the D-band, 
the G-band, and the G’-band (see Figure 1 in [40]).

The fundamental two Raman-active modes are the RBM below 350 cm−1 and the tangen-
tial mode (TM) located between 1400 and 1600 cm−1. The RBM is an important mode for 
the characterization and identification of specific nanotubes, in particular of their chirality. 
Recently, experimental and theoretical Raman studies have shown that the RBM frequency 
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vs. diameter (d) follow the phenomological law   ω  
RBM

   =  (  228 ___ d  )   √ 
______

 1 + C  d   2     with C = 0 for isolated 
SWCNTs [65], and C ≠ 0 for SWCNT packed in bundles (see [41] and references therein). In 
SWCNT bundles, the origin of the C term results from van der Waals interaction. The G-band 
which closely related to vibrations in all sp2 carbon materials is an intrinsic feature of a car-
bon nanotube. The Raman line shape of this band which depends on whether the nanotube 
is semiconducting or metallic allows distinguishing between both types. This band shows a 

Experiment Calculation Assignment

Ref [53] Ref [54] Ref [55] Ref [56] Ref [57] Ref [21]

226 228 233 219 218 E2’

251 250 245 243 E1”

259 258 261 257 253 252 A1’

396 399 400 396 393 391 A1’

410 409 411 410 408 409 E1”

455 455 459 452 448 451 A1’

506 508 501 506 502 503 E2’

568 569 573 569 564 565 A1’

701 701 704 701 701 704 A1’

713 714 714 713 708 E1”

736 737 739 738 734 739 E2’

768 766 770 769 750 749 E2’

1060 1062 1062 1060 1060 1067 A1’

1182 1182 1186 1185 1186 A1’

1186 1193 E2’

1227 1227 1231 1227 1229 1237 A1’

1257 1257 1260 1256 1256 1253 E2’

1296 1296 1298 1296 1296 1298 E1”

1313 1317 1311 1312 1306 E1”

1331 1335 1336 1333 1328 1325 E2’

1367 1370 1370 1366 1366 1359 E1”

1467 1469 1471 1468 1471 1473 A1’

1494 1493 1501 1501 E2’

1511 1515 1517 1512 1515 1512 E1”

1564 1565 1569 1566 1574 1583 A1’

Table 4. Experimental and calculated frequency (cm−1) of Raman-active modes in C70 fullerene with their assignments.
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Raman spectra of SWCNTs are dominated by the radial breathing mode (RBM), the D-band, 
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tial mode (TM) located between 1400 and 1600 cm−1. The RBM is an important mode for 
the characterization and identification of specific nanotubes, in particular of their chirality. 
Recently, experimental and theoretical Raman studies have shown that the RBM frequency 

Fullerenes and Relative Materials - Properties and Applications78

vs. diameter (d) follow the phenomological law   ω  
RBM

   =  (  228 ___ d  )   √ 
______

 1 + C  d   2     with C = 0 for isolated 
SWCNTs [65], and C ≠ 0 for SWCNT packed in bundles (see [41] and references therein). In 
SWCNT bundles, the origin of the C term results from van der Waals interaction. The G-band 
which closely related to vibrations in all sp2 carbon materials is an intrinsic feature of a car-
bon nanotube. The Raman line shape of this band which depends on whether the nanotube 
is semiconducting or metallic allows distinguishing between both types. This band shows a 

Experiment Calculation Assignment

Ref [53] Ref [54] Ref [55] Ref [56] Ref [57] Ref [21]

226 228 233 219 218 E2’

251 250 245 243 E1”

259 258 261 257 253 252 A1’

396 399 400 396 393 391 A1’

410 409 411 410 408 409 E1”

455 455 459 452 448 451 A1’

506 508 501 506 502 503 E2’

568 569 573 569 564 565 A1’

701 701 704 701 701 704 A1’

713 714 714 713 708 E1”

736 737 739 738 734 739 E2’

768 766 770 769 750 749 E2’

1060 1062 1062 1060 1060 1067 A1’

1182 1182 1186 1185 1186 A1’

1186 1193 E2’

1227 1227 1231 1227 1229 1237 A1’

1257 1257 1260 1256 1256 1253 E2’

1296 1296 1298 1296 1296 1298 E1”

1313 1317 1311 1312 1306 E1”

1331 1335 1336 1333 1328 1325 E2’

1367 1370 1370 1366 1366 1359 E1”

1467 1469 1471 1468 1471 1473 A1’

1494 1493 1501 1501 E2’

1511 1515 1517 1512 1515 1512 E1”

1564 1565 1569 1566 1574 1583 A1’

Table 4. Experimental and calculated frequency (cm−1) of Raman-active modes in C70 fullerene with their assignments.
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low- and high-frequency component associated to the vibrations along the circumferential 
direction (G−) and the G direction of the nanotube axis (G+), respectively. In both metallic and 
semiconducting nanotubes, the former component is found to be dependent on the diameter 
of a nanotube, while the latter does not exhibit this dependence [40]. In the Raman spectra 
of isolated semiconducting and metallic SWCNT, the D-band and G’-band features are both 
observed.

4.3. Raman experiments on C60 and C70 peapods

Raman spectroscopy was employed to further characterize the peapod samples and to obtain 
structural information on the inserted fullerene inside tubes. Many groups have performed 
the Raman experiments of filling SWCNTs with C60 or C70 molecules [12, 42–46] since the 
first synthesized by Smith et al. [4]. Figure 5 presents two examples of peapod experimental 
Raman spectra, one for C60@SWCNT and the other for C70@SWCNT.

Usually, experimental Raman spectra have been obtained on an ensemble of peapods orga-
nized into bundles. Nevertheless, the analysis of these experimental results for bundles of 
C60 peapods [8, 44] leads to the well-established conclusion: the Peapod Radial Breathing-
Like Mode (PRBLM) of the peapod having a tube diameter close to 1.37 nm was split into 
two components, downshifted and upshifted, respectively, with respect to the position of 
the RBM in empty SWCNT. The upshift was possibly assigned to the stress feeling by the 
tubes from the inside C60. For diameters between 1.45 and 1.76 nm, a single PRBLM measured 

Figure 5. RBM Raman spectra taken for heat-treated C70 (top) and C60 (bottom) peapods (from reference [46]).
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and its frequency are downshifted compared to the RBM in the empty SWCNT bundles. The 
observed downshift of the PRBLM [43, 44] is explained by the hybridization effect between 
SWCNTs and C60 molecules electronic states, leading to a decreasing of the electron density in 
the vicinity of the SWCNT, which induces a decreasing of the force constant of the C-C bond. 
Pfeiffer et al. [45] measured all the fundamental Raman lines of the encaged C60 peas. They 
observed that both nondegenerate and totally symmetric Ag modes of C60 peas exhibit a split-
ting into two components. They attributed this splitting to the presence of both moving and 
static fullerenes inside the tubes.

Kuzmany et al. [12] performed a detailed Raman analysis to evaluate the concentration of C60 
molecules inside nanotubes. As expected, the relative concentrations derived from the mea-
surement of normalized intensity ratio for each Raman mode of C60 are close. The C60 filling 
degree of a reference peapod sample was determined from electron energy loss spectroscopy 
experiment in order to evaluate the absolute C60 concentration of each peapod sample from 
the measurements of the Raman spectra (see Table 1 of [12]).

Concerning the C70 peapods, Hirahara et al. [46] characterized one-dimensional crystals of 
a variety of larger fullerenes C70 peapods by using high-resolution transmission electron 
microscopy and electron diffraction. They concluded that the C70 admit two different orienta-
tions depending on the nanotube diameter: the lying and standing orientation. The intermo-
lecular distances of various fullerenes in SWCNTs are considerably smaller than those for 
bulk fullerene crystals, suggesting an effect of confinement in the one-dimensional channels 
inside SWCNTs. Raman experiments on SWCNTs encasing C70 molecules have been reported 
[19, 21, 42, 47, 48]. Ryabenko et al. [42] concluded that the PRBLM mode of C70 peapods are 
downshifted by ∼2–3 cm−1 compared to empty nanotubes. For different orientations of C70s in 
C70@SWCNT peapods organized into bundles, the measured PRBLM downshift after the C70 
encapsulation is ∼2–6 cm−1 [47]. The downshift of the PRBLM suggests a structural relaxation 
or the tube diameter transformation is expected to occur with the assistance of such added 
carbon atoms. However, such experimental work should include Raman investigations on 
samples showing peapods having various structural characteristics: different tube diameters, 
different fullerene concentration, and bundles with various sizes, for example, various num-
bers of tubes.

4.4. Raman-active modes calculation in C60 peapods

The Raman cross section was calculated assuming that scattering can be described within 
the framework of the bond polarizability model [52]. Recently, we calculated the Raman 
spectra of infinite homogeneous bundles (crystal) of C60 peapods [49]. In order to reach 
a 100% factor filling, 20 C60 molecules are located in a length of 19.8 nm [17.7 nm] of a 
(10,10) [(13,13)] nanotube and the number of carbon atoms of the tube (10,10) [(13,13)] is 
close of 3240 [3744] atoms. For the C60@(10,10) (C60@(13,13)) peapod, a 100% factor filling 
corresponds to a concentration of 37% (32%) (concentration is the ratio between carbons 
in C60 and carbons in the tube. In Figure 6b are displayed the calculated polarized ZZ 
Raman spectra of individual C60 peapods and crystal of C60 peapods, respectively, for lin-
ear and zigzag configuration of the C60 molecules inside the tube: (bottom) linear chain of 
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of a nanotube, while the latter does not exhibit this dependence [40]. In the Raman spectra 
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Like Mode (PRBLM) of the peapod having a tube diameter close to 1.37 nm was split into 
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the RBM in empty SWCNT. The upshift was possibly assigned to the stress feeling by the 
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and its frequency are downshifted compared to the RBM in the empty SWCNT bundles. The 
observed downshift of the PRBLM [43, 44] is explained by the hybridization effect between 
SWCNTs and C60 molecules electronic states, leading to a decreasing of the electron density in 
the vicinity of the SWCNT, which induces a decreasing of the force constant of the C-C bond. 
Pfeiffer et al. [45] measured all the fundamental Raman lines of the encaged C60 peas. They 
observed that both nondegenerate and totally symmetric Ag modes of C60 peas exhibit a split-
ting into two components. They attributed this splitting to the presence of both moving and 
static fullerenes inside the tubes.

Kuzmany et al. [12] performed a detailed Raman analysis to evaluate the concentration of C60 
molecules inside nanotubes. As expected, the relative concentrations derived from the mea-
surement of normalized intensity ratio for each Raman mode of C60 are close. The C60 filling 
degree of a reference peapod sample was determined from electron energy loss spectroscopy 
experiment in order to evaluate the absolute C60 concentration of each peapod sample from 
the measurements of the Raman spectra (see Table 1 of [12]).

Concerning the C70 peapods, Hirahara et al. [46] characterized one-dimensional crystals of 
a variety of larger fullerenes C70 peapods by using high-resolution transmission electron 
microscopy and electron diffraction. They concluded that the C70 admit two different orienta-
tions depending on the nanotube diameter: the lying and standing orientation. The intermo-
lecular distances of various fullerenes in SWCNTs are considerably smaller than those for 
bulk fullerene crystals, suggesting an effect of confinement in the one-dimensional channels 
inside SWCNTs. Raman experiments on SWCNTs encasing C70 molecules have been reported 
[19, 21, 42, 47, 48]. Ryabenko et al. [42] concluded that the PRBLM mode of C70 peapods are 
downshifted by ∼2–3 cm−1 compared to empty nanotubes. For different orientations of C70s in 
C70@SWCNT peapods organized into bundles, the measured PRBLM downshift after the C70 
encapsulation is ∼2–6 cm−1 [47]. The downshift of the PRBLM suggests a structural relaxation 
or the tube diameter transformation is expected to occur with the assistance of such added 
carbon atoms. However, such experimental work should include Raman investigations on 
samples showing peapods having various structural characteristics: different tube diameters, 
different fullerene concentration, and bundles with various sizes, for example, various num-
bers of tubes.

4.4. Raman-active modes calculation in C60 peapods

The Raman cross section was calculated assuming that scattering can be described within 
the framework of the bond polarizability model [52]. Recently, we calculated the Raman 
spectra of infinite homogeneous bundles (crystal) of C60 peapods [49]. In order to reach 
a 100% factor filling, 20 C60 molecules are located in a length of 19.8 nm [17.7 nm] of a 
(10,10) [(13,13)] nanotube and the number of carbon atoms of the tube (10,10) [(13,13)] is 
close of 3240 [3744] atoms. For the C60@(10,10) (C60@(13,13)) peapod, a 100% factor filling 
corresponds to a concentration of 37% (32%) (concentration is the ratio between carbons 
in C60 and carbons in the tube. In Figure 6b are displayed the calculated polarized ZZ 
Raman spectra of individual C60 peapods and crystal of C60 peapods, respectively, for lin-
ear and zigzag configuration of the C60 molecules inside the tube: (bottom) linear chain of 
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C60 confined into a (10,10) SWCNT (tube diameter close to 1.36 nm), (top) zigzag chain of 
C60 confined into a (13,13) SWCNT (tube diameter close to 1.76 nm).

In the intermediate and high-frequency regions, the calculated Raman spectra of individual 
peapods organized into infinite bundles do not show significant differences. It can be empha-
sized that a splitting of the Ag(1) and Ag(2) totally symmetric C60 modes was observed experi-
mentally [45]. This splitting was considered as signature of the mobility of some encapsulated 
C60 molecules inside nanotubes [45]. In our calculations, the C60 molecules are kept at fixed 
positions in the considered peapods, and no splitting of the totally symmetric C60 modes is 
found.

Next, we show in Figure 6b the low-frequency range of Raman spectra of C60@(10,10) and 
C60@(13,13) peapods where the main changes are identified. We found that the PRBLM of 
individual C60@(10,10) linear peapod on one hand and the PRBLM(1) and PRBLM(2) of indi-
vidual C60@(13,13) zigzag peapod on the other hand are slightly upshifted in bundles of C60@
(10,10) peapods and C60@(13,13) peapods, respectively. We calculated a shift of the RBLM 
from 170 cm−1 in the individual C60@(10,10) peapod to 186 cm−1 in the infinite bundle of C60@
(10,10) peapods. In the case of C60@(13,13), the PRBLM(1) and PRBLM(2) doublet calculated 

Figure 6. The ZZ calculated Raman spectra of individual (curve (a)) and homogeneous bundles (curve (b)) of C60@(13,13) 
(top) and C60@(10,10) (bottom) (filling factor 100%). The stars give the positions of the RBM and RBLM in individual 
SWCNT and crystal of SWCNT, respectively. Cross indicates the frequency of Bundle Breathing Like-Mode (BBLM) 
in crystal of SWCNT. (left) Breathing modes range, (middle) region of the radial C60 modes, (right) range of tangential 
modes: Ag(2) mode of C60 and G-modes of the nanotubes.
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for the individual C60@(13,13) peapod at 133 and 125 cm−1, respectively, shifts to 140 and 
127 cm−1 in the infinite bundle of C60@(13,13) peapod. A new peapod bundle breathing-like 
mode (PBBLM) is also calculated in the Raman spectra of an infinite bundle of C60 peapods, 
which arises from the BBLM in SWCNT bundle [50]. Concerning the main Raman-active 
modes of C60 (e.g., modes located around 270 cm−1 (Hg) and 495 cm−1 (Ag)), independently 
of the configuration of C60 molecules inside the tube, the van der Waals interactions between 
peapods have no significant effect on these modes.

4.4.1. Diameter dependence of the Raman spectrum of C60 peapods

Figure 7 shows the PRBLM and PBBLM frequency dependencies as a function of the tube 
diameter. These dependencies are first compared with those of the RBLM and BBLM in 
unfilled bundles of tubes. The behavior of the PRBLM in linear peapods is qualitatively the 
same as those of RBLM in SWCNT bundle. However, the PRBLM frequency versus diameter 
relation deviates from the scaling law stated for the RBLM frequency in SWCNT bundle, espe-
cially for small diameters. For zigzag peapod, the PRBM(1) dependence as a function of the 
diameter is close to that of the RBLM in bundle of SWCNT. The PRBLM(1) downshifts when 
the tube diameter increases. Concerning the PBBLM frequency, it decreases with increasing 
the tube diameter and close to the frequency of BBLM, except at small diameters where a 
more significant increase of the PBBLM frequency is calculated. Our calculations based on 
DFT have clarified that the shift in the RBM frequencies of nanotubes containing fullerenes 
strongly depends on the diameters of the nanotubes. DFT calculations have also clarified that 
the shift in the RBM frequencies of nanotubes containing fullerenes strongly depends on the 
diameters of the nanotubes [51, 53–57].

More recently, Raman calculations are extended to a larger range of diameters in which C60 
molecules can adopt a double helix and a layer of two molecules [22].

Figure 7. Diameter dependence of the frequencies of PRBLM (for d < Dc = 1.45 nm) and PRBLM(1) (for d > Dc) (stars), 
and PRBLM(2) (cross). Diameter dependence of the frequency of RBLM (open circles) and BBLM (open diamonds) in 
bundles of SWCNTs. The critical diameter Dc between linear (tube diameters lower than Dc) and zigzag (tube diameters 
greater than Dc) peapods is identified by the vertical-dashed line. (b) Schematic representation of homogeneous filling 
mode of the different tubes within a bundle. The filling factor is related to the ratio   h ⁄ H   (see text).
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C60 confined into a (10,10) SWCNT (tube diameter close to 1.36 nm), (top) zigzag chain of 
C60 confined into a (13,13) SWCNT (tube diameter close to 1.76 nm).

In the intermediate and high-frequency regions, the calculated Raman spectra of individual 
peapods organized into infinite bundles do not show significant differences. It can be empha-
sized that a splitting of the Ag(1) and Ag(2) totally symmetric C60 modes was observed experi-
mentally [45]. This splitting was considered as signature of the mobility of some encapsulated 
C60 molecules inside nanotubes [45]. In our calculations, the C60 molecules are kept at fixed 
positions in the considered peapods, and no splitting of the totally symmetric C60 modes is 
found.

Next, we show in Figure 6b the low-frequency range of Raman spectra of C60@(10,10) and 
C60@(13,13) peapods where the main changes are identified. We found that the PRBLM of 
individual C60@(10,10) linear peapod on one hand and the PRBLM(1) and PRBLM(2) of indi-
vidual C60@(13,13) zigzag peapod on the other hand are slightly upshifted in bundles of C60@
(10,10) peapods and C60@(13,13) peapods, respectively. We calculated a shift of the RBLM 
from 170 cm−1 in the individual C60@(10,10) peapod to 186 cm−1 in the infinite bundle of C60@
(10,10) peapods. In the case of C60@(13,13), the PRBLM(1) and PRBLM(2) doublet calculated 

Figure 6. The ZZ calculated Raman spectra of individual (curve (a)) and homogeneous bundles (curve (b)) of C60@(13,13) 
(top) and C60@(10,10) (bottom) (filling factor 100%). The stars give the positions of the RBM and RBLM in individual 
SWCNT and crystal of SWCNT, respectively. Cross indicates the frequency of Bundle Breathing Like-Mode (BBLM) 
in crystal of SWCNT. (left) Breathing modes range, (middle) region of the radial C60 modes, (right) range of tangential 
modes: Ag(2) mode of C60 and G-modes of the nanotubes.
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for the individual C60@(13,13) peapod at 133 and 125 cm−1, respectively, shifts to 140 and 
127 cm−1 in the infinite bundle of C60@(13,13) peapod. A new peapod bundle breathing-like 
mode (PBBLM) is also calculated in the Raman spectra of an infinite bundle of C60 peapods, 
which arises from the BBLM in SWCNT bundle [50]. Concerning the main Raman-active 
modes of C60 (e.g., modes located around 270 cm−1 (Hg) and 495 cm−1 (Ag)), independently 
of the configuration of C60 molecules inside the tube, the van der Waals interactions between 
peapods have no significant effect on these modes.

4.4.1. Diameter dependence of the Raman spectrum of C60 peapods

Figure 7 shows the PRBLM and PBBLM frequency dependencies as a function of the tube 
diameter. These dependencies are first compared with those of the RBLM and BBLM in 
unfilled bundles of tubes. The behavior of the PRBLM in linear peapods is qualitatively the 
same as those of RBLM in SWCNT bundle. However, the PRBLM frequency versus diameter 
relation deviates from the scaling law stated for the RBLM frequency in SWCNT bundle, espe-
cially for small diameters. For zigzag peapod, the PRBM(1) dependence as a function of the 
diameter is close to that of the RBLM in bundle of SWCNT. The PRBLM(1) downshifts when 
the tube diameter increases. Concerning the PBBLM frequency, it decreases with increasing 
the tube diameter and close to the frequency of BBLM, except at small diameters where a 
more significant increase of the PBBLM frequency is calculated. Our calculations based on 
DFT have clarified that the shift in the RBM frequencies of nanotubes containing fullerenes 
strongly depends on the diameters of the nanotubes. DFT calculations have also clarified that 
the shift in the RBM frequencies of nanotubes containing fullerenes strongly depends on the 
diameters of the nanotubes [51, 53–57].

More recently, Raman calculations are extended to a larger range of diameters in which C60 
molecules can adopt a double helix and a layer of two molecules [22].

Figure 7. Diameter dependence of the frequencies of PRBLM (for d < Dc = 1.45 nm) and PRBLM(1) (for d > Dc) (stars), 
and PRBLM(2) (cross). Diameter dependence of the frequency of RBLM (open circles) and BBLM (open diamonds) in 
bundles of SWCNTs. The critical diameter Dc between linear (tube diameters lower than Dc) and zigzag (tube diameters 
greater than Dc) peapods is identified by the vertical-dashed line. (b) Schematic representation of homogeneous filling 
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4.4.2. Filling rate effect

In real carbon peapod samples, it is reasonable to consider that all the nanotubes are not 
completely filled with fullerenes. The degree of filling ranges from a certain percent to 
almost 100% [6]. In the following paragraphs, we discuss the main features of the filling rate 
effect on both configurations of C60 inside SWCNT, double helix, and two-molecule layer. We 
assume that the molecules tend to cluster inside nanotubes. Indeed, this should correspond 
to a low energy configuration of the system as the energy is lowered by the attractive C60-C60 
interactions. The filling factor is defined as the number of carbon atoms of C60 molecules con-
tained in the h length with regard to the number of carbon atoms contained in the H length 
of the host tube normalized with the concentration related to the filling factor of 100% (see 
Figure 7b). The calculated ZZ-polarized Raman spectra of the C60@(28,0) (double helix chain 
of C60) and C60@(29,0) (two-molecule layer) peapods are reported in Figure 8 as a function of 
five filling rates (20, 40, 60, 80, and 100%). Where the RBLM range is very sensitive to filling 
rate and the TLM range slightly depends on the degree of filling of the SWCNT, the TLM 
range is not shown.

For both configurations, a single PRBLM is predicted whatever the tube filling. For the empty 
tubes, the RBM is located at 102 and 98 cm−1 for the (28,0) and (29,0) SWCNTs, respectively. 
For a high filling level, it is upshifted at 103 and 100 cm−1 in the C60@(28,0) and C60@(29,0) 
peapods, respectively. As expected, the intensity of the Hg(1) line located at 270 cm−1 in C60 
increases when the filling factor increases.

4.5. Calculation of Raman-active modes in C70 peapods

In this section, we review the theoretical Raman spectra of the C70 peapods calculated 
as a function of diameter and C70 filling rate. These calculations support the experimental 

Figure 8. Calculated ZZ-polarized Raman spectra of C60@(28,0) (bottom) and C60@(29,0) (top) as a function of the filling 
rate and displayed in the BLM region. From bottom to top, the filling rate is: 20, 40, 60, 80, and 100%.
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 evidence on the C70 orientations as a function of the SWCNT diameters, and they address 
new questions as to the influence of the nanotube chirality and the C70 filling rate.

4.5.1. Diameter effects

In order to investigate how the frequency of the Raman-active mode in C70@SWCNT changes 
when the C70 molecule adopts various orientations, and three zigzag SWCNTs have been con-
sidered with a diameter of 1.330 [(17,0)], 1.409 [(18,0)], and 1.487 nm [(19,0)] where C70 mol-
ecules adopt lying, tilted, and standing orientation, respectively. The calculated ZZ-polarized 
Raman spectra of C70 peapods are shown in Figure 9 along with their corresponding unfilled 
nanotubes and the unoriented C70 molecule. Raman lines can be divided into three frequency 
ranges: (1) below 500 cm−1 where the breathing-like modes (BLM) dominate (panel A), (2) an 
intermediate range between 500 and 1500 cm−1 (panel B), and (3) above 1500 cm−1 where the 
tangential-like modes (TLM) are located (panel C).

In the TLM range, the main modes of SWCNT are almost not significantly sensitive to the 
orientation of C70 molecules inside the nanotube. In the intermediate range, the C70 spectrum 
is dominated by two strong lines at 1192 and 1253 cm−1, while no Raman line is expected for 
SWCNTs. Thus, Raman spectra of peapods show several weak lines which originate from the 
splitting of the C70 degenerate modes due to van der Waals interactions. In this range, Raman 
spectra of peapods are dominated by two lines around 740 and 1272 cm−1. A third line can 
also be identified at 1391 cm−1 for the standing orientation and at 1490 cm−1 for lying and tilted 
orientations.

Figure 9. ZZ-calculated Raman spectra of C70 peapods along with their corresponding unfilled nanotubes and unoriented 
free C70 molecule. Spectra are displayed in the BLM (A), intermediate (B), and TLM (C) ranges.
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peapods, respectively. As expected, the intensity of the Hg(1) line located at 270 cm−1 in C60 
increases when the filling factor increases.

4.5. Calculation of Raman-active modes in C70 peapods

In this section, we review the theoretical Raman spectra of the C70 peapods calculated 
as a function of diameter and C70 filling rate. These calculations support the experimental 
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 evidence on the C70 orientations as a function of the SWCNT diameters, and they address 
new questions as to the influence of the nanotube chirality and the C70 filling rate.

4.5.1. Diameter effects

In order to investigate how the frequency of the Raman-active mode in C70@SWCNT changes 
when the C70 molecule adopts various orientations, and three zigzag SWCNTs have been con-
sidered with a diameter of 1.330 [(17,0)], 1.409 [(18,0)], and 1.487 nm [(19,0)] where C70 mol-
ecules adopt lying, tilted, and standing orientation, respectively. The calculated ZZ-polarized 
Raman spectra of C70 peapods are shown in Figure 9 along with their corresponding unfilled 
nanotubes and the unoriented C70 molecule. Raman lines can be divided into three frequency 
ranges: (1) below 500 cm−1 where the breathing-like modes (BLM) dominate (panel A), (2) an 
intermediate range between 500 and 1500 cm−1 (panel B), and (3) above 1500 cm−1 where the 
tangential-like modes (TLM) are located (panel C).

In the TLM range, the main modes of SWCNT are almost not significantly sensitive to the 
orientation of C70 molecules inside the nanotube. In the intermediate range, the C70 spectrum 
is dominated by two strong lines at 1192 and 1253 cm−1, while no Raman line is expected for 
SWCNTs. Thus, Raman spectra of peapods show several weak lines which originate from the 
splitting of the C70 degenerate modes due to van der Waals interactions. In this range, Raman 
spectra of peapods are dominated by two lines around 740 and 1272 cm−1. A third line can 
also be identified at 1391 cm−1 for the standing orientation and at 1490 cm−1 for lying and tilted 
orientations.

Figure 9. ZZ-calculated Raman spectra of C70 peapods along with their corresponding unfilled nanotubes and unoriented 
free C70 molecule. Spectra are displayed in the BLM (A), intermediate (B), and TLM (C) ranges.
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4.5.2. Filling factor effects

To investigate the effect of incomplete filling rate on Raman spectra of C70 peapod, we consid-
ered three kinds of peapods: the C70@(17,0) lying, C70@(17,3) tilted, and C70@(11,11) standing 
orientations. The spectra were calculated for five values of the filling factor F = 20, 40, 60, 80, 
and 100% corresponding to 2, 4, 8, 12, and 16 C70 molecules inside SWCNTs, respectively (see 
Figure 10). Periodic conditions were applied along the tube axis to avoid finite size effects.

As expected, the filling level of C70 molecules inside the SWCNTs has no significant effect 
on the Raman spectrum in the TLM range (not shown). In contrast, in the BLM range, the 
Raman spectra are quite sensitive to the filling factor: an upshift of approximately 2–5 cm−1 
is obtained for the RBM modes in standing orientations when F increases up to 100%, 
whereas a splitting of these modes is observed in the lying and tilted orientations. This 
splitting is in agreement with experimental results of Bandow et al. [8]. For example, for 
lying orientation (small diameters), the increase of the filling factor from 0 to 100% leads to 
the appearance of two lines at frequencies close to 168 and 175 cm−1. Their intensity shifts 
from the one located around 168 cm−1 to that located around 175 cm−1 as the filling factor 
increases.

4.6. Raman spectra analysis: C60 and C70 concentration determination in peapods

The evolution of the nonresonant Raman scattering intensity ratios between the Raman mode 
of fullerene peas and nanotubes as a function of the fullerene concentration inside the tubes 
has been investigated in the framework of the spectral moment’s method [21, 50]. Although 
the nonresonant approach cannot predict the variation of the line intensities with the excita-
tion energies, the obtained predictions are useful to follow their evolution as a function of 
the filling rate of fullerenes inside SWCNT. For this purpose, we performed an average of 

Figure 10. ZZ-polarized Raman spectra of infinite peapods displayed in the BLM region as a function of the filling factor: 
F = 20, 40, 60, 80, and 100% from bottom to up.
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the Raman spectra over the peapod orientations with regard to the laboratory frame. Raman 
spectra are calculated in the VV configuration for unoriented peapod samples for various 
values of the fullerene filling factor. The relative intensity ratios have been calculated as a 
function of the C60 and C70 fullerenes concentrations.

First, for C60 peapod, we calculated the intensity ratio between the Raman lines of the C60 
molecule [Hg(2), Ag(1), Hg(3), Hg(4), Hg(7), and Ag(2)] and the PRBLM or G-mode. In order 
to make the comparison with the experimental results of Kuzmany et al. [12], the calculated 
intensity ratio is normalized with respect to the same intensity ratio calculated for the 60% fill-
ing factor sample. The relative C60 concentrations that are derived according to this procedure 
are displayed in Figure 11 for the C60@(17,0), C60@(22,0), C60@(28,0), and C60@(29,0) which cor-
respond to linear, zigzag, double-helix, and two molecule layers chain of C60, respectively. As 
expected, for all the investigated peapod diameters, the relative concentrations calculated for 
each C60 mode are close. The relative concentrations calculated for infinite peapods increase 
when its diameter increases. For instance, for a filling factor ∼20%, the relative concentration 
is close to 0.21, 0.26, 0.3, and 0.4 for a diameter of 1.35 [C60@(17,0)], 1.76 [C60@(22,0)], 2.19 [C60@
(28,0)], and 2.27 nm [C60@(29,0)], respectively. For a ∼ 20% concentration (corresponding to 
the L43 sample (EELS concentration 25 ± 10) in [12]), the average relative concentration is 

Figure 11. Relative concentration of several configurations of C60 inside SWCNTs and C70@(10,10) normalized on the 60% 
filling rate intensities.
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the Raman spectra over the peapod orientations with regard to the laboratory frame. Raman 
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values of the fullerene filling factor. The relative intensity ratios have been calculated as a 
function of the C60 and C70 fullerenes concentrations.

First, for C60 peapod, we calculated the intensity ratio between the Raman lines of the C60 
molecule [Hg(2), Ag(1), Hg(3), Hg(4), Hg(7), and Ag(2)] and the PRBLM or G-mode. In order 
to make the comparison with the experimental results of Kuzmany et al. [12], the calculated 
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ing factor sample. The relative C60 concentrations that are derived according to this procedure 
are displayed in Figure 11 for the C60@(17,0), C60@(22,0), C60@(28,0), and C60@(29,0) which cor-
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calculated around 0.21 ± 0.02, in good agreement with the experimental relative concentration 
evaluated around 0.19. This good agreement supports the experimental method proposed by 
Kuzmany et al. to evaluate C60 concentration inside SWCNTs.

Next, we calculate the integrated intensity ratios between the Raman lines of the C70 molecule 
[low-frequency modes located at: A1’: 252 cm−1 (A1’(1), A1’: 391 cm−1 (A1’(2)), A1’: 451 cm−1 
(A1’(3)) and high-frequency Raman modes: A1’: 1473 cm−1 (A1’(4)), E1”: 1512 cm−1 (E1”(1)) 
and A1’: 1583 cm−1 (A1’(5))] and the PRBLM or G-mode. The relative concentrations derived 
by this way are shown in Figure 11. For a filling factor 20%, the relative concentration is close 
to 0.21 for C70 inside (10,10). The comparison of data of the relative concentration of C60 (linear 
chain) with those of C70 (lying orientation) shows qualitatively the same result.

5. Concluding remarks

In this chapter, we have discussed the optimal configurations of the C60 and C70 molecules 
inside SWCNTs. First, the configuration of C60 and C70 fullerenes inside SWCNT is found to 
depend strongly on the nanotube diameter and does not depend significantly on tube chi-
rality. In agreement with experiments, the C70 molecules adopt a lying orientation for small 
SWCNT diameters (below 1.356 nm), whereas a standing orientation is preferred for large 
diameters (above 1.463 nm). Between these diameters, an intermediate tilted configuration of 
C70s is found. For C60 peapods, C60s adopt a linear arrangement for SWCNT diameter lower 
than 1.45 nm and a zigzag configuration for diameters between 1.45 and 2.15 nm. In the 
diameter range between 2.15 and 2.23 nm, C60 molecules adopt a double helix arrangement 
in SWCNTs, whereas a layer of two molecules is preferred for diameters between 2.23 and 
2.28 nm. Next, we have reported the calculated Raman spectra of peapods. The modes located 
in the BLM range are very sensitive to the encapsulation of fullerenes because major changes 
in frequencies and intensities are observed. The average intensity ratios between C60 and C70 
Raman-active modes and the nanotube ones, as a function of the concentration molecules, 
have been analyzed, and a general good agreement is found between calculations and mea-
surements. This good agreement supports the experimental method proposed to evaluate C60 
concentration inside SWCNTs.
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2.28 nm. Next, we have reported the calculated Raman spectra of peapods. The modes located 
in the BLM range are very sensitive to the encapsulation of fullerenes because major changes 
in frequencies and intensities are observed. The average intensity ratios between C60 and C70 
Raman-active modes and the nanotube ones, as a function of the concentration molecules, 
have been analyzed, and a general good agreement is found between calculations and mea-
surements. This good agreement supports the experimental method proposed to evaluate C60 
concentration inside SWCNTs.
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Abstract

Almost one-third of minimal energy is consumed via friction and wear process. Thus, to 
save energy using advanced lubrication materials is one of the main routes that tribolo-
gists are focused on. Recently, superlubricity is the most prominent way to face energy 
problems. Designing promising mechanical systems with ultra-low friction performance 
and establishing superlubricity regime is imperative not only to the most greatly save 
energy but also to reduce hazardous waste emissions into our environment. At the mac-
roscale, hydrogenated diamond-like carbon (DLC) film with a supersmooth and fully 
hydrogen terminated surface is the most promising materials to realize superlubricity. 
However, the exact superlubricity of DLC film can only be observed under high vacuum 
or specific conditions and is not realized under ambient conditions for engineering appli-
cations. The latest breakthrough in macroscale superlubricity is made by introducing 
fullerene-like nano-structure and designing graphene nanoscroll formation, which also 
demonstrates the structure-superlubricity (coefficient of friction ~0.002) relationship. 
Thus, it is very interesting to design macroscale superlubricity by prompting the in situ 
formation of these structures at the friction interfaces. In this chapter, we will focus on 
fullerene-like hydrogenated carbon (FL-C:H) films and cover the growth methods, nano-
structures, mechanic, friction properties and superlubricity mechanism.

Keywords: fullerene-like, carbon films, superlubricity, friction

1. Introduction

People have a love and hate relationship with friction because we need high friction some 
times (like braking) but we expect the friction to be as small as possible in the machines which 
might help to save energy. The energy issue pushes us to develop more robust lubricious 
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materials. Nowadays, superlubricity is a most fascinating word not only in mind but also in 
practice [1–5]. Designing promising mechanical systems with ultra-low friction performance 
and establishing superlubricity regime is imperative not only to the most greatly save energy 
but also to reduce hazardous waste emissions.

Motivated by these issues, superlubricity has aroused extensive attention of many research 
groups and therefore an active topic in many fields [6–11]. Not surprisingly, superlubricity has 
been realized in some experiments associated with layered materials such as graphene, molyb-
denum disulphide (MoS2), highly oriented pyrolytic graphite (HOPG) and multi-walled carbon 
nanotubes (MWCNT) [6, 12–15]. At the macroscale, hydrogenated diamond-like carbon (DLC) 
film with a supersmooth and fully hydrogen-terminated surface is the most promising mate-
rial to realize superlubricity [4, 16]. However, the exact superlubricity of DLC film can only be 
observed under high vacuum or specific conditions and is not realized under ambient conditions 
for engineering applications [17]. The latest breakthrough in macroscale superlubricity is made by 
introducing fullerene-like nano-structure and designing graphene nanoscroll formation, which 
also demonstrates the structure-superlubricity (coefficient of friction ~0.002) relationship [5, 18].

In general, lubricating materials satisfying engineering application face some problems such 
as macro contact area (≥ mm × mm), withstanding high contact pressure (≥1 GPa) and expo-
sure to air environment (H2O, O2, etc.), which are more prominent problems for designing and 
realizing macroscale superlubricity [19–24]. But, luckily, Zhang et al. fabricated fullerene-like 
hydrogenated carbon (FL-C:H) films and achieved superlubricity under engineering condi-
tions [5, 18, 24–28]. The curvature structure of fullerene-like structure extends the strength of 
graphite plane hexagon into three dimension space network, in turn, increasing the hardness 
and elasticity of carbon films, demonstrating super low friction in air, meaning solid super-
lubricity with engineering application value [18, 26]. Most interestingly, the fullerene-like 
structure of the carbon films could be adjusted via the hydrogen content, bias supply, in the 
deposition gas sources [29–33]. Thus, it is very interesting to design macroscale superlubricity 
by prompting the in situ formation of these structures at the friction interfaces.

Usually, both plasma-enhanced chemical vapor deposition (PECVD) and reactive magnetron 
sputtering can be employed to growth FL-C:H films which one can find in early reports [5, 27]. 
When using PECVD, the pulse power and the reasonable atmosphere are necessary. FL-C:H 
films are growing in miexed atmosphere of  CH₄ and H₂ with flow ratio at 1:2, but the deposi-
tion pressure can adjust from 10 to 20 Pa depending on different chambers [5, 34]. But for reac-
tive magnetron sputtering, distinction from PECVD are that the additional magnetic field and 
no H2 anymore [21, 27]. The most important thing when using reactive magnetron sputtering 
is that a deep poisoning mode is employed [27, 28]. So, as we see, deep poisoning reactive 
magnetron sputtering can also be mentioned as magnetic field assistant PECVD. Such differ-
ence might influence the growth mechanisms which we will discuss later.

2. Structural characterizations

As one known, carbon-based curve structure is variety of things, such as carbon nanotubes, 
fullerenes, carbon nitride nanotubes and so on [35, 36]. FL-C:H films and its structures are 
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very similar to fullerene-like carbon nitride (FL-CNx) films [37], within distorted multi-storey 
multilayer graphene intersecting and interlocked in an amorphous carbon matrix, show high 
hardness, high elastic recovery and high resistance to deformation. A typical high resolu-
tion transmission electron images (HRTEM) of FL-C:H films, grown via high impulse power 
(which is usually employed in magnetron sputtering, mentioned as high power impulse 
magnetron sputtering (HiPIMS) [26]) assistant PECVD, displays in Figure 1a. Atomic force 
acoustic microscope (AFM) imaging (Figure 1b) under tapping mode was used to inspect the 
cluster domains in the films and indicate that the film has a special nanocomposite structure 
with graphene domains dispersed in an amorphous carbon matrix [26].

These special nanostructures can also be inspected by Raman spectrum. Usually, FL-C:H 
films exhibit typical character of diamond-like carbon films in the region of 1000–2000 cm−1, 
but with some additional peaks at about 400 and 700 cm−1 and a distinct shoulder at around 
1230 cm−1 (Figure 2a) [34]. The two low intermediate wave number bands near 400 cm−1 and 
700 cm−1 are very similar to that of fullerene-like carbon nitride that can be assigned to relax-
ation of Raman selection rule due to the curvature in graphene planes, which appears to 
induce Raman scattering away from the G point [38]. The same bands are also present in the 
Raman spectra acquired from carbon onions and C60 that have been attributed to the trans-
verse optic and transverse acoustic vibrations at the M point [38]. Thus, an acceptable fit-
ting could only be reached via four Gaussian peaks at about 1230, 1350, 1470, and 1560 cm−1, 
respectively (Figure 2b) [9, 27, 28, 34]. Thus, we can consider that all peaks at around 400, 700, 
1230 and 1480 cm−1 are all active from that of fullerene-like structure with curled graphene 
planes.

Thanks to the adjustable conditions and methods, the nanostructures of FL-C:H films can be 
tailored as one expecting. In fact, either a conventional PECVD or a magnetic field  assistant 

Figure 1. (a) High resolution transmission electron images of the FL-C:H films. Insets: carbon fingerprint and human 
fingerprint pattern. (b) An AFM phase image of the FL-C:H films deposited on silicon wafers. (Reproduced from Ref. [26] 
with permission from the Royal Society of Chemistry).
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materials. Nowadays, superlubricity is a most fascinating word not only in mind but also in 
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and establishing superlubricity regime is imperative not only to the most greatly save energy 
but also to reduce hazardous waste emissions.

Motivated by these issues, superlubricity has aroused extensive attention of many research 
groups and therefore an active topic in many fields [6–11]. Not surprisingly, superlubricity has 
been realized in some experiments associated with layered materials such as graphene, molyb-
denum disulphide (MoS2), highly oriented pyrolytic graphite (HOPG) and multi-walled carbon 
nanotubes (MWCNT) [6, 12–15]. At the macroscale, hydrogenated diamond-like carbon (DLC) 
film with a supersmooth and fully hydrogen-terminated surface is the most promising mate-
rial to realize superlubricity [4, 16]. However, the exact superlubricity of DLC film can only be 
observed under high vacuum or specific conditions and is not realized under ambient conditions 
for engineering applications [17]. The latest breakthrough in macroscale superlubricity is made by 
introducing fullerene-like nano-structure and designing graphene nanoscroll formation, which 
also demonstrates the structure-superlubricity (coefficient of friction ~0.002) relationship [5, 18].

In general, lubricating materials satisfying engineering application face some problems such 
as macro contact area (≥ mm × mm), withstanding high contact pressure (≥1 GPa) and expo-
sure to air environment (H2O, O2, etc.), which are more prominent problems for designing and 
realizing macroscale superlubricity [19–24]. But, luckily, Zhang et al. fabricated fullerene-like 
hydrogenated carbon (FL-C:H) films and achieved superlubricity under engineering condi-
tions [5, 18, 24–28]. The curvature structure of fullerene-like structure extends the strength of 
graphite plane hexagon into three dimension space network, in turn, increasing the hardness 
and elasticity of carbon films, demonstrating super low friction in air, meaning solid super-
lubricity with engineering application value [18, 26]. Most interestingly, the fullerene-like 
structure of the carbon films could be adjusted via the hydrogen content, bias supply, in the 
deposition gas sources [29–33]. Thus, it is very interesting to design macroscale superlubricity 
by prompting the in situ formation of these structures at the friction interfaces.

Usually, both plasma-enhanced chemical vapor deposition (PECVD) and reactive magnetron 
sputtering can be employed to growth FL-C:H films which one can find in early reports [5, 27]. 
When using PECVD, the pulse power and the reasonable atmosphere are necessary. FL-C:H 
films are growing in miexed atmosphere of  CH₄ and H₂ with flow ratio at 1:2, but the deposi-
tion pressure can adjust from 10 to 20 Pa depending on different chambers [5, 34]. But for reac-
tive magnetron sputtering, distinction from PECVD are that the additional magnetic field and 
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very similar to fullerene-like carbon nitride (FL-CNx) films [37], within distorted multi-storey 
multilayer graphene intersecting and interlocked in an amorphous carbon matrix, show high 
hardness, high elastic recovery and high resistance to deformation. A typical high resolu-
tion transmission electron images (HRTEM) of FL-C:H films, grown via high impulse power 
(which is usually employed in magnetron sputtering, mentioned as high power impulse 
magnetron sputtering (HiPIMS) [26]) assistant PECVD, displays in Figure 1a. Atomic force 
acoustic microscope (AFM) imaging (Figure 1b) under tapping mode was used to inspect the 
cluster domains in the films and indicate that the film has a special nanocomposite structure 
with graphene domains dispersed in an amorphous carbon matrix [26].

These special nanostructures can also be inspected by Raman spectrum. Usually, FL-C:H 
films exhibit typical character of diamond-like carbon films in the region of 1000–2000 cm−1, 
but with some additional peaks at about 400 and 700 cm−1 and a distinct shoulder at around 
1230 cm−1 (Figure 2a) [34]. The two low intermediate wave number bands near 400 cm−1 and 
700 cm−1 are very similar to that of fullerene-like carbon nitride that can be assigned to relax-
ation of Raman selection rule due to the curvature in graphene planes, which appears to 
induce Raman scattering away from the G point [38]. The same bands are also present in the 
Raman spectra acquired from carbon onions and C60 that have been attributed to the trans-
verse optic and transverse acoustic vibrations at the M point [38]. Thus, an acceptable fit-
ting could only be reached via four Gaussian peaks at about 1230, 1350, 1470, and 1560 cm−1, 
respectively (Figure 2b) [9, 27, 28, 34]. Thus, we can consider that all peaks at around 400, 700, 
1230 and 1480 cm−1 are all active from that of fullerene-like structure with curled graphene 
planes.

Thanks to the adjustable conditions and methods, the nanostructures of FL-C:H films can be 
tailored as one expecting. In fact, either a conventional PECVD or a magnetic field  assistant 

Figure 1. (a) High resolution transmission electron images of the FL-C:H films. Insets: carbon fingerprint and human 
fingerprint pattern. (b) An AFM phase image of the FL-C:H films deposited on silicon wafers. (Reproduced from Ref. [26] 
with permission from the Royal Society of Chemistry).

Super-Lubricious, Fullerene-like, Hydrogenated Carbon Films
http://dx.doi.org/10.5772/intechopen.70412

97



PECVD (reactive magnetron sputtering), an important thing is that bias voltage has a main 
effects on nanostructures. Though the outfield auxiliary in reactive magnetron sputtering 
lowers the growth pressure directly, both high voltage and low duty cycle are crucial. 
During reactive magnetron sputtering process [21], the prominent FL-C:H films grown at 
−800 V bias exhibit the highest hardness of 20.9 GPa as well as elastic recovery of about 
85%. The further increase of bias voltage cripples the mechanical due to further graphi-
tization of the films. But very different nanostructure can be observed under low bias of 
−100 V, which is called amorphous carbon films dispersed with multilayer graphenes. It is 
very different from the films grown via PECVD that one can seen that with increasing the 
bias voltage, the hardness decreases while the elastic recovery keeps increasing [39]. The 
probable reason is that, at low pressure with the outfield auxiliary in reactive magnetron 
sputtering process, ions have higher free energy than that in PECVD which might induce 
easier graphitization.

On the other hand, the pulse duty cycles determine the local relaxation of the distorted chemi-
cal bonds. According to the typical subplantation model suggested by Robertson [40], three 
scales during ion interaction with the film are addressed that: the cascade, 10−14 s; the thermal 
spike, 10−12 s; and the longer time relaxation, ~10−9 s. The longer time relaxation time ben-
efits the stress releasing and hydrogen removing which contributes to restructuring of carbon 
matrix. In our work, the annealing time is almost ~10−5 s, far than ~10−9 s, thus, the depositing 
pulse film has a completely surface, thereby restricting the formation of pentagonal rings 
which are associated with the ion bombardment at the pulse-on/off state [41]. As shown in 
Figure 3, one can see that with the pulse-on time increases while pulse-off time decrease, 
more curved graphene structures are arisen. These variations are also confirmed by Raman 
spectra, showing in Figure 4. With decrease in duty cycles, a shoulder at around 1230 cm−1 
comes more obviously, which is believed from that of fullerene-like structure with curled 
graphene planes, in accordance well with HRTEM results. Here, Raman spectra of these films 
are simulated using four vibrational bands at 1260, 1380, 1470, and 1570 cm−1 [9, 27, 29, 34], 
respectively (Figure 4), these with A-type symmetry (from five-, six-, and seven-membered 

Figure 2. Raman spectra of hydrogenated carbon film deposited by dc-pulse plasma CVD. (a) Raman spectrum and 
magnified wave number region from 0 to 1000 cm−1 and (b) deconvoluted wave number region from 1000 to 2000 cm−1 
in the Raman spectrum of (a).

Fullerenes and Relative Materials - Properties and Applications98

rings) and one with E-type symmetry (from six-membered rings). The results show that even 
m ember rings and odd member rings have an opposite trend, and high odd member rings 
indicate the decrease and more fullerene-like structure.

Figure 3. HRTEM images of the as-prepared films with pulse duty cycles of (a) 100%, (b) 80%, (c) 60%, (d) 40%, and (e) 
20%. (Reproduced from Ref. [42] with permission from the Royal Society of Chemistry).

Figure 4. (a) Raman spectra of the as-prepared films at different pulse bias duty cycle. (b) Contribution to the carbon 
Raman band from the vibrations of five-, six- and seven-member rings versus the pulse duty cycle. (Reproduced from 
Ref. [42] with permission from the Royal Society of Chemistry).
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Atmosphere influence on the nanostructures of FL-C:H films have been studied widely. 
Heterogeneous gases, such as H2 and CF4, introducing in growth process have different effects 
[29–33]. Interestingly, the growth of FL-C:H films show a conflicting to Hellgren’s work [43] 
that intentional hydrogen addition to the discharge will terminate potential bonding sites for 
CNx precursors and hinder the growth of fullerene-like structures. But it seem that during 
growth FL-C:H films, hydrogen atoms during the deposition process may affect the produc-
tion of odd rings by two competing ways: (1) stress induced by H+ leads to the introduction 
of odd ring into flat graphene plane; (2) H+ preferentially etches the plane’s sp2 phase and 
destroys the bond basis if forming odd rings. But more H2 existing in growth condition has no 
much help on growing fullerene-like structures, so the effects of hydrogen need to be studied 
in detail. However, CF4 show different influence on the nanostructures of the FL-C:H films. 
At low fluorine content, many C sites bond to neighboring C and the films microstructure 
displays lots of well organized graphite-like and fullerene-like fragments. But as the amount 
of F incorporated in the network increase, F-terminated large rings, Branches and chains with 
sp2 sites densify and start to interact with each other and features like interlocking pore and 
amorphousness strongly prevail in the nanostructure [30, 32].

3. Mechanical and tribology properties

As we know, thanks to the unique topological structure, fullerene, predicted by Ruoff [44], 
have higher hardness than diamond, and have confirmed by other groups(is C60 fullerite 
harder than diamond). Vadim V. Brazhkin has synthesized a new nanomaterial by high-
temperature treatment of fullerite C60 at moderate (0.1–1.5 GPa) pressures attainable for 
large-volume pressure apparatus, which show a high (90%) elastic recovery and fairly hard-
ness of about 10–15 GPa [45]. It is noteworthy that in our works, so-called FL-C:H films with 
curved graphenes show a elastic recovery (≥80) with hardness variation from 10 to 30 GPa, 
depending on the growth conditions. Figure 5 shows typical load-displacement curve and 
friction coefficients as function of time. A superlubricity phenomenal is observed at load 
of 20 N with friction coefficient at 0.009. One can notice the elastic recovery value variation 
with the annealing temperatures and shows the highest recovery value as shown in Figure 6. 
It is easily understood if one employs pentatomic-heptatomic theory of Raman [27, 28]. At 
300°C, films show the maximum of odd rings which indicates that the most value of curved 
graphene exiting inside the carbon amorphous matrix.

As discussed above, it is obvious that elastic recovery and friction properties are correlated 
with inner nanostructures of FL-C:H films. To confirm this, we also studied the elastic recov-
ery and friction properties using the films growth under different duty cycles and H2 flow 
rates. As we have already confirmed that lower duty cycle means more fullerene-like structure 
due to the long relaxing time. So the lower duty cycle declares that lower growth rate of the 
films thickness (Figure 7 inset). One can also confirm that the hardness and the elastic recov-
ery decrease with the decay of fullerene-like structure, as the decrease of odd member rings 
(Figure 6).
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Different from the single-way variation of the influence of duty cycle, the change of mechani-
cal properties has a yielding point. As shown in Figure 8, the FL-C:H film grown at H2 flow 
rate 5 SCCM show the lowest friction coefficient. Raman spectrum is employed here to quan-
tify the odd member rings from both films and corresponding debris. It is showing that the 
friction coefficient has a significantly positive relation with odd member rings. That is, odd 
member rings confirm more fullerene-like structures which in turn, determine the hardness 
and tribology. So there is no excuse that fullerene-like structures contribute to mechanical and 
tribology properties.

To reveal how such structure affects on the tribology properties, X-ray diffraction (XRD) 
analysis has been performed at the original surface and wear debris and tracks of the FL-C:H 
films. The film pattern shows three peaks at about 2θ = 69.1°, 33° and 22.4°. The two peaks at 
2θ = 69.1° and 33° are from the silicon substrate ([004] and [002], respectively (Figure 9)). A 

Figure 5. Typical load-displacement curve for the 1500 nm thick FL-C:H film annealed at 300°C, the inset is the load-
displacement curve of 500 nm thick typical hydrogenated carbon films (a-C:H) (a) and tribological tests on the FL-C:H 
film in air with 20% relative humidity at ambient temperature (b).

Figure 6. Mechanical properties of the FL-C:H film before and after annealing: (a) Hardness, and (b) Elastic Recovery. 
(All films were annealed for 1h in Ar at temperature of 200, 300 and 400°C, respectively).
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weak peak at 2θ = 22.4°, according with other studies [46], can be attributed to fullerene-like or 
onion-like nanoparticles (considering HRTEM and Raman results). And after friction testing, 
the peak at 2θ = 22.4° become prominent, accompanying with a new band at 2θ = 15° which 
arise from fullerene-like or onion-like nanoparticles, which leads low friction and small wear 
in open wear.

Figure 8. Friction coefficient and odd ring fraction of the FL-C:H films as a function of the gas flow rate of H2. All the 
central wear tracks (WK) have a higher odd (pentagonal and heptagonal) carbon ring fraction than that of the originally 
deposited surfaces (OS). (Reproduced from Ref. [45] with permission from the Royal Society of Chemistry).

Figure 7. Hardness and elastic recovery of the as-prepared films with different pulse duty cycles. Inset show the growth 
rate of the as-prepared films with different pulse duty cycles. (Reproduced from Ref. [42] with permission from the 
Royal Society of Chemistry).
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Besides, the affects of F incorporation, the humidity, variation of load, plasma process, etc., 
on the tribology properties of FL-C:H films were widely studied [21, 23–27]. Unfortunately, 
though the introducing of F atoms in carbon matrix is active hydrophobicity properties, and 
destroys the fullerene-like structures via terminating [30–32]. But humidity has a great influ-
ence on friction coefficients that, with increasing the humidity, the friction coefficient increases 
quickly to 0.08 at 50% for humidity. HRTEM results show that the onion-like nanoparticles in 
the debris are restrained: from spherical shell structure below 30% humidity to short curved 
graphene dispersed in amorphous matrix [26].

4. Superlubricity mechanisms

Benefit from unique bulk structures of FL-C:H films, some of well shelled graphene assemble 
nanoparticles are discovered on the friction interface. Thus, one can speculate that the main 
reason to the superlubricity is based on the bulk of fullerene-like structure which provides the 

Figure 9. Experiment XRD patterns from the film and wear debris showing that the debris has a structure analogous 
to that of C60, far from that of nc-graphite. (Reproduced from Ref. [45] with permission from the Royal Society of 
Chemistry).
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raw materials to grow of onion-like nanoparticles at certain conditions. One of issues worth 
exploring is that the onion-like nanoparticles only can see below 30% humidity. Theoretical 
model of the graphene to fullerene transformation confirmed that the formation of defects at 
the edge of graphene is the crucial step. Usually, water molecules exhibit higher activation 
energies that those of the non-polar adsorbates (O2, N2 and Ar) via stronger hydrogen bonds. 
Thus, at lower humidity, unsaturated dangling bonds of graphene have a high reaction 
activity and the hybridization are easy to occur on the edge of graphene itself, but at higher 
humidity, dangling bonds are saturated by water molecules, hindering the hybridization of 
graphene fragment, which limits the nucleation and growth of onion-like nanoparticles. In 
addition, these particles have a chemically inert surface, which reduces the couple of dual 
interface via offering incommensurate and rolling contact (Figure 10).

5. Conclusions

FL-C:H films have been grown via PECVD and reactive magnetron sputtering methods. Such 
films with curved graphene dispersed in amorphous matrix, show elastic recovery (≥80), hard-
ness (variation from 10 to 30 GPa) as well as low friction properties. Sometimes, FL-C:H films 
depict superlubricity within limited situation with the lowest coefficient value to 0.002. We 
believe that superlubricity of FL-C:H films benefits from the unique fullerene-like structure, 
which provide raw materials to grow onion-like nanoparticles during friction tests. In addi-
tion, these particles have a chemically inert surface, which reduces the couple of dual interface 
via offering incommensurate and rolling contact. But, further developing of the superlubricity 
properties of the FL-C:H films to wide adaptability is very important to broad practicability.

Figure 10. A incommensurate and rolling contact for the superlubricity of FL-C:H films. (Reproduced from Ref. [26] with 
permission from the Royal Society of Chemistry).
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raw materials to grow of onion-like nanoparticles at certain conditions. One of issues worth 
exploring is that the onion-like nanoparticles only can see below 30% humidity. Theoretical 
model of the graphene to fullerene transformation confirmed that the formation of defects at 
the edge of graphene is the crucial step. Usually, water molecules exhibit higher activation 
energies that those of the non-polar adsorbates (O2, N2 and Ar) via stronger hydrogen bonds. 
Thus, at lower humidity, unsaturated dangling bonds of graphene have a high reaction 
activity and the hybridization are easy to occur on the edge of graphene itself, but at higher 
humidity, dangling bonds are saturated by water molecules, hindering the hybridization of 
graphene fragment, which limits the nucleation and growth of onion-like nanoparticles. In 
addition, these particles have a chemically inert surface, which reduces the couple of dual 
interface via offering incommensurate and rolling contact (Figure 10).

5. Conclusions

FL-C:H films have been grown via PECVD and reactive magnetron sputtering methods. Such 
films with curved graphene dispersed in amorphous matrix, show elastic recovery (≥80), hard-
ness (variation from 10 to 30 GPa) as well as low friction properties. Sometimes, FL-C:H films 
depict superlubricity within limited situation with the lowest coefficient value to 0.002. We 
believe that superlubricity of FL-C:H films benefits from the unique fullerene-like structure, 
which provide raw materials to grow onion-like nanoparticles during friction tests. In addi-
tion, these particles have a chemically inert surface, which reduces the couple of dual interface 
via offering incommensurate and rolling contact. But, further developing of the superlubricity 
properties of the FL-C:H films to wide adaptability is very important to broad practicability.

Figure 10. A incommensurate and rolling contact for the superlubricity of FL-C:H films. (Reproduced from Ref. [26] with 
permission from the Royal Society of Chemistry).
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drug delivery [2]. Balch et al. then studied the reactions of C60 with electron-rich fragments, 
IrCl(CO)(PPh3)2 and produced the fullerene-iridium complex (η2-C60)IrCl(CO)(PPh3)2 [3]. The 
formation of fullerene-iridium complex is a reversible process and the reversible binding 
of IrCl(CO)(PPh3)2 to fullerenes can be used as a structural probe because the adducts can 
build ordered single crystals that are suitable for X-ray diffraction [4, 5]. Fullerene-iridium 
complexes that contain an enantiomeric phosphine ligand are used as solar photoelements 
[6]. One of the significant characteristics of fullerenes is that they are capable of encaging 
atoms, ions and small molecules to form endohedral complexes. Endohedral metallofuller-
enes (EMFs) are those that encapsulate metal atoms within a hollow carbon cage. Proft et al. 
theoretically studied the interactions between encapsulated monoatomic ions (Li+ to Rb+ and 
F− to I−) and C60 and its Si and Ge analogues [7] and found that, for these families, the interac-
tions between Li+(Na+) and F−(Cl−) ions and C60 are strongest and exothermic, which confirms 
the possibility of the existence of these species. Recently, Li+@C60 was successfully synthesized 
and isolated by Watanabe et al. [8].

Understanding the strength and nature of metal-ligand bonding is crucial for the design 
of new fullerene-transition metal complexes because the structure and stability of various 
intermediates are important to the formation of organometallics [9]. In an earlier work by 
the authors [10], {η2-(X@C60)}ML2 complexes (M = Pt, Pd; X = 0, Li+, L = PPh3) were studied 
and it was found that there is a relationship between thermodynamic stability and π back-
bonding; that is, the greater the π back-bonding, the greater is thermodynamic stability. 
This shows that thermodynamic stability can be modified by tuning the π back-bonding. As 
far as the authors are aware, π back-bonding could be affected by several factors, includ-
ing the encapsulated ions, the metal fragments and the cage sizes. This study determines 
the importance of π back-bonding to the thermodynamic stability of {η2-(X@Cn)}ML2 com-
plexes by using M = Pt, Pd; X = F−, 0, Li+ and n = 60, 70, 76, 84, 90 and 96 to ascertain the 
role of these factors in π back-bonding. Since the system is very large, methyl-substituted 
N-heterocyclic carbenes (NHC) are used as a ligand (L), instead of PPh3. NHC is one of the 
frequently used and most powerful tools in organic chemistry [11]. In this work, the follow-
ing reactions are studied:

   ML  2   + X @  C  n   →  { η   2  ‐ (X @  C  n  ) }   ML  2    (1)

2. Computational details

The following fullerenes that comply with the isolated pentagon rule are used to develop 
a correlation: Ih-C60, D5h-C70, D2-C76, D2d(23)-C84, D5h(1)-C90 and D3d(3)-C96. These are experi-
mentally isolated and identified [12–14]. The symmetry and numbering scheme for fullerene 
isomers are in accordance with an approved classification [15]. Hückel molecular orbital cal-
culations show that the 6:6 ring junctions at the poles of the molecules usually have highest π 
bond orders (B) and are expected to be the most reactive, so these are the sites of attack (see 
Scheme 1) [12, 16].
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The geometry optimizations are performed without any symmetry restrictions by using the 
M06 [17]/LANL2DZ [18, 19] level of theory. The vibrational frequency calculations at 298.15 
K and 1 atm use the same level of theory. The stationary points are confirmed by the absence 
of imaginary frequencies. The natural charges are obtained using NBO 5.9, as implemented in 
the Gaussian 09 program [20].

The interatomic interactions are determined using energy decomposition analysis (EDA). Two 
types of EDA are used in this work. The first is the basic EDA that was developed individually 
by Yang et al. [21] and by Ziegler and Rauk [22]. For this basic EDA, the bonding energy (∆E) 
is partitioned into two terms, ∆E = ∆E(DEF) + ∆E(INT). In this work, basic EDA is used for the 
optimized ML2X@Cn complexes, which are categorized into transition metal complexes (A), 
carbon cages (B) and metal ions (C) as shown in Scheme 2. The deformation energy (∆E(DEF)) 

Scheme 1. The sites of attack for addition to the fullerenes Ih-C60, D5h-C70, D2-C76, D2d(23)-C84, D5h(1)-C90 and D5h(1)-C96. 
The Hückel π bond orders (B) were calculated using the freeware program, HuLiS [16].
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is the sum of the deformation energy of A (∆E(DEF)A, which is defined as the energy of A in 
the product relative to the optimized isolated structure (A0) and B (∆E(DEF)B)). The interac-
tion energy term, ∆E(INT)A(BC), is the interaction energy between A and (BC) for their respec-
tive optimized product structures.

Advanced EDA unites the natural orbitals for chemical valence (NOCV), so it is possible to 
separate the total orbital interactions into pairwise contributions [23]. The advanced EDA (i.e., 
EDA-NOCV) further divides the interaction energy (∆E(INT)) into three main components: 
∆E(INT) = ∆Eelstat + ∆EPauli + ∆Eorb. It is used for a quantitative study of π back-bonding to fuller-
ene ligands that uses the M06/TZ2P level of theory with the ADF 2016 program package [24]. 
The relativistic effect is considered by applying a scalar zero-order regular approximation 
(ZORA) [25]. The interaction energy and its decomposition terms are obtained from a single-
point calculation using the M06/TZ2P basis set from the Gaussian 09 optimized geometry.

3. Results and discussion

3.1. Geometric changes

The structures of {η2-(X@Cn)}ML2 complexes for M = Pt, Pd; X = F−, 0, Li+ and n = 60, 70, 76, 84, 
90 and 96 were fully optimized at the M06/LANL2DZ level of theory. The geometries that are 
obtained are illustrated in Figure 1. The key structural parameters of the stationary points 
are listed in Table 1 (the structural parameters for n = 70, 76, 84, 90 and 96 are presented 
elsewhere). For the Pt-C60 complex in the absence of encapsulated ions, the respective lengths 
of the metal-carbon bonds are 2.12 Å and 2.12 Å (Table 1). When the Li+ ion is encapsulated 
into the cage, the metal-carbon bonds remain unaltered and the respective distances between 

Scheme 2. Basic EDA for {η2-(Li+@Cn)}PtL2.
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C1, C2 and Li+ are 2.29 Å and 2.29 Å. As the encapsulated ion is changed to F−, the metal-carbon 
bonds remain almost unchanged (2.13 and 2.13 Å), but the distance between C1, C2 and encap-
sulated ions (F−) increases (3.18 and 3.18 Å). The Li+ ion is located at a site that is close to the 
transition metals because of electrostatic interaction. The metal-coordinated carbon atoms of 
C60 are negatively charged because there is π back-donation from the metal center. For the 
Pt-C60 complex without encapsulated ions, the natural population analysis (NPA) shows that 
the atomic charges on the C1 (C2) atoms are −0.27 (−0.27). When the cage is encapsulated by a 
Li+ ion, the atomic charges on the C1 (C2) atoms are increased to −0.32 (−0.32) and the atomic 
charge on the Li atom is +0.86. Therefore, the encaged Li+ ion is attracted toward these nega-
tively charged C atoms. However, as the encapsulated ion is changed to F−, NPA shows that 
the atomic charges on C1 (C2) atoms are decreased to −0.23 (−0.23) and the atomic charge on 
the F atom is negative (−0.93), so the encaged F− ion is repelled by the negatively charged C 
atoms. In terms of Pd-C60 complexes, it is worthy of note that the geometrical distances are 
generally similar to the corresponding distances for Pt-C60 complexes, but the charge distribu-
tions are different. Specifically, the encaged Li atom has a charge (+0.86) but the charges on 
C1 (C2) atoms are reduced to −0.27 (−0.27). The negative charges on metal-coordinated carbon 
atoms are also less for X = 0 and F−. Similar geometric changes and charge distributions are 
seen for n = 70, 76, 84, 90 and 96 and are presented elsewhere.

Figure 1. Optimized geometries for {η2-(X@C60)}ML2 (M = Pt, Pd; X = Li+, 0, F−).
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3.2. Basic energy decomposition analysis (basic EDA)

In order to better understand the factors that govern the thermodynamic stability of {η2-(X@Cn)}
ML2 complexes, basic EDA is performed on {η2-(X@Cn)}ML2 complexes (the basic EDA results 
for n = 70, 76, 84, 90 and 96 are presented elsewhere). The bonding energy (∆E) is defined as  
∆E = E({η2-(X@Cn)}ML2) − E(X@Cn) − E(ML2), using Eq. (1). The Pt-C60 complex without encapsulated 
ions is initially considered. Basic EDA shows that both the metal fragment and the empty C60 frag-
ment are distorted during the formation of the metal-carbon bond (Table 2). The metal  fragment 
undergoes greater distortion (∆E(DEF)A = 52.1 kcal/mol) than C60 (∆E(DEF)B = 13.9 kcal/mol).  
The same results are obtained for X = Li+ or F−. It is found that the encapsulation of the Li+ 
ion induces more distortion in fragments A and B of the Pt-Li+@C60 complex than those of the 
Pt-F−@C60 complex (∆∆E(DEF)(X = Li+) = 8.0, ∆∆E(DEF)(X = F−) = −14.8 kcal/mol). However, the 
interaction energy increases when the Li+ ion is encapsulated (∆∆E(INT)A(BC)(X = Li+) = −35.9, 
∆∆E(INT)A(BC)(X = F−) = +33.8 kcal/mol), which shows that the encapsulated Li+ ion induces a 
stronger interaction between the metal fragment and the X@C60 fragment, so {η2-(Li+@C60)}PtL2 

System Geometrical parameters NPA atomic charge

M-C1 M-C2 X-C1 X-C2 M C1 C2 X

M = Pt; X = Li+

ML2X@C60 2.12 2.12 2.29 2.29 +0.48 −0.32 −0.32 +0.86

M = Pt; X = 0

ML2X@C60 2.12 2.12 – – +0.46 −0.27 −0.27 –

M = Pt; X = F−

ML2X@C60 2.13 2.13 3.18 3.18 +0.43 −0.23 −0.23 −0.93

M = Pd; X = Li+

ML2X@C60 2.12 2.12 2.28 2.28 +0.44 −0.27 −0.27 +0.86

M = Pd; X = 0

ML2X@C60 2.13 2.13 – – +0.40 −0.21 −0.21 –

M = Pd; X = F−

ML2X@C60 2.15 2.15 3.15 3.15 +0.34 −0.16 −0.16 −0.93

Table 1. Selected geometrical parameters (bond distances in Å) and the NPA atomic charge for optimized complexes 
({η2-(X@C60)}ML2) at the M06/LANL2DZ level of theory.
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is more stable. The relative thermodynamic stability increases in the order: ∆E(X = F−) < ∆E 
(X = 0) < ∆E(X = Li+), as shown in Table 2. In addition, |∆∆E(DEF)| is small and |∆∆E(INT)A(BC)| 
is large, so the latter must be responsible for an increase in thermodynamic stability. Similar 
results are obtained for Pd-C60 complexes, but, the distortion in fragments A or B is smaller 
than that for the Pt-C60 complex, as is the interaction energy, so the complex is less stable. 
For instance, ∆E(M = Pd, X = Li+) = −34.5 > ∆E(M = Pt, X = Li+) = −35.9 kcal/mol. When the cage 
size increases (n = 70, 76, 84, 90 and 96), the encapsulated Li+ ion still induces a stronger inter-
action between the metal fragment and the X@Cn fragment and |∆∆E(DEF)| is smaller than 
|∆∆E(INT)A(BC)|. Therefore, an increase in the cage size has no effect on the basic EDA results.

3.3. Advanced energy decomposition analysis (advanced EDA)

In an earlier study by the authors, structural parameters and spectral characteristics were 
used to estimate the strength of π back-bonding for {η2-(X@C60)}ML2 (M = Pt, Pd; X = 0, Li+, L 
= PPh3) complexes [10]. The changes in bond length (Δr/r0), bond angle (Δθav), vibrational fre-
quency (Δν) and the chemical shift (Δδ) were used to describe the character of the π-complex 
s. In this study, the strength of the π back-bonding strength is estimated from an energetic 
viewpoint using an advanced EDA method. This analysis shows the effect of encapsulated 
ions, metal fragments and cage sizes on π back-bonding.

3.3.1. The effect of encapsulated ions on π back-bonding

In an earlier discussion (Section 3.2), it was proven that thermodynamic stabilities increase 
in the order: ∆E(X = F−) < ∆E(X = 0) < ∆E(X = Li+), because the interaction energy (∆E(INT)) 

X ∆E(DEF) 
(∆E(DEF)A, 
∆E(DEF)B)

∆∆E(DEF)c ∆E(INT)A(BC) ∆∆E(INT)A(BC)
c ∆Ed ∆∆Ec,d

{η2-(X@C60)}PtL2

F− 51.2 (41.0, 10.2) −14.8 −67.0 +33.8 −14.7 +20.1

0 66.0 (52.1, 13.9) – −100.8 – −34.8 –

Li+ 74.0 (55.0, 19.0) 8.0 −136.6 −35.9 −64.2 −29.4

{η2-(X@C60)}PdL2

F− 30.7 (25.9, 4.8) −12.6 −45.8 29.0 −13.9 +17.6

0 43.3 (35.0, 8.3) – −74.8 – −31.5 –

Li+ 51.1 (37.9, 13.2) 7.8 −109.3 −34.5 −59.2 −27.7

aEnergies are given in kcal/mol.
bA and B respectively represent the metal fragment and C60 cage.
cThe difference is relative to corresponding quantity at X = 0.
dThe reaction energy without zero-point energy (ZPE) correction for the product, relative to the corresponding reactants.

Table 2. Basic EDA for {η2-(X@C60)}ML2 (M = Pt, Pd) at M06/LANL2DZa,b.
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3.2. Basic energy decomposition analysis (basic EDA)

In order to better understand the factors that govern the thermodynamic stability of {η2-(X@Cn)}
ML2 complexes, basic EDA is performed on {η2-(X@Cn)}ML2 complexes (the basic EDA results 
for n = 70, 76, 84, 90 and 96 are presented elsewhere). The bonding energy (∆E) is defined as  
∆E = E({η2-(X@Cn)}ML2) − E(X@Cn) − E(ML2), using Eq. (1). The Pt-C60 complex without encapsulated 
ions is initially considered. Basic EDA shows that both the metal fragment and the empty C60 frag-
ment are distorted during the formation of the metal-carbon bond (Table 2). The metal  fragment 
undergoes greater distortion (∆E(DEF)A = 52.1 kcal/mol) than C60 (∆E(DEF)B = 13.9 kcal/mol).  
The same results are obtained for X = Li+ or F−. It is found that the encapsulation of the Li+ 
ion induces more distortion in fragments A and B of the Pt-Li+@C60 complex than those of the 
Pt-F−@C60 complex (∆∆E(DEF)(X = Li+) = 8.0, ∆∆E(DEF)(X = F−) = −14.8 kcal/mol). However, the 
interaction energy increases when the Li+ ion is encapsulated (∆∆E(INT)A(BC)(X = Li+) = −35.9, 
∆∆E(INT)A(BC)(X = F−) = +33.8 kcal/mol), which shows that the encapsulated Li+ ion induces a 
stronger interaction between the metal fragment and the X@C60 fragment, so {η2-(Li+@C60)}PtL2 

System Geometrical parameters NPA atomic charge

M-C1 M-C2 X-C1 X-C2 M C1 C2 X

M = Pt; X = Li+

ML2X@C60 2.12 2.12 2.29 2.29 +0.48 −0.32 −0.32 +0.86

M = Pt; X = 0

ML2X@C60 2.12 2.12 – – +0.46 −0.27 −0.27 –

M = Pt; X = F−

ML2X@C60 2.13 2.13 3.18 3.18 +0.43 −0.23 −0.23 −0.93

M = Pd; X = Li+

ML2X@C60 2.12 2.12 2.28 2.28 +0.44 −0.27 −0.27 +0.86

M = Pd; X = 0

ML2X@C60 2.13 2.13 – – +0.40 −0.21 −0.21 –

M = Pd; X = F−

ML2X@C60 2.15 2.15 3.15 3.15 +0.34 −0.16 −0.16 −0.93

Table 1. Selected geometrical parameters (bond distances in Å) and the NPA atomic charge for optimized complexes 
({η2-(X@C60)}ML2) at the M06/LANL2DZ level of theory.
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is more stable. The relative thermodynamic stability increases in the order: ∆E(X = F−) < ∆E 
(X = 0) < ∆E(X = Li+), as shown in Table 2. In addition, |∆∆E(DEF)| is small and |∆∆E(INT)A(BC)| 
is large, so the latter must be responsible for an increase in thermodynamic stability. Similar 
results are obtained for Pd-C60 complexes, but, the distortion in fragments A or B is smaller 
than that for the Pt-C60 complex, as is the interaction energy, so the complex is less stable. 
For instance, ∆E(M = Pd, X = Li+) = −34.5 > ∆E(M = Pt, X = Li+) = −35.9 kcal/mol. When the cage 
size increases (n = 70, 76, 84, 90 and 96), the encapsulated Li+ ion still induces a stronger inter-
action between the metal fragment and the X@Cn fragment and |∆∆E(DEF)| is smaller than 
|∆∆E(INT)A(BC)|. Therefore, an increase in the cage size has no effect on the basic EDA results.

3.3. Advanced energy decomposition analysis (advanced EDA)

In an earlier study by the authors, structural parameters and spectral characteristics were 
used to estimate the strength of π back-bonding for {η2-(X@C60)}ML2 (M = Pt, Pd; X = 0, Li+, L 
= PPh3) complexes [10]. The changes in bond length (Δr/r0), bond angle (Δθav), vibrational fre-
quency (Δν) and the chemical shift (Δδ) were used to describe the character of the π-complex 
s. In this study, the strength of the π back-bonding strength is estimated from an energetic 
viewpoint using an advanced EDA method. This analysis shows the effect of encapsulated 
ions, metal fragments and cage sizes on π back-bonding.

3.3.1. The effect of encapsulated ions on π back-bonding

In an earlier discussion (Section 3.2), it was proven that thermodynamic stabilities increase 
in the order: ∆E(X = F−) < ∆E(X = 0) < ∆E(X = Li+), because the interaction energy (∆E(INT)) 

X ∆E(DEF) 
(∆E(DEF)A, 
∆E(DEF)B)

∆∆E(DEF)c ∆E(INT)A(BC) ∆∆E(INT)A(BC)
c ∆Ed ∆∆Ec,d

{η2-(X@C60)}PtL2

F− 51.2 (41.0, 10.2) −14.8 −67.0 +33.8 −14.7 +20.1

0 66.0 (52.1, 13.9) – −100.8 – −34.8 –

Li+ 74.0 (55.0, 19.0) 8.0 −136.6 −35.9 −64.2 −29.4

{η2-(X@C60)}PdL2

F− 30.7 (25.9, 4.8) −12.6 −45.8 29.0 −13.9 +17.6

0 43.3 (35.0, 8.3) – −74.8 – −31.5 –

Li+ 51.1 (37.9, 13.2) 7.8 −109.3 −34.5 −59.2 −27.7

aEnergies are given in kcal/mol.
bA and B respectively represent the metal fragment and C60 cage.
cThe difference is relative to corresponding quantity at X = 0.
dThe reaction energy without zero-point energy (ZPE) correction for the product, relative to the corresponding reactants.

Table 2. Basic EDA for {η2-(X@C60)}ML2 (M = Pt, Pd) at M06/LANL2DZa,b.
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is increased. The interaction between the metal fragment and X@Cn is now studied using 
advanced EDA, which further decomposes the interaction energy into electrostatic interac-
tion (∆Eelstat), repulsive Pauli interaction (∆EPauli) and orbital interaction (∆Eorb) terms. The 
orbital interactions are the most important of these three and only the most important pair-
wise contributions to ΔEorb are considered. The advanced EDA method is used for {η2-(X@
Cn)}ML2 complexes, as shown in Tables 3 and 4 (the results for n = 70, 76, 84, 90 and 96 are 
presented elsewhere). A plot of the deformation density and a qualitative drawing of the 
orbital interactions between the metal fragment and X@C60 are shown in Figure 2. In terms 
of the Pt-C60 complexes, Table 3 shows that both the electrostatic interaction (∆Eelstat) and the 
orbital interaction (∆Eorb) stabilize the complexes because they are negative terms, but the 
percentage of ∆Eorb increases in the order: ∆Eorb(X = F−) < ∆Eorb(X = 0) < ∆Eorb(X = Li+). Therefore, 
the enhanced orbital interaction must be responsible for the increase in the thermodynamic 
stability. Table 3 also shows that ΔE1 contributes significantly to ΔEorb: 69.5% for X = F−, 75.2% 
for X = 0 and 76.4% for X = Li+. The deformation densities show that these come from π back-
donation from a filled d orbital of the metal to the π* orbitals of C60 (charge flow is yellow to 
green at the top of Figure 2c). The large contributions of ΔE1 to ΔEorb are in agreement with 
the results of previous studies. The metal-carbon bonds are principally formed by π back-
donation [8]. It is also seen that the order of ΔE1 is |ΔE1(X = F−)| = 94.4 < |ΔE1(X = 0)| = 118.6 
< |ΔE1(X = Li+)| = 142.8 kcal/mol. Therefore, ΔE1 is increased when there is the encapsulated 
Li+ ion but decreased when there is a F− ion. The second contribution of ΔE2 to ΔEorb is com-
paratively small: 18.0% for X = F−, 13.1% for X = 0 and 10.0% for X = Li+. This results from 

Fragments L2Pt and F−@C60 L2Pt and C60 L2Pt and Li+@C60

ΔEint −67.7 −100.8 −133.0

ΔEPauli 257.2 235.8 227.6

ΔEelstat
b −189.0 (58.2%) −178.8 (53.1%) −173.8 (48.2%)

ΔEorb
b −135.8 (41.8%) −157.7 (46.9%) −186.9 (51.8%)

ΔE1
c −94.4 (69.5%) −118.6 (75.2%) −142.8 (76.4%)

ΔE2
c −24.4 (18.0%) −20.6 (13.1%) −18.6 (10.0%)

ΔE3
c −7.1 (5.2%) −5.7 (3.6%) −6.5 (3.5%)

ΔE4
c −3.0 (2.2%) −3.8 (2.4%) −5.5 (3.0%)

ΔE5
c −3.6 (2.7%) −4.2 (2.7%) −5.0 (2.7%)

ΔE6
c – – −2.1 (1.1%)

ΔErest
c −5.8 (4.3%) −6.3 (4.0%) −6.8 (3.6%)

aOptimized structures at the M06/LANL2DZ level of theory.
bThe values in parentheses give the percentage contribution to the total attractive interactions, ΔEelstat + ΔEorb.
cThe values in parentheses give the percentage contribution to the total orbital interactions, ΔEorb.

Table 3. The advanced EDA results for {η2-(X@C60)}PtL2
a (X = F−, 0, Li+) at the M06/TZ2P level of theory. The fragments 

are PtL2 and X@C60 in a singlet (S) electronic state. All energy values are in kcal/mol.
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σ-donation from a filled π orbital of C60 to the π* orbital of the metal (middle of Figure 2c). The 
computational results show that π back-bonding is crucial to the thermodynamic stability of 
Pt-C60 complexes and that an encapsulated Li+ ion increases π back-bonding but an encapsu-
lated F− has the opposite effect.

3.3.2. The effect of metal fragments on π back-bonding

Pd-C60 complexes appear to be similar to Pt-C60 complexes, but a comparison of the results in 
Tables 3 and 4 shows that the value ΔE1 for a Pd-C60 complex is smaller than the correspond-
ing value for a Pt-C60 complex, which demonstrates that the π back-bonding for a palladium 
center is weaker than that for a platinum center. For example, |ΔE1(M = Pd, X = Li+)| = 121.0 
< |ΔE1(M = Pt, X = Li+)| = 142.8 kcal/mol. This is consistent with the earlier results that were 
obtained using structural parameters and spectral characteristics [10].

3.3.3. The effect of cage sizes on π back-bonding

Figure 3 shows a plot of the ΔE1 values versus cage sizes that are calculated for {η2-(X@Cn)}
PtL2 complexes (n = 60, 70, 76, 84, 90 and 96). It is seen that there is no linear relationship and 
there is one obvious peak for each X at n = 84 [26]. This demonstrates the effect of a differ-
ence in size of the carbon clusters on π back-bonding for a metal center, but the correlation is 
not simply monotonic. Therefore, a larger (smaller) cage size does not necessarily imply that 
there is stronger (weaker) π back-bonding, which results in greater (lower) thermodynamic 
stability.

Fragments L2Pd and F−@C60 L2Pd and C60 L2Pd and Li+@C60

ΔEint −45.1 −73.5 −103.9

ΔEPauli 188.9 176.5 176.4

ΔEelstat
b −142.8 (61.0%) −137.0 (54.8%) −138.9 (49.6%)

ΔEorb
b −91.2 (39.0%) −113.0 (45.2%) −141.3 (50.4%)

ΔE1
c −71.9 (78.8%) −96.9 (85.8%) −121.0 (85.6%)

ΔE2
c −15.5 (17.0%) −10.8 (9.6%) −9.4 (6.7%)

ΔE3
c −4.9 (5.4%) −4.2 (3.7%) −4.6 (3.3%)

ΔE4
c −2.1 (2.3%) −2.3 (2.0%) −3.6 (2.5%)

ΔE5
c −2.0 (2.2%) −2.9 (2.6%) −3.6 (2.5%)

ΔErest
c −2.7 (3.0%) −3.6 (3.2%) −6.5 (4.6%)

aOptimized structures at the M06/LANL2DZ level of theory.
bThe values in parentheses give the percentage contribution to the total attractive interactions, ΔEelstat + ΔEorb.
cThe values in parentheses give the percentage contribution to the total orbital interactions, ΔEorb.

Table 4. The advanced EDA results for {η2-(X@C60)}PdL2
a (X = F−, 0, Li+) at the M06/TZ2P level of theory. The fragments 

are PdL2 and X@C60 in the singlet (S) electronic state. All energy values are in kcal/mol.
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is increased. The interaction between the metal fragment and X@Cn is now studied using 
advanced EDA, which further decomposes the interaction energy into electrostatic interac-
tion (∆Eelstat), repulsive Pauli interaction (∆EPauli) and orbital interaction (∆Eorb) terms. The 
orbital interactions are the most important of these three and only the most important pair-
wise contributions to ΔEorb are considered. The advanced EDA method is used for {η2-(X@
Cn)}ML2 complexes, as shown in Tables 3 and 4 (the results for n = 70, 76, 84, 90 and 96 are 
presented elsewhere). A plot of the deformation density and a qualitative drawing of the 
orbital interactions between the metal fragment and X@C60 are shown in Figure 2. In terms 
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for X = 0 and 76.4% for X = Li+. The deformation densities show that these come from π back-
donation from a filled d orbital of the metal to the π* orbitals of C60 (charge flow is yellow to 
green at the top of Figure 2c). The large contributions of ΔE1 to ΔEorb are in agreement with 
the results of previous studies. The metal-carbon bonds are principally formed by π back-
donation [8]. It is also seen that the order of ΔE1 is |ΔE1(X = F−)| = 94.4 < |ΔE1(X = 0)| = 118.6 
< |ΔE1(X = Li+)| = 142.8 kcal/mol. Therefore, ΔE1 is increased when there is the encapsulated 
Li+ ion but decreased when there is a F− ion. The second contribution of ΔE2 to ΔEorb is com-
paratively small: 18.0% for X = F−, 13.1% for X = 0 and 10.0% for X = Li+. This results from 

Fragments L2Pt and F−@C60 L2Pt and C60 L2Pt and Li+@C60

ΔEint −67.7 −100.8 −133.0

ΔEPauli 257.2 235.8 227.6

ΔEelstat
b −189.0 (58.2%) −178.8 (53.1%) −173.8 (48.2%)

ΔEorb
b −135.8 (41.8%) −157.7 (46.9%) −186.9 (51.8%)

ΔE1
c −94.4 (69.5%) −118.6 (75.2%) −142.8 (76.4%)

ΔE2
c −24.4 (18.0%) −20.6 (13.1%) −18.6 (10.0%)

ΔE3
c −7.1 (5.2%) −5.7 (3.6%) −6.5 (3.5%)

ΔE4
c −3.0 (2.2%) −3.8 (2.4%) −5.5 (3.0%)

ΔE5
c −3.6 (2.7%) −4.2 (2.7%) −5.0 (2.7%)

ΔE6
c – – −2.1 (1.1%)

ΔErest
c −5.8 (4.3%) −6.3 (4.0%) −6.8 (3.6%)

aOptimized structures at the M06/LANL2DZ level of theory.
bThe values in parentheses give the percentage contribution to the total attractive interactions, ΔEelstat + ΔEorb.
cThe values in parentheses give the percentage contribution to the total orbital interactions, ΔEorb.

Table 3. The advanced EDA results for {η2-(X@C60)}PtL2
a (X = F−, 0, Li+) at the M06/TZ2P level of theory. The fragments 

are PtL2 and X@C60 in a singlet (S) electronic state. All energy values are in kcal/mol.
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σ-donation from a filled π orbital of C60 to the π* orbital of the metal (middle of Figure 2c). The 
computational results show that π back-bonding is crucial to the thermodynamic stability of 
Pt-C60 complexes and that an encapsulated Li+ ion increases π back-bonding but an encapsu-
lated F− has the opposite effect.

3.3.2. The effect of metal fragments on π back-bonding

Pd-C60 complexes appear to be similar to Pt-C60 complexes, but a comparison of the results in 
Tables 3 and 4 shows that the value ΔE1 for a Pd-C60 complex is smaller than the correspond-
ing value for a Pt-C60 complex, which demonstrates that the π back-bonding for a palladium 
center is weaker than that for a platinum center. For example, |ΔE1(M = Pd, X = Li+)| = 121.0 
< |ΔE1(M = Pt, X = Li+)| = 142.8 kcal/mol. This is consistent with the earlier results that were 
obtained using structural parameters and spectral characteristics [10].

3.3.3. The effect of cage sizes on π back-bonding

Figure 3 shows a plot of the ΔE1 values versus cage sizes that are calculated for {η2-(X@Cn)}
PtL2 complexes (n = 60, 70, 76, 84, 90 and 96). It is seen that there is no linear relationship and 
there is one obvious peak for each X at n = 84 [26]. This demonstrates the effect of a differ-
ence in size of the carbon clusters on π back-bonding for a metal center, but the correlation is 
not simply monotonic. Therefore, a larger (smaller) cage size does not necessarily imply that 
there is stronger (weaker) π back-bonding, which results in greater (lower) thermodynamic 
stability.
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aOptimized structures at the M06/LANL2DZ level of theory.
bThe values in parentheses give the percentage contribution to the total attractive interactions, ΔEelstat + ΔEorb.
cThe values in parentheses give the percentage contribution to the total orbital interactions, ΔEorb.

Table 4. The advanced EDA results for {η2-(X@C60)}PdL2
a (X = F−, 0, Li+) at the M06/TZ2P level of theory. The fragments 

are PdL2 and X@C60 in the singlet (S) electronic state. All energy values are in kcal/mol.
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Figure 2. (a) A qualitative drawing of the orbital interactions between the metal fragment and Li+@C60; (b) the shape 
of the most important interacting occupied and vacant orbitals of the metal fragments and Li+@C60; (c) a plot of the 
deformation densities, Δρ, for the pairwise orbital interactions between the two fragment in their closed-shell state, 
the associated interaction energies, ΔEorb (in kcal/mol), and the eigenvalues ν. The eigenvalues, ν, indicate the size of 
the charge flow. The direction of the charge flow is from yellow to the green.
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4. Conclusion

This computational study uses density functional theory to determine the thermodynamic 
stability of {η2-(X@Cn)}ML2 complexes (M = Pt, Pd; X = F−, 0, Li+ and n = 60, 70, 76, 84, 90 and 96). 
The calculations show the reaction is more stable when the Li+ ion is encapsulated within Cn 
but the complex becomes unstable if there is a F− ion. Basic EDA shows that there is an increase 
in the interaction between the metal fragment and Cn if there is an encapsulated Li+ ion but 
F− ion has the opposite effect.

The advanced EDA results show that π back-bonding is crucial to thermodynamic stability 
and that thermodynamic stability is increased by the presence of a Li+ ion but the presence of 
a F− ion has the opposite effect. These computations also show that a platinum center results 
in stronger π back-bonding than a palladium center and that there is no linear relationship 
between cage size and π back-bonding.
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Figure 3. The correlation between ΔE1 and cage sizes for {η2-(X@Cn)}PtL2 (n = 60, 70, 76, 84, 90 and 96) complexes. The 
blue, red and black lines indicate the ΔE1 for X = Li+, 0 and F−, respectively.
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Abstract

It has now been more than 30 years since buckminsterfullerene became a real thing. An
exclusive field of study called fullerene chemistry arises and is discovered to be unique in
many respects. In a very short time, a great deal of effort has been devoted on the fullerene
chemistry and properties of fullerene derivatives. The fields of fullerene and light-induced
processes considerably overlapped, and now numerous wonderful examples are on exhi-
bition. The large number of these systems has been designed to take advantage of the
electron-accepting property of fullerene and broadcasts the fullerenes as universal spin
converter advertising its perfect intersystem crossing (ISC) quantum yield where a spin
converter can be identified as a chromophore that undergoes efficient ISC with a low first
excited state (S1), but does not necessarily strongly harvest visible light. Thus, donor-
acceptor systems in the field of light-induced processes within multicomponent fullerene
arrays have been proposed as models for optical limiters, owing to the singlet oxygen
production efficiency of C60 and the C60 derivatives in the field of medicinal chemistry.

Keywords: fullerene, spin converter, light harvesting, singlet oxygen, triplet-triplet
annihilation

1. Introduction

Transformation of known and the creation of new are always intrigued to synthetic chemists.
Not long ago, elemental carbon was not even a figurant as starting material. This position
promoted fiercely after the family of carbon allotropes enlarged by the welcoming new mem-
bers to the core family “graphite and diamond.” Unlike to graphite and diamond, fullerenes
are spherical molecules with solid-state structure and are soluble in various solvents that
opened a new era for chemical manipulation of carbon-based materials [1].
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Few discoveries like this are captured the attention of scientist and the general public alike as
much as the discovery of these architecturally esthetic molecules. But the popularity of fuller-
enes in science is not merely due to esthetics. Years of intense research activity showed that C60

is a powerful building block to be used in materials science and medicinal chemistry [2, 3].
What put fullerenes in the heart of nanotechnology today is the association of several extreme
properties, such as outstanding mechanical, thermal, electronic, and electrical properties,
coupled with chemical robustness, which have spurred a broad range of applications that
provides new research possibilities for scientists, particularly in terms of electron-acceptor
proficiency, both in the solid state and in solution [4]. An entirely new discipline called as
“fullerene chemistry” emerged [5–7].

2. Optical studies of fullerene

Fullerene structure facilitates ingrained synthetic methodologies that catalyzing the produc-
tion of a wide variety of novel derivatives often encompasses many fields outside the tradi-
tional scope [8, 9]. One of the most exciting properties of fullerene chemistry is related to their
excited-state properties [10, 11]. The most abundant representative of the family C60 can be
identified via its strong absorptions between 190 and 410 nm (allowed 1T1u–

1Ag) as well as by
some pale but significant transitions in the 410 and 620 nm (orbital forbidden singlet-singlet)
region which is responsible for the purple color of C60 and the red color of C70 [12, 13].

The fullerenes, in particular C60, exhibit a variety of remarkable photophysical properties,
making them very attractive building blocks for the construction of photosynthetic antenna
and reaction center models that result from their large pi electron system that cater dense
manifolds of low-lying electronically excited states [14–17]. As it is given below, most photo-
chemical and photophysical applications of fullerenes are likely be mediated by lowest of these
energetic states which present triplet spin multiplicity (Figure 1).

The fullerenes can also be identified as useful optical limiters since the triplet-triplet absorptiv-
ities are higher than the ground-state absorptions [20, 21]. The singlet excited state (1.99 eV) of
C60 efficiently decays to the lower lying triplet excited state (1.57 eV) via intersystem crossing
[17]. The triplet quantum yields are very high. The triplet excited states are responsive to
diverse processes for deactivation, such as ground-state quenching, triplet-triplet annihilation
via molecular oxygen leading to 1O2, and electron transfer to donor molecules [17]. The long-
lived triplet states due to the ISC process of excited singlet states gave rise to a substantial
interest for their prosperous applications, such as singlet oxygen generation for [22–26],
enhancing photoinduced electric conductivity via formation of charge-separated state caused
by the excited triplet state of fullerene [27–29] and in the applications of photovoltaics,
photocatalysis, photoinduced charge separation, and molecular probes (Figure 2) [30–36].

In this account, we discuss some of the main achievements in this rapidly developing field and,
in particular, the triplet photosensitizer (PS) phenomena associated with the excited triplet
state of fullerenes that later used as catalysts in photochemical reactions. Triplet PSs as the
name derived from the compounds, used to transfer energy to other, are used for not only

Fullerenes and Relative Materials - Properties and Applications128

energy transfer but also for photovoltaic reactions such as photodynamic therapy (PDT), photo-
induced hydrogen production from water, and triplet-triplet annihilation (TTA) upconversion
systems. The photosensitizing properties of some relevant classes of functionalized fullerene-
based materials are surveyed.

Even in the early reports on excited states of fullerene prepared via light excitation, researchers
were concerned with the persistence of long-lived excited and low triplet states. A number of

Figure 2. Main decay channels that control the lifetime of triplet C60 in solution [37]. (reprinted by permission of ACS
Publications).

Figure 1. The Jablonski diagram: schematic depiction of the energy levels of typical compound (adapted from [18, 19]).
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researches addressed the decay kinetics of fullerenes (C60 and C70), and the unimolecular
triplet state lifetimes are found to be significantly longer than recognized [22, 38–45]. In the
bimolecular triplet state processes, there are various deactivation mechanisms including oxy-
gen quenching, triplet-triplet annihilation, triplet energy exchange, and self-quenching. The
deactivation of organic triplet states by dissolved oxygen is reported by numerous researchers,
and oxygen quenching constants for C60 and C70 are recorded in room temperature [22, 23]
and were persistent with previous results [37]. Triplet-triplet annihilation occurs between two
clashing triplet states considering the deactivation of one molecule, while exposure of the other
in a highly excited state that will quickly convert to first singlet excited state (S1) (Figure 2). The
reported kTT values are 5.4 x 109 M�1 s�1 and 5.5 x 109 M�1 s�1 in room temperature which
should considered to be high and kept in mind to eliminate contributions from this channel
while measuring excited state kinetics such as studying with low concentration [37, 46]. In
another scenario triplet energy may flow between two species in solution [46]. If one species T1

state is significantly lower than the other, the second specimen will collect the energy and
behave as a triplet quencher. On another scenario, the two T1 states might be separated by
several kTT. In this case, reverse energy transfer may also be occurred, and results showed that
reversible energy transfer between triplet states C60 and C70 is a fast and efficient process [47].
Also, even though no mechanism was proposed for self-quenching mechanisms, the ground-
state concentration dependence refers to the encounter of a molecule on T1 state with ground-
state molecule. Studies showed that fullerene displays strong self-quenching over organic
triplet states [48, 49].

Fullerene exhibits unique C–C single and double bonds. The deficiency of high-energy C–H
and O–H vibrations makes these materials very interesting in photonics. The usual materials
such as polymers have absorption in the near infrared because of the overtones of the
abovementioned vibrations. No such absorption is observed in fullerenes while exhibiting
narrow electronic bands and resonances [50, 51]. Fullerene’s large number of conjugated
double bonds lead to large nonlinear polarizabilities. The third-order optical polarizability, γ,
is always symmetry allowed, while the second-order polarizability, β, is reported to be zero for
C60 and C70 since they have centrosymmetric structures [51]. By preparing charge-transfer
complexes (fullerene as electron acceptor), the center of symmetry is interrupted, and second-
order optical nonlinearity is induced [52]. Specifically, the optical limiting in fullerene based on
the reverse saturable absorption which takes place when the excited state absorption cross
section is bigger than that of the ground state. This effect was reported for C60 and for C70

under 532 nm and 1064 nm excitations where optical limiting performance of C60 is bigger
than C70 since the latter exhibits a higher linear state absorption coefficient [53].

The design of new structures with high first hyperpolarizability (β) can be made via two state
models in which β is expressed with the dipole moment difference, the transition dipole
moment, and the energy difference between the key charge-transfer excited state and the
ground electronic state [54]. The charge-transfer complexes can be characterized by the absorp-
tion cross section for an excited state of the organic moiety, which is significantly greater than
that for the ground state [53]. Thus, these nanomaterials offer the optical limiting phenomena,
particularly in the IR range. Fullerene-induced sensitization also favors bathochromic shift in
the absorption spectra of related structures and activate transition in the near- and middle-IR
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range [55]. During the charge transfer, an additional electric field gradient is reported to be
formed as substitute from the intramolecular donor to fullerene rather than to the intramolec-
ular acceptor. Consequently, the nanomaterial offers high-frequency Kerr effect and exhibits
high value of nonlinear refraction and nonlinear third-order permeability [56, 57]. In general,
photoinduced electron transfer in donor-acceptor dyads in solution is reported to be related to
free energy change for charge separation ΔGCS, which depends on the energies for oxidation,
reduction, and excitation and also to the Coulomb interaction and solvation of the radical ions
[58]. The rate for electron transfer is obtained from the charge transfer and the electronic
coupling of donor and acceptor in the excited state barrier. Also, energy transfer processes
dipole-dipole (Förster) and exchange (Dexter) mechanisms are generally used to explain the
deactivation of the initial photoexcited state.

Afterward, fullerene chemistry allowed researchers to open a new door to link fullerenes to
photoactive species, and the work to date suggests that the first excited state can be populated
by singlet-singlet energy transfer from attached dye and in the appropriate conditions can be
quenched by triplet energy acceptors. Thus, fullerenes hold a significant promise, and the
study on these materials will be a scientific endeavor [37, 43, 59–67].

On the account of simple organic molecules, the triplet manifold is rarely reached by direct
stimulation of the organic molecule, unless advertised spin-orbit coupling effect is populated
by a heavy atom [68, 69]. The triplet manifold may be reached via indirect secondary routes
such as intersystem crossing from the first excited state (S1) and charge separation and recom-
bination between radical ions [70–73]. This kind of recombination may require orbital contact
via flexible link or by a rigid spacer [74–79]. Ziessel et al. described results of photophysical
properties of a closely spaced molecular dyad comprising terminal BODIPY dye and a fuller-
ene. They investigated the driving force for light-induced electron abstraction by the S1 state of
C60 from BODIPY unit and displayed the dependence to solvent polarity. In nonpolar solvents,
fast excitation energy transfer was declared, while electron transfer became laborious. Polar
solvents play a critical role switching on light-induced electron transfer [68].

Artificial photosynthetic systems to mimic natural systems for global energy demand are
important not only to understand nature but also for environmental issues. Various synthetic
models were designed and constructed based on tetrapyrroles as energy harvesting antennae
due to their structural resemblance to natural chlorophylls [80–83]. Owing to fullerene’s facile
reduction and low reorganization energy, fullerene lessened the use of 2D electron donor-
acceptor systems such as quinone and methyl viologen and was successfully demonstrated in
studies as “antenna-reaction center.” Maligaspe et al. developed supramolecular triads to
mimic these issued antenna-reaction center systems designing boron dipyrrin (BODIPY) enti-
ties as antenna that linked to zinc porphyrin (P) as electron donor and then coordinate to
fullerene as electron acceptor (Figure 3) [84]. Similarly, BODIPY-ZnPc-fullerene system, where
BODIPY unit located on peripheral position on Pc was designed, demonstrates a sequence of
energy and electron transfer reactions upon photoexcitation [85]. An interesting example of
distyryl-BODIPY-fullerene donor-acceptor system was also reported by Liu et al [86].

Upconversion systems are used in photovoltaics, photocatalysis, nonlinear optics, and lumi-
nescent molecular probes [87]. To facilitate upconversion one or two methods are deployed for
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researches addressed the decay kinetics of fullerenes (C60 and C70), and the unimolecular
triplet state lifetimes are found to be significantly longer than recognized [22, 38–45]. In the
bimolecular triplet state processes, there are various deactivation mechanisms including oxy-
gen quenching, triplet-triplet annihilation, triplet energy exchange, and self-quenching. The
deactivation of organic triplet states by dissolved oxygen is reported by numerous researchers,
and oxygen quenching constants for C60 and C70 are recorded in room temperature [22, 23]
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reported kTT values are 5.4 x 109 M�1 s�1 and 5.5 x 109 M�1 s�1 in room temperature which
should considered to be high and kept in mind to eliminate contributions from this channel
while measuring excited state kinetics such as studying with low concentration [37, 46]. In
another scenario triplet energy may flow between two species in solution [46]. If one species T1

state is significantly lower than the other, the second specimen will collect the energy and
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such as polymers have absorption in the near infrared because of the overtones of the
abovementioned vibrations. No such absorption is observed in fullerenes while exhibiting
narrow electronic bands and resonances [50, 51]. Fullerene’s large number of conjugated
double bonds lead to large nonlinear polarizabilities. The third-order optical polarizability, γ,
is always symmetry allowed, while the second-order polarizability, β, is reported to be zero for
C60 and C70 since they have centrosymmetric structures [51]. By preparing charge-transfer
complexes (fullerene as electron acceptor), the center of symmetry is interrupted, and second-
order optical nonlinearity is induced [52]. Specifically, the optical limiting in fullerene based on
the reverse saturable absorption which takes place when the excited state absorption cross
section is bigger than that of the ground state. This effect was reported for C60 and for C70

under 532 nm and 1064 nm excitations where optical limiting performance of C60 is bigger
than C70 since the latter exhibits a higher linear state absorption coefficient [53].
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moment, and the energy difference between the key charge-transfer excited state and the
ground electronic state [54]. The charge-transfer complexes can be characterized by the absorp-
tion cross section for an excited state of the organic moiety, which is significantly greater than
that for the ground state [53]. Thus, these nanomaterials offer the optical limiting phenomena,
particularly in the IR range. Fullerene-induced sensitization also favors bathochromic shift in
the absorption spectra of related structures and activate transition in the near- and middle-IR

Fullerenes and Relative Materials - Properties and Applications130

range [55]. During the charge transfer, an additional electric field gradient is reported to be
formed as substitute from the intramolecular donor to fullerene rather than to the intramolec-
ular acceptor. Consequently, the nanomaterial offers high-frequency Kerr effect and exhibits
high value of nonlinear refraction and nonlinear third-order permeability [56, 57]. In general,
photoinduced electron transfer in donor-acceptor dyads in solution is reported to be related to
free energy change for charge separation ΔGCS, which depends on the energies for oxidation,
reduction, and excitation and also to the Coulomb interaction and solvation of the radical ions
[58]. The rate for electron transfer is obtained from the charge transfer and the electronic
coupling of donor and acceptor in the excited state barrier. Also, energy transfer processes
dipole-dipole (Förster) and exchange (Dexter) mechanisms are generally used to explain the
deactivation of the initial photoexcited state.

Afterward, fullerene chemistry allowed researchers to open a new door to link fullerenes to
photoactive species, and the work to date suggests that the first excited state can be populated
by singlet-singlet energy transfer from attached dye and in the appropriate conditions can be
quenched by triplet energy acceptors. Thus, fullerenes hold a significant promise, and the
study on these materials will be a scientific endeavor [37, 43, 59–67].

On the account of simple organic molecules, the triplet manifold is rarely reached by direct
stimulation of the organic molecule, unless advertised spin-orbit coupling effect is populated
by a heavy atom [68, 69]. The triplet manifold may be reached via indirect secondary routes
such as intersystem crossing from the first excited state (S1) and charge separation and recom-
bination between radical ions [70–73]. This kind of recombination may require orbital contact
via flexible link or by a rigid spacer [74–79]. Ziessel et al. described results of photophysical
properties of a closely spaced molecular dyad comprising terminal BODIPY dye and a fuller-
ene. They investigated the driving force for light-induced electron abstraction by the S1 state of
C60 from BODIPY unit and displayed the dependence to solvent polarity. In nonpolar solvents,
fast excitation energy transfer was declared, while electron transfer became laborious. Polar
solvents play a critical role switching on light-induced electron transfer [68].

Artificial photosynthetic systems to mimic natural systems for global energy demand are
important not only to understand nature but also for environmental issues. Various synthetic
models were designed and constructed based on tetrapyrroles as energy harvesting antennae
due to their structural resemblance to natural chlorophylls [80–83]. Owing to fullerene’s facile
reduction and low reorganization energy, fullerene lessened the use of 2D electron donor-
acceptor systems such as quinone and methyl viologen and was successfully demonstrated in
studies as “antenna-reaction center.” Maligaspe et al. developed supramolecular triads to
mimic these issued antenna-reaction center systems designing boron dipyrrin (BODIPY) enti-
ties as antenna that linked to zinc porphyrin (P) as electron donor and then coordinate to
fullerene as electron acceptor (Figure 3) [84]. Similarly, BODIPY-ZnPc-fullerene system, where
BODIPY unit located on peripheral position on Pc was designed, demonstrates a sequence of
energy and electron transfer reactions upon photoexcitation [85]. An interesting example of
distyryl-BODIPY-fullerene donor-acceptor system was also reported by Liu et al [86].

Upconversion systems are used in photovoltaics, photocatalysis, nonlinear optics, and lumi-
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such as rare-earth materials or two-photon absorption fluorescent dyes [88, 89]. These conven-
tional upconversionmethods comewith the disadvantages of weak absorption, low upconversion
quantum yield, or requirement of consistent high-power density excitation source. New
upconversion method based on triplet photosensitizer and triplet accelerator become popular
where triplet photosensitizers are responsible for light harvesting and enhancement of triplet
excited state by intersystem crossing (ISC) [90]. The previously reported triplet photosensitizers
are usually transition-metal complexes, such as PtII/PdII porphyrin complexes, IrIII/RuII com-
plexes, or heavy-atom derivatives of organic fluorophores since ISC is facilitated by the heavy
atom spin-orbital coupling effect [91–93]. Designing these systems via chemical derivatization of a
known heavy atom-free organic triplet photosensitizer is not a decisive way to prepare new
organic triplet photosensitizers because even simple derivatization of the chromophore may
diminish ISC [25, 26]. Heavy atom-free organic triplet photosensitizers with absorption in visible
range are highly desired and remained rare for TTA upconversion system (Figure 4) [36, 87, 94].
An intramolecular spin converter is used to overcome the aforementioned challenges. Both C60

and C70 were also used to construct heavy atom-free triplet photosensitizer, both red-to-green and
green-to-blue upconversions [36, 95, 96].

Figure 3. Optimized structures of BODIPY-ZnPc-C60 triads [85]. (Reprinted by permission of RSC).

Figure 4. Structure of the C60-based dyads as organic triplet sensitizers for triplet-triplet annihilation upconversions [36]
(Reprinted by permission of ACS).
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Lim et al. also reported a supramolecular tetrad bearing covalently linked ferrocene-zinc
porphyrin-BODIPY system coordinated to fullerene that proposed as photosynthetic antenna
reaction center mimicked by performing systematic spectral, computational, and electrochem-
ical studies to evaluate the role of each entity in the photochemical reactions [97].

Even the early studies on evaluation of using fullerene derivatives to generate singlet oxygen.
Even if there was little quantitative data at that time displayed the singlet oxygen generation
by dissolving C60 in polyvinylpyrrolidone (mutagenic for Salmonella strains TA102, TA104, and
YG3003) in the presence of rat liver microsomes followed by the irradiation with visible light
[98]. Singlet oxygen efficiency dependence on the kind and number of addends was also
studied during the early period of fullerene chemistry. The results suggested that efficiency
easy independent from the kind of addends but decreased with an increasing number of the
substituent [99]. A strong correlation was also reported by Prat et al. between triplet properties
and the topology of the fullerene core [100]. Since fullerene chemistry evolved during that
time, several fullerene derivatives were prepared to effectively generate singlet oxygen for
numerous applications [101–104]. For their possible application in photodynamic therapy, a
prototype macromolecule bearing a distyrylbenzene dimer as TPA unit and a [60] fullerene
moiety for singlet oxygen generation endowed with a high two-photon absorption (TPA) cross
section and a high singlet oxygen quantum yield were reported by Collini et al. (Figure 5) [105].
The singlet oxygen generation and photoinduced charge separation of zinc phthalocyanine-
fullerene dyad bearing tetra polyethylene glycol moieties were also reported for PDT applica-
tion [106].

In organic synthesis, oxidation is one of the primary reactions; thus, there has been an exten-
sive research interest devoted on the use of singlet oxygen as photocatalysis in photooxidation
reactions [25, 26, 107, 108]. Huang et al. used energy funneling for the first time with C60-
BODIPY triads and tetrads as dual functional photocatalysis for two different photocatalytic
reactions. They produce juglone via photooxidation of naphthol and superoxide radical ion by
photocatalytic aerobic oxidation of aromatic boronic acids to produce phenol. Reaction time
was also reduced reasonably with this strategy [109]. Novel heavy atom-free triplet photosen-
sitizers to generate singlet oxygen contain one and two light-harvesting antennas as well as

Figure 5. Fullerene-distyrylbenzene conjugate [105] (Reprinted by permission of RSC).
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associated with different absorption wavelengths were successfully designed and synthesized
in our laboratory (Figure 6).
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