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Quantum information processing (QIP), which inherently utilizes quantum mechanical 
phenomena to perform information processing, may outperform its classical counterpart at 
certain tasks. As one of the physical implementations of QIP, the electron-spin based 
architecture has recently attracted great interests. Endohedral fullerenes with unpaired 
electrons, such as N@C60, are promising candidates to embody the qubits because of their 
long spin decoherence time. This thesis addresses several fundamental aspects of the strategy 
of engineering the N@C60 molecules for applications in QIP.  

Chemical functionalization of N@C60 is investigated and several different derivatives of 
N@C60 are synthesized. These N@C60 derivatives exhibit different stability when they are 
exposed to ambient light in a degassed solution. The cyclopropane derivative of N@C60 
shows comparable stability to pristine N@C60, whereas the pyrrolidine derivatives 
demonstrate much lower stability. To elucidate the effect of the functional groups on the 
stability, an escape mechanism of the encapsulated nitrogen atom is proposed based on DFT 
calculations. The escape of nitrogen is facilitated by a 6-membered ring formed in the 
decomposition of the pyrrolidine derivatives of N@C60. In contrast, the 4-membered ring 
formed in the cyclopropane derivative of N@C60 prohibits such an escape through the 
addends.  

Two N@C60-porphyrin dyads are synthesized. The dyad with free base porphyrin exhibits 
typical zero-field splitting (ZFS) features due to functionalization in the solid-state electron 
spin resonance (ESR) spectrum. However, the nitrogen ESR signal in the second dyad of 
N@C60 and copper porphyrin is completely suppressed at a wide range of sample 
concentrations. The dipolar coupling between the copper spin and the nitrogen spins is 
calculated to be 27.0 MHz. To prove the presence of the encapsulated nitrogen atom in the 
second dyad, demetallation of the copper porphyrin moiety is carried out. The recovery of 
approximately 82% of the signal intensity confirms that the dipolar coupling suppresses the 
ESR signal of N@C60.  

To prepare ordered structure of N@C60, the nematic matrix MBBA is employed to align 
the pyrrolidine derivatives of N@C60. Orientations of these derivatives are investigated 
through simulation of their ESR spectra. The derivatives with a –CH3 or phenyl group 
derived straightforward from the N-substituent of the pyrrolidine ring are preferentially 
oriented based on their powder-like ESR spectra in the MBBA matrix. An angle of about o45  
is also found between the directors of fullerene derivatives and MBBA. In contrast, the 
derivatives with a –CH2 group inserted between the phenyl group and the pyrrolidine ring 
are nearly randomly distributed in MBBA. These results illustrate the applicability of liquid 
crystal as a matrix to align N@C60 derivatives for QIP applications.  
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Chapter 1  

Quantum information processing and 

endohedral fullerenes 

1.1 Overview of quantum information processing 

The booming information technology has witnessed the success of Moore’s Law over more 

than half a century. However, if the circuitry packed onto silicon chips continues to shrink as 

expected, it will soon reach the area where determinism of the classical theory becomes 

invalidated. In this context, quantum information processing (QIP) which incorporates 

quantum mechanics and information theory may provide a completely new route towards 

enhanced computation power. In 1985, Deutsch proposed a universal quantum computer 

based on both quantum mechanics and the Turing machine [1]. Such a quantum computer, in 

principle, has many remarkable properties not reproducible by any classical computers and 

may solve some problems effectively intractable to the latter.  
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Deutsch’s proposal intrigued worldwide research interest, and significant progress has 

been achieved since then. In 1994, Peter Shor devised the Quantum Fourier Transform 

algorithm, known as Shor’s algorithm [2]. This algorithm scales only polynomially with the 

size of the problem rather than exponentially as the classical Fast Fourier Transform does. 

As a straight application of Shor’s algorithm, two extremely important problems in 

computation, factoring integers and finding discrete logarithms, could be efficiently resolved 

in a quantum computer [3]. Experimentally, Shor’s algorithm has been demonstrated in a 

nuclear magnetic resonance (NMR) implemented quantum computer [4] and entangled 

photonic qubits (quantum bits) [5,6], by factoring 15 into 3×5.  

1.1.1 Physical implementation of QIP  

To build up a physical system for QIP, there are many realistic concerns to address. In 2000, 

DiVincenzo developed the so-called DiVincenzo criteria, which have been widely accepted 

as the general standards for any physical QIP systems [7]:  

a. A scalable system with well characterized qubits; 

b. The ability to initialize the qubits to a simple fiducial state, such as ...000 ; 

c. Long relevant decoherence times, much longer than the gate operation time;  

d. A ‘universal’ set of quantum gates;  

e. A qubit-specific measurement capability.  

Additionally, two other criteria, known as DiVincenzo desiderata, were also proposed in 

consideration of the transmission of quantum information:  

f. The ability to interconvert stationary and flying qubits;  

g. The ability to faithfully transmit flying qubits between specified locations.  
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To date, several physical systems for QIP have been suggested and explored, although 

none of them matches the DiVincenzo criteria comprehensively. These physical systems 

include NMR [8], ion traps [9], cavity quantum electrodynamics  [10] and quantum dots [11]. 

Among them, NMR has provided a testbed for computing concepts and quantum algorithms 

since the beginning of physical implementation of QIP, and has so far hosted the most 

complex example of quantum algorithms [12].  

In the NMR based QIP, qubits are embodied in the nuclear spins of a molecule [13-15]. 

The energy of a nuclear spin 2
1=I  is split into two levels in an applied magnetic field. A 

qubit can then be defined as a superposition of the two states:  

10 βαψ +=                                                       (1.1) 

where α and β are complex numbers satisfying |α|2+|β|2=1. Under a measurement, the qubit 

gives rise to a result of 0  or 1  at the chance of |α|2 and |β|2, respectively. A single qubit 

can be visualized on the surface of a Bloch sphere (Figure 1.1) when it is described in polar 

coordinates: 

1
2

sin0
2

cos θθψ ϕie+=                                             (1.2)  

The superposition state of a nuclear spin could be relaxed from interactions with the 

environment. Two parameters are traditionally used in NMR to describe the relaxation rate: 

the spin-lattice relaxation time T1, relating to the loss of θ; the spin-spin relaxation time or 

decoherence time T2, relating to the loss of phase φ. In QIP, the decoherence time T2 is 

particularly important because it determines the maximum number of quantum operations on 

a qubit.   
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Figure 1.1: A qubit represented in the Bloch sphere. 

Quantum operations in NMR are realized by applying radio frequency (RF) pulses in a 

specific sequence. One-qubit operations comprise of pulses at a resonant frequency with the 

spins [16-18]. Pulses of a pre-defined duration could move the qubit to a specific point on 

the Bloch sphere. A pulse that rotates the qubit with an angle of 180o, for instance from 0  

to 1 , is a called a π pulse, and one that rotates with an angle of 90o is called a π/2 pulse. 

Two-qubit operations are realized similarly to the one-qubit operations, but a spin-spin 

interaction is essential [19-22]. In NMR, such an interaction is provided by J-coupling, the 

spin-spin interaction mediated by bonding electrons joining the two nuclei.  

The biggest challenge confronted by the NMR based QIP is the preparation of pure states. 

In NMR spectroscopy, ensemble of spins instead of single spin is used due to the limits of 

read-out techniques. Only pseudo-pure states can be initialized, which are statistical mixtures 

of pure states. Because NMR signal strength of the pseudo-pure states decreases 

exponentially with the number of spins, high polarization of nuclear spins is required for 

multiple-qubit system. However, the accessible temperature and magnetic field of NMR 
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restrict the extent of spin polarization given the small nuclear magnetic moments. Therefore, 

the number of qubits that can be processed in the NMR based QIP is fundamentally limited 

[23]. This intrinsic scalability drawback prompts the exploration of other physical systems.  

Electron spins were recommended by Warren [24] as an alternative to nuclear spins for 

QIP. There are several significant benefits of using electron spins as qubits. Firstly, their 

bigger magnetic moment leads to larger energy separation in a magnetic field, which can 

enhance the spin polarization ratio under current experimental limits. Secondly, the gate 

operations are much faster than those for the nuclear spins. A typical electron spin rotation 

normally requires a pulse of about 10 ns, which is much shorter than the 10 μs for nuclear 

spins. In addition, the development in electrically detected magnetic resonance (EDMR) [25] 

and optically detected magnetic resonance (ODMR) [26] techniques may achieve more 

sensitive detection, even single qubit read-out in the future.  

Because electron spin resonance (ESR) and NMR share the same principles, many well-

developed concepts and techniques used in NMR based QIP could be readily transferred into 

the electron-spin based QIP. Loss and DiVincenzo proposed the implementation of a 

universal set of one- and two-qubit quantum operations using electron spins in quantum dots 

[27]. These operations can be realized by gating the tunnelling barrier between neighbouring 

quantum dots. Furthermore, a systematic scheme for the electron-spin based quantum 

computer was also developed. In this scheme, Loss et al. [28] addressed a series of questions 

required by quantum computing, including initialization, read-in, gate operations, read-out, 

coherence, switching times and precision. According to this scheme, a scalable and all-

electronically controlled quantum computer can be envisioned and experimentally realized 

in quantum dots, by resorting to further breakthroughs in the semiconductor technology.  

Despite its advantages, an inherent problem concerned in the electron-spin based QIP is 

the short decoherence time of most electron radicals. The information embodied by the 
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electron spin may decay completely before the processing or read-out is completed. 

Fortunately, the discovery of a family of new molecules, the endohedral fullerenes that 

possess unpaired electrons, sheds new light on the prospective of electron-spin based QIP 

[29-32]. Long decoherence time enough for thousands of quantum operations were observed 

in several endohedral fullerenes [33,34].  

1.1.2 Fullerene based QIP  

In 2002, Harneit proposed a scalable spin quantum computer based on endohedral fullerenes 

[35,36], in particular N@C60 and P@C60. As shown in Figure 1.2, the key points in Harneit’s 

scheme include: 

Firstly, qubits embodied by endohedral fullerenes are set and read-out via pulsed ESR. 

For the endohedral fullerenes of spins S=3/2, a coherent repopulation scheme suggested that 

large spin polarization could be achieved even at room temperature [37].  

Secondly, qubit addressing is realized by local magnetic fields or field gradients (A-gate). 

Endohedral fullerenes usually exhibit different ESR spectrum because of the hyperfine 

splitting caused by electron-nuclear interaction. These different resonant frequencies could 

be utilized to achieve individual addressing.   

 Thirdly, qubit-qubit interaction (J-gate) is mediated by magnetic dipolar coupling, whose 

strength can be adjusted by controlling of its direction with respect to the magnetic field. The 

coupled spins then permit a straightforward way to implement a two-qubit operation (such as 

the controlled-NOT gate), via the execution of a sequence of ESR pulses. Many of the 

sequences have been already established in NMR based quantum computer [38], where the 

spin-spin interaction is provided by J-coupling.  
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Figure 1.2: A scheme for endohedral fullerene based quantum computer proposed by Harneit. Reprinted 
from [35]. 

Harneit’s scheme is in practice subject to several technological restrictions, especially the 

obstacle of single spin read-out. As a preliminary attempt, large molecular ensembles have to 

be used instead and therefore the control of spin-spin interactions has to be considered at the 

molecular level. Based on the rapidly developing fullerene chemistry, Harneit proposed 

molecular chains of endohedral fullerenes by following the key-lock principle. A realistic 

scheme for a hetero-endohedral dimer N@C60-XY-P@C60 was provided by Hirsch [39], 

with X, Y specially designed to react exclusively with each other (Figure 1.3). Such a dimer 

or chain structure can be further aligned to create ordered structure. This approach may 

eventually allow for realization of the quantum cellular automaton of the ABC-type [40], 

where three qubit units (for instance, there different endohedral fullerenes) are repeated to 

form a 1-D array (ABCABC …). In this scheme, the desired operations are achieved through 

global control of the whole array, and it is not needed to address the individual qubit. 

 

Figure 1.3: Schematic views of a hetero-endohedral dimer N@C60-XY-P@C60 constructed by the key-
keyhole principle. Reprinted from [35]. 
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Beyond N@C60 and P@C60, other endohedral fullerenes are also candidates for the 

electron-spin based QIP. A more generalized scheme included any spin-active 

metallofullerenes into the potential family of qubits [41]. Some metallofullerenes being both 

optically active and spin-active, such as Er3N@C80, offer the potential of much more 

sensitive optical addressing and optical read-out [42,43]. In terms of scalability, the 

endohedral fullerenes could be self-assembled into carbon nanotubes, forming one-

dimensional fullerenes arrays or peapod structures [44,45]. The carbon nanotube is an 

excellent host because of its one-dimensional ballistic electron transport [46] and remarkably 

long spin coherence lengths [47]. Moreover, the nanotubes allow for fabrication of 

electrodes, which could be readily integrated into solid-state devices [48]. 

In all fullerene based QIP schemes, functionalization of endohedral fullerenes is essential. 

In Harneit’s scheme, the functionalization provides the chemically linked fullerene dimers or 

chains. In the peapod scheme, the functionalization is essential to control the distance 

between the encapsulated fullerenes. As shown in Figure 1.4, such a control could be 

realized by adding functional groups of the specific length to the fullerenes. Thus, we are 

motivated to explore the functionalization of endohedral fullerenes, which would play a key 

role in the route toward a scalable fullerene based quantum computer. 

 

Figure 1.4: Schematic structure of a peapod structure (top) and a proposed method of increasing the inter-
fullerene separation of peapod systems by use of a fullerene functionalized with a long alkyl chain (bottom). 
Reprinted from [49]. 
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1.2 Functionalization of endohedral fullerenes  

1.2.1 Endohedral fullerenes  

Ever since the discovery of fullerene in 1985 [50], researchers have shown great interest in 

inserting atoms into the soccer-like cage regarding its considerable void size (0.4 nm to 1.0 

nm across) and the perfect shield structure. Actually, it was just a few days after the 

discovery of C60 that La@C60 was detected by mass spectrometry [32]. Since then, the 

family of endohedral fullerenes has expanded in a remarkably rapid manner. Many 

fullerenes, including the non-IPR (isolated pentagon rule) fullerenes, could act as a host to 

enclose a variety of atoms. An incomplete list of these hosts includes C60, C70, C74, C78, C82 

and C84. Based on the number and nature of the encapsulated atoms, most of the endohedral 

fullerenes can be roughly divided into five groups:  

Non-metallic Endohedral Fullerenes 

In this group, only non-metallic atoms are encapsulated in a fullerene cage, such as He@C60, 

H2@C60, N@C60, P@C60, N@C70 and P@C70.  

Mono-endohedral Metallofullerenes 

Only one metallic atom is encapsulated into the carbon cage. Most of the monometallic 

endohedral fullerenes enclose group II or group III elements (including the Lanthanides), 

such as Gd@C82, La@C82, Y@C82 and Sc@C82.  

Multi-metallic Endohedral Fullerenes 

Some cages accommodate more than one metal atoms, such as La2@C72, Sc2@C74,Y2@C82, 

Er2@C82 and Sc3@C82.  
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Trimetallic Nitride Template (TNT) Endohedral Fullerenes  

Clusters consisting of three metal atoms and one nitrogen atom could be encapsulated in a 

fullerene cage as well. The metal atoms could be the same, as in Sc3N@C80, Y3N@C80; or 

different as in ErSc2N@C80, Er2ScN@C80 and LxLu3-xN@C80 (L is one element from Sc, Er, 

Gd and Ho; x = 0, 1, 2).  

Metal Carbide Endohedral Fullerene 

This group encloses clusters of metal carbide. Sc2C2@C84, which is originally claimed as 

Sc2@C86, has been later clarified by NMR [30]. Other metal carbide endohedral fullerenes 

include Sc2C2@C82 and Y2C2@C82.  

Except for the non-metallic endohedral fullerenes of the first group, all those endohedral 

fullerenes of at least one metal atom are traditionally known as metallofullerenes (EMFs). 

Up to date, exploration of new endohedral fullerenes enclosing different atoms remains 

active in the fullerene field, in the purpose of searching for novel materials that may find 

applications in biomedicine or molecular electronics. 

The electronic structure of endohedral fullerenes relies mainly on the nature of the atoms 

encapsulated in the carbon cage. In fullerenes with group V elements or inert gas atoms, 

such as N@C60, P@C60 and He@C60, the encapsulated atoms are virtually independent from 

the cage and do not significantly perturb electronic structure of the original fullerene. In 

most EMFs, electrons are transferred from the metal atoms to the cage, which can be 

generally represented as Mn+@(C2k)n- (n spreads normally from 1 to 6).  

1.2.2 Functionalization of EMFs 

Although the chemistry of fullerenes is already well established, EMFs have not been 

studied as extensively as C60 in functionalization schemes. One of the reasons is that most 
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EMFs involve lower symmetry cages, such as C82 and C80. Chemistry on these cages usually 

gives rise to a number of isomers and complex multiple adducts. Functionalization protocols 

applied on EMFs are summarized in Figure 1.5. These reactions include Diels-Alder [4+2] 

cycloadditions [51,52], [3+2] cycloadditions [53-56] and [2+1] cycloadditions such as the 

Bingel-Hirsch reaction [57-59]. In addition to these cycloadditions, free radical reactions and 

other miscellaneous schemes have been reported in the fluorinated derivative of trimetallic 

nitride template (TNT) metallofullerene Sc3N@C80(CF3)16 [60] and the chlorinated 

derivatives of the missing fullerenes La@C74(C6H3Cl2) [61] and La@C80(C6H3Cl2) [62]. In 

the chemistry of EMFs, the atoms encapsulated inside the carbon cage exert important 

effects on the reactivity and the addition pattern [63,64].  

 

Figure 1.5: Chemical functionalization routes for EMFs. Reprinted from [65].  

Further to covalent bonding, non-covalent interactions present an attractive route toward 

the assembly of arrays of endohedral fullerenes. These interactions include hydrogen-
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bonding, van der Waals interactions, π-π stacking interactions and coordination chemistry. 

Porphyrins, cyclodextrins, calixarenes and other macrocycles can be complexed with 

fullerenes to create supramolecular arrays [66-68].  

1.2.3 Derivatives of La@C82  

The three major spin-active EMFs, La@C82, Y@C82 and Sc@C82 exhibit decoherence time 

long enough for QIP. T2 greater than 200 μs has been recently achieved for all these 

fullerenes under optimized temperature and solvent [34]. However, only La@C82 has been 

widely explored in terms of chemistry.  

With the symmetry of C2V, there are 24 non-equivalent carbons and 19 non-equivalent 

[6,6] junctions in La@C82. Therefore, several isomers were usually identified in the 

functionalization of La@C82 through analysis of ESR spectra. In the early reports, no 

structural details were resolved because of the lack of complete separation. The first 

functionalization on La@C82 was performed in 1995 by Akasaka et al. [69]. Both disilirane 

[69,70] and digermirane [71]  were functionalized into La@C82 through photochemical and 

thermal addition. A higher reactivity of La@C82 was observed in both additions compared 

with empty fullerenes. This finding is consistent with the theoretical calculations that 

La@C82, as well as Y@C82 and Sc@C82, are stronger electron donors and stronger electron 

acceptors than C60 and C70 [72]. In addition, the first derivative with a C-C bond derived 

from La@C82 was synthesized in the reaction of La@C82 with diphenyldiazomethane 

(Ph2CN2) [73].   

Application of high performance liquid chromatography (HPLC) enables the complete 

separation of La@C82 derivatives. In 2002, 7 isomers of perfluoroalkylated La@C82 

(La@C82-(C8F17)2) were separated for the first time, although no structural information was 

revealed [74]. Later, Akasaka et al. made more progress in the [3+2] cycloaddition of 
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La@C82. Pyrrolidine derivatives of La@C82 were firstly synthesized through addition of an 

azomethine ylide to La@C82 [75]. The addition was found to be efficient and relatively 

regioselective, where the two major derivatives, a monoadduct and a bisadduct, were 

separated with the abundance ratio of ~1:0.4.  

Because of its open-shell structure, La@C82 is different from empty fullerenes in the 

Bingel-Hirsch reaction [76,77]. Among the 5 isomers of the monoadducts, only one 

preserves the unpaired electron of pristine La@C82, while all the rest is spin-silent. The 

paramagnetic isomer possesses a cyclic moiety between the appended malonate group and 

the fullerene cage, analogous to the conventional Bingel-Hirsch adducts. In contrast, the 4 

spin-silent isomers have a single bond linked between the appended group and the carbon 

cage. All the isomers were characterized by NMR techniques, and remarkably, the structure 

of one single bonded derivative was unambiguously determined by X-ray crystallographic 

analysis.  

A highly regioselective reaction carried out on La@C82 is the carbene addition with 2-

adamantane-2,3-[3H]-diazirine [78]. The exclusive derivative was characterized by single 

crystal X-ray diffraction. The La atom stays at a single site near the end of the molecule and 

its position remains surprisingly constant over a wide temperature range from 90 K to 293 K. 

This derivative should have an open structure, because the distance between the two sp3 

carbons (2.097 Å) is longer than a normal C-C bond of the fullerene cage (around 1.4 Å). 

Another highly regioselective reaction performed on La@C82 is the [4+2] cycloadditions 

with cyclopentadiene, where only one derivative was identified by both HPLC and ESR 

spectroscopy [79]. An additional advantage of this reaction is its reversibility, which could 

be employed to control addition pattern of the second reaction on La@C82.  

The exohedral groups may invoke significant electronic changes to La@C82. In terms of 

spin properties, the effects of functionalization on La@C82 are summarized as follows: 
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Firstly, the unpaired electron of La@C82 can be quenched as a consequence of the 

functionalization. When a covalent bond is derived, only one electron is diverted away from 

the originally unpaired electron system of La@C82. If the number of single bonds is odd, the 

derivative would have even number of electrons and become spin-silent. A typical example 

is the 4 diamagnetic monoadducts in the Bingel-Hirsch reaction of La@C82 [77]. Therefore, 

to reserve the open-shell structure in La@C82 derivatives, either an even number of single 

bonds or cycloadditions must be applied [69,78,79].  

Secondly, a shift in the hyperfine coupling constant (hfc) of the encapsulated metal is 

usually observed in La@C82 derivatives. Because hyperfine coupling is the interaction 

between electron spins and nuclear spins, a shift in hfc to some extent reflects the electron 

density deviation induced by the addends. Larger hfc (1.5-1.9 G) is observed in all isomers 

of the disilirane and digermirane derivatives of La@C82 (hfc of La@C82 is 1.15 G) [69-71]. 

The hfc in pyrrolidine monoadduct is analogous (1.14-1.17 G) [73], but decreases in the 

carbene derivative (0.89 G) [78]. Additionally, it becomes slightly larger in the bisadduct of 

pyrrolidine derivative (1.2 G) [75], but significantly larger in bisadduct of perfluoroalkylated 

La@C82 (3.7-3.8 G) [74].  

1.3 Endohedral nitrogen fullerenes 

1.3.1 Electron spin properties  

Endohedral fullerene N@C60 has attracted much attention because of its special molecular 

structure: a C60 cage enclosing atomic nitrogen [80,81]. The stability mechanism of the 

reactive nitrogen atom was investigated theoretically through quantum chemical calculations 

[82]. It was found that high energy barrier blocks nitrogen from bonding with or from 
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passing through the fullerene cage, which demonstrates that N@C60 is structurally, rather 

than chemically, inert due to the rigidity of the fullerene cage.  

The spin-active 14N@C60 has a spin system analogous to nitrogen atom. Three electron 

spins S = 3/2 are coupled to the 14N nuclear spin I = 1, with the Hamiltonian in high field 

approximation of: 

ISISH zIze
ˆˆˆ ⋅⋅+−= Aωω                                         (1.3) 

where h/0Bg Be μω = , h/0Bg NNI μω = , μB is the Bohr magneton, μN is the nuclear magneton, 

B0 is the magnetic field strength, and A is the hyperfine interaction tensor. The system 

results in a 12-level structure as shown in Figure 1.6. Although nine transitions are permitted 

according to the selection rules, the electron spin transitions 1=Δ SM within the S=3/2 

multiplet are nearly degenerate given their small difference of 26 KHz [83] that usually falls 

within the spectrometer resolution limits. Therefore, three distinct transitions due to electron-

nuclear spin coupling are usually observed in the continuous wave (CW) ESR spectrum of 

N@C60. Only when a high resolution spectrometer is applied, can the degeneracy be lifted 

and all nine transitions be resolved. In that case, line broadening caused by inhomogeneous 

magnetic field in the spectrometer falls short of the intrinsic linewidth and therefore the 

second order corrections take effects. The hyperfine coupling constant (hfc) of N@C60 is 

approximately 50% larger than that of the free nitrogen atom. This increase of hfc is 

explained by a compressing effect imposed by the carbon cage on the encapsulated nitrogen. 

Hyperfine interaction with 13C nuclei in the carbon cage is also observed. However, based on 

the small hfc (34 kHz) [84], approximately only 2% of the electron wave function of 

nitrogen spreads onto the fullerene cage. This finding indicates that the unpaired electrons of 

N@C60 are highly localized on the nitrogen atom. 
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Figure 1.6: Energy level diagrams and the allowed transitions for 14N@C60. 

N@C60 exhibits excellent magnetic properties because of the shielding effect provided by 

the carbon cage [80,84,85]. Because of its high symmetry, the relaxation pathways of 

electron spin are different in N@C60. For most high spin (S≥1) systems, relaxation induced 

by fluctuating zero field splitting (ZFS) is usually the dominant mechanism. However, an 

Orbach relaxation mechanism, via the first excited vibrational state of the fullerene molecule, 

is found for N@C60 by temperature dependence studies [33]. Remarkably, N@C60 exhibits 

the longest decoherence time among any molecular radicals. The T2 of 250 μs at 170 K 

allows more than 104 high fidelity quantum gate operations to be performed [33,86]. 

Moreover, its decoherence time reaches as long as 80 μs even at room temperature, which 

shows great prospect for practical applications.  

Several recent experiments have demonstrated the feasibility of using 14N@C60 or its 

isotopic brother 15N@C60 as qubits in the electron-spin based QIP scheme. Firstly, high-

fidelity one-qubit operations were successfully realized on the electron spins of N@C60 by 
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applying composite pulses [87]. These high fidelity operations fall within the coherence time 

requirements for the application of quantum error correction, although they are still limited 

by pulse phase quality in the existing spectrometers. Secondly, coherence of the nuclear spin 

qubit was maintained for an arbitrary period through the quantum bang-bang control [88,89]. 

In this strategy, ultrafast phase gates on the nuclear spin are repeatedly applied by driving 

the coupled electron spins around a closed cycle. These fast phase shifts can lock the nuclear 

spin to a given state and effectively suppress its unwanted coupling to the environment. 

Finally, coherent state transfer between the electron spins and the nuclear spins has been 

recently achieved through a two-way transfer process with 88% fidelity [90]. This hybrid 

scheme provides a solution to effectively turn on or turn off interactions between two 

neighbouring electron spins.  

1.3.2 Synthesis and purification  

There are two well established methods to synthesize N@C60: ion implantation and glow 

discharge, plus the newly reported method of electron cyclotron resonance. Ion implantation 

is the method through which N@C60 was firstly discovered in 1996 [80], and remains as a 

method with relatively decent yield (10-4 to 10-5). The glow discharge method uses high 

electrical field to ionize the nitrogen gas instead of an ion source [81], but its yield is usually 

an order of magnitude lower than for ion implantation. Electron cyclotron resonance is a new 

technique that generates plasmas by application of microwave radiation to a nitrogen gas in 

the presence of a magnetic field [91]. The N2 was ionized and a yield of 3×10-4 for N@C60 

was reported under the optimized conditions. However, it is not clear whether this method 

can scale up and produce comparable amounts with the other two established methods.   

In most applications of N@C60, samples of large molar ratio of N@C60 to C60, or even 

pure N@C60 are required. Therefore, multi-stage HPLC is usually employed to enrich 
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N@C60 from the crude products. The enrichment process is labourious because of two 

obstacles: the very low production yields of N@C60 for current methods, and the fact that 

C60 and N@C60 are almost chemically identical. Nevertheless, an almost complete isolation 

of N@C60 with a purity of higher than 99% has been achieved via a combination of multiple 

injections and recycling HPLC by several groups including ours [92-94]. 

1.3.3 Functionalization of endohedral nitrogen fullerene  

N@C60 resembles C60 in reactivity. All reactions performed on N@C60 have been transferred 

from those well developed on C60. However, functionalization of N@C60 is practically 

restricted by two obstacles. The first one is the difficulty in producing the material at a scale 

normally required to carry out a chemical reaction. The second and equally formidable one is 

the lower thermal and photolytic stability of N@C60. Because most reactions applied to C60 

are either thermally- or photolytically-activated, N@C60 is not as robust as C60 to survive 

these harsh conditions.  

The reported derivatives of N@C60 are summarized in Figure 1.7. These derivatives are 

functionalized with exohedral 3- to 6-membered ring groups. The cyclopropanated 

derivative 1 was the first derivative of N@C60 synthesized through Bingel-Hirsch reaction 

[81] and the hexaadduct N@C66(COOC2H5)12 [95] was similarly obtained with excessive 

diethyl bromomalonate. The epoxide derivative 2 was oxidized from N@C60 by H2O2 in the 

presence of MeO3Re under ambient conditions for 12 hours [96].  

The pyrrolidine derivatives were simultaneously synthesized by Franco et al. [97] and by 

our group [98] through the Prato reaction. Refluxing of N@C60 with formaldehyde and N-

methylglycine under the protection of nitrogen gas affords the derivative 4. Following the 

same scheme, other pyrrolidine derivatives including derivatives 5 and 6, can be synthesized 



CHAPTER 1               Quantum information processing and endohedral fullerenes 

 

 19

by using corresponding aldehydes. These Prato reactions afforded decent yields, for instance, 

a yield of  31% for derivative 5 [98].  

 

Figure 1.7: Schematic views of currently reported N@C60 derivatives. 

Derivative 7 with a 6-membered ring group and derivative 8 with a bicyclic group were 

both achieved by following the established schemes for C60 [97]. In addition to these 

derivatives synthesized through thermally activated chemistry, derivatives from 

photochemical synthesis have been reported as well. Derivative 3 was a product of bis-

silylation of N@C60 under ultraviolet excitation [99]. 

Compared with the wide scope of C60 derivatives, hardly any adducts with functional 

groups other than an exohedral ring have been reported for N@C60. The reason is partly due 

to the limited amount of available N@C60 for chemistry, and therefore more work on the 

production and purification of N@C60 is necessary.  

In terms of purity of these N@C60 derivatives, it is important to clarify that none of them 

was ever separated from the corresponding C60 derivatives. Up to date, all claimed reactions 
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on N@C60 were actually performed on the N@C60/C60 mixture (usually with a molar ratio 

lower than 0.01). The restriction in purity of the starting materials gives rise to two major 

concerns in N@C60 chemistry. The first one is the reactivity. It has been proved that the 

endohedral nitrogen atom in N@C60 brings little modification to the electronic structure of 

the carbon cage [80,81]. Therefore, it is usually assumed that N@C60 exhibits a similar 

reactivity to C60 in reactions. Although this assumption is partly supported by the successful 

transfer of reactions from C60 to N@C60, it has not been proved yet by conclusive 

experimental results. In principle, such proof could be found by a comparison of the nitrogen 

filling ratio in the starting materials and that in the derivatives. However, the problem 

becomes complicated in practice because of the decomposition of N@C60 in most reactions. 

Equal reactivity of N@C60 and C60 was firstly reported in parallel with the doubtful claim 

that no change in nitrogen filling ratio was observed in the Bingel-Hirsch reaction [95]. In 

contrast, a significantly lower reactivity of N@C60 was claimed in its photochemical reaction 

with disilirane [99]. Akasaka et al. found a higher nitrogen filling ratio for the unreacted 

N@C60/C60 than for the starting materials, and deduced a relative reactivity of N@C60 to C60 

equalling to 0.7 [99]. Due to the low purity of N@C60 and the accuracy limits of quantitative 

ESR analysis, further work is necessary to fully understand the reactivity of N@C60. 

Additionally, the instability of N@C60 causes extra trouble when the nitrogen filling ratio is 

compared. In contrast to the earlier claims that all the electron spins were recovered after the 

reaction [95], obvious loss of spin signal was found in later studies [98,100].  

The other concern in N@C60 chemistry is the full characterization of N@C60 derivatives. 

The presence of nitrogen in the derivatives can be hardly detected by mass spectroscopy due 

to both the low purity of N@60 and its possible decomposition during the acquisition. 

Therefore, the existence of N@C60 derivatives is currently established by ESR spectroscopy. 

Firstly, the corresponding C60 derivatives are purified and fully characterized by 
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conventional methods such as MS, NMR and UV-vis. Secondly, the reaction is transferred to 

N@C60/C60 mixture and the derivatives are accordingly isolated. Thirdly, the presence of 

N@C60 derivative would be confirmed by the characteristic features in the solution ESR 

spectrum of the product mixture.  

1.3.4 N@C60 dimers  

In Harneit’s scheme for endohedral fullerenes based quantum computer [35], a hetero-

endohedral dimer N@C60-XY-P@C60 was proposed based on the chemical key-keyhole 

principle. Although synthesis of the hetero-endohedral dimer has not been reported yet, 

some encouraging progresses have been made over the last decade. 

Firstly, many fullerene dimers were synthesized with different bridging groups. To 

control the strength of dipolar coupling that is essential in QIP, it is important to tune the 

centre-to-centre distance between the two fullerene cages. Figure 1.8 shows some dimers of 

different separation distance [101]. The shortest distance of 9.4 Å corresponds to the directly 

bonded dimer. The longest distance of 14.8 Å corresponds to the dimer with a polycyclic 

bridge moiety. By following this strategy, the inter-fullerene spacing is modulated by at least 

57%, and this is not the limit. Other chemical groups can afford even larger spacing between 

the fullerene cages [102].  

Secondly, fullerene dimers with half-filled moiety have been synthesized as a preliminary 

step toward the final hetero-endohedral dimer. Three examples are shown in Figure 1.9. 

N@C60-C60 (dimer 1) was the first half-filled fullerene dimer [103], where the two fullerene 

moieties are joint by directly linked cycloaddition bond in the centre. Dimer 1 was prepared 

through a mechano-chemical synthetic approach, where mixtures of N@C60/C60 are milled 

together. However, the method affords low yields and lacks control of the dimer structure. 
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Figure 1.8: Comparison of the centre-to-centre distance between fullerene cages, for experimentally 
synthesized, covalently bonded dimers with a variety of bridge molecules. All distances are quoted in units 
of Å. Reprinted from [101].  

 

Figure 1.9: Schematic views of N@C60-C60 dimers. 
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The N@C60-C60 dimer joint by cyclo[2]malonate (dimer 2) was recently produced 

through the Bingel-Hirsch reaction [100]. With the intention to prepare the hetero-fullerene 

dimer, a two-step strategy was adopted (Figure 1.10). In the first step, only one of the 

malonate groups was reacted with the fullerene to give the monomer as the dominant 

product. The remainder malonate group in the monomer was then reacted with another C60 

fullerene (different fullerenes could be used to afford the hetero-fullerene dimer). With a 

decent yield for each step, a final yield of 18% was achieved. 

 

Figure 1.10: A two-step synthetic strategy for the N@C60-C60 dimer. Adapted from [100]. 

Thirdly, the synthesis of dimer 3 marks another significant progress [104]. The N@C60-

azo-C60 dimer was prepared using bis-aldehyde 4, 4-azobenzaldehyde through the Prato 

reaction. When the scheme was firstly applied on C60, the 2-day reaction afforded the C60-

azo-C60 dimer with a yield of 95%. Nevertheless, the reaction time was reduced to 
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approximately 2 hours when it was performed on N@C60/C60 in order to minimize the 

decomposition of encapsulated nitrogen atom. Under this condition, the 30% yield for the 

half-filled dimer N@C60-azo-C60 is still higher than the overall yield for dimer 2. Moreover, 

the two-step strategy could be similarly incorporated into this scheme to produce a hetero-

fullerene dimer of 14N@C60-azo-15N@C60. 

Dimer 3 exhibits the photoisomerism features inherited from its azobenzene moiety. 

Upon irradiation with UV or visible light, the dimer can switch between the trans- and cis-

configurations (Figure 1.9). The two isomers demonstrate different rotational correlation 

time τc. Using pulsed ESR techniques, τc = 37.2±1.6 ps was measured for the trans- and τc = 

34.8±2.7 ps for the cis-isomer. The difference is consistent with the fact that the trans-

isomer is bulkier in space than the cis-isomer. The photoisomerism of dimer 3 demonstrated 

in principle the feasibility of modulating the separation distance between the fullerene cages 

and hence the spin-spin interactions in the same molecule.   

1.3.5 ESR spectroscopy of N@C60 derivatives  

Due to its high sensitivity, ESR spectroscopy is not only a critical characterization technique, 

but also a powerful tool to study the spin properties of N@C60 derivatives. 

Hyperfine coupling A change in hyperfine coupling constant (hfc) reflects the electron 

density deviation induced by the addends. Hfc of the hexa-adduct N@C66(COOC2H5)12 is 

about 0.7% smaller than that of the pristine N@C60 [95]. Such a change results from the 

enlargement of the carbon cage in the hexa-adduct, which is supported by analysis of the X-

ray single crystal structure of C66(COOC2H5)12 [105]. The hfc decreases slightly in dimer 1 

(in Figure 1.9) as well [103], but it remains nearly constant in derivatives 5-7 (in Figure 1.7) 

with 5- or 6-membered or bicyclic ring groups [97].  
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Fine structure Fine structure is observed in the ESR spectrum of all the known 

derivatives of N@C60. In pristine N@C60, the nitrogen atom is located exactly at the centre 

of C60 and its three p orbitals are degenerate due to the high symmetry of the cage. When 

functional groups are attached, the carbon cage would be distorted and the molecular 

symmetry is correspondingly lowered. Consequently, the degeneracy of the three p orbitals 

is removed in N@C60 derivatives and fine structure appears in their solid state ESR spectra. 

The spin Hamiltonian of N@C60 derivatives with zero field splitting (ZFS) term is then 

represented by: 

SSISISH zIze
ˆˆˆˆˆ ⋅⋅+⋅⋅+−= DAωω                                  (1.4)   

Where D is the ZFS tensor, and is traditionally converted to two parameters D and E by 

2/3zD =  and 2/)( xyE −= (x, y, z are the eigenvalues of D).  

The value of D is subject to the chemical structure of the N@C60 derivatives. It increases 

in order in the 3- (6.1 MHz) to 4- (14 MHz) and 5-membered rings fused derivatives (17.2 

MHz), but decreases in the 6-membered ring fused derivative (16.2 MHz) [97]. This trend is 

related to the geometrical angle θ of the bond joining the functional group and the carbon 

cage (defined in Figure 1.11). The maximum D corresponds to the angle of 104o, which is 

close to the angle between the radial p orbital of the carbon atom and [6, 6] bonds in pristine 

fullerene (101.6o). In this geometry, the fullerene cage would be distorted to the maximum 

extent. As shown in Figure 1.11, the electron density of the encapsulated nitrogen is 

distorted to an elongated pear-shape in the 5-membered ring derivative, while it maintains a 

nearly spherical shape in the 3-membered ring derivative.  
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                                   (a)                                                      (b) 

Figure 1.11: Calculated endohedral electron density in two N@C60 derivatives. (a) A cyclopropanated 
derivative; (b) Pyrrolidine derivative 4. Inset: angle between the appended bond and the [6, 6] bond. 
Reprinted from [97]. 

Linewidth and relaxation time Linewidth of N@C60 derivatives is usually increased in 

the powder ESR spectra. The broadening might be attributed to either the anisotropic dipolar 

interaction between the nitrogen spins and protons of the addends, or the nonvanishing ZFS 

effects caused by matrix-induced cage distortion [95]. In a comparative experiment, Hirsch 

et al.[95] demonstrated that deuteration of the addends reduced significantly the linewidth 

measured in powder spectra. This observation indicates that the linewidth broadening of 

N@C60 derivatives in powder spectra is mainly caused by the electron-nuclear dipolar 

interactions.  

For N@C60 derivatives in solution, the functional groups affect relaxation time of the 

nitrogen spins. As shown in Table 1.1, relaxation times in solution for all the derivatives are 

shorter than those for pristine N@C60. In the pyrrolidine derivatives of N@C60, the ‘outer’ 
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transitions usually decay faster than the ‘inner’ one [98]. To account for this difference, 

fluctuating ZFS was proposed as the dominant relaxation mechanism in N@C60 derivative 

solutions [98]. With this approach, the molecular correlation time and the ZFS parameters 

could be simultaneously deduced from the relaxation behaviour. 

Table 1.1：  Relaxation and correlation time of N@C70, N@C60 and derivatives of N@C60 at room 
temperature. (a is cited from [95], b from [98] and c from [104].) 

 Solvent T1  (μs) T2 (μs) τ (ps) 
aN@C60 toluene 120±2 50±1 11 
aN@C70 DCM 133±5 40±5 15 

aN@C61(COOC2H5)2 toluene 78±5 13±2 25 
aN@C66(COOC2H5)12 toluene 116±3 24±2 20 

bN@C69H10N2O2 CS2 
8.0±0.4 (inner) 

26.9 ±1.2 (outer) 

12.3±0.7 (inner) 

2.8±0.3 (outer) 
31.4±2.5 

cN@C60-azo-C60 (trans-) CS2 
15.9 (inner) 

55.7 (outer) 

24.7 (inner) 

4.6  (outer) 
37.2±1.6 

cN@C60-azo-C60 (cis-) CS2 
14.8 (inner) 

51.0 (outer) 

22.9 (inner) 

4.6 (outer) 
34.8±2.7 

       

 1.3.6 Further prospects on N@C60 derivatives for QIP  

Several fundamental aspects have to be addressed when N@C60 derivatives are considered 

for QIP. Firstly, stability of the encapsulated nitrogen is the above-all concern in any 

applications of N@C60. The unique spin properties of N@C60 would be lost, had the 

endohedral nitrogen atom escaped from the fullerene cage. For the N@C60 derivatives, the 

stability might be further affected by the functional group.  

Secondly, spin-spin interactions between endohedral fullerenes have to be investigated in 

order to achieve the two-qubit operations. Synthesis of hetero-endohedral dimers (for 

instance, 14N@C60-15N@C60) is essential, but it remains a huge experimental challenge 

because of the restrictions of availability in starting materials. In addition to the efforts to 
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produce adequate N@C60, exploration of N@C60 derivatives with other spin-active groups 

could provide preliminary insights on the spin-spin interactions before the synthesis of 

14N@C60-15N@C60 is eventually achieved.  
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Chapter 2   

Methodology 

This chapter provides an overview of the experimental techniques used through the thesis, 

and the quantum chemical calculations that underpin the experimental results. 

2.1 Experimental techniques 

2.1.1 Ion implantation 

There are two well-established methods to synthesize N@C60: ion implantation and glow 

discharge. The N@C60 used in this work was produced using the ion implantation method 

[80]. Figure 2.1 shows a schematic representation of the ion implantation apparatus in our 

laboratory.  In a typical operation, approximately 1 g of C60 is put into the effusion cell 

inside the vacuum chamber, which is evacuated at a pressure of ∼10-6 Torr. The effusion cell 

is heated at around 500 °C. Under these conditions, the C60 is continuously sublimed inside 

the chamber and condensed onto the water-cooled copper target, which is located at 45 ° 

angle to both the effusion cell and the nitrogen ion source. Simultaneously, the resultant C60 

film is bombarded with N+ ions produced by the ion source. Those ions of appropriate 
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energy are then encapsulated by the fullerene cage. Typical values for the beam energy and 

beam current are set to be 40 eV and 500 μA, respectively [106].  

 

Figure 2.1: Schematic representation of the ion implantation apparatus used for production of N@C60. 
Based on the schematic drawing in [107]. 

At the end of the implantation operation, the copper target will be covered with a 

fullerene wafer several tens of micrometers thick. The wafer is subsequently extracted by an 

organic solvent such as CS2 or toluene, and the solution is filtered after being ultrasonicated 

for about half an hour. Normally between 60% and 70% of the soot could be dissolved by 

CS2, and the insoluble solid comprises polymerized fullerenes and destroyed fullerene cages. 

The filtered solution is measured by ESR spectroscopy to estimate the yield. The ratio of 

N@C60/C60 in the crude sample falls in the range of 10-4 to 10-5, which normally requires 

post-processing to enrich N@C60 for further experiments. 

2.1.2 High performance liquid chromatography 

High performance liquid chromatography (HPLC) is a chromatographic technique especially 

useful in the separation and purification of fullerenes and their derivatives. It offers the 
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advantage of greatly reduced operation times, high reliability and integrated preparative and 

analytical functions. 

The core principle of HPLC is the same as other forms of liquid chromatography. The 

eluent (a solvent or a mixture of different solvents) is the mobile phase and carries the 

sample through a column filled with solid stationary phase (powder or gel). The compounds 

in the sample interact differently with the stationary phase, resulting in different retention 

times when they pass through the column. The compounds are then separated out into 

different fractions according to the retention times. Depending on nature of the stationary 

phases, these interactions are governed by molecular weight, size, polarity, or structural 

isomerism. [108]. 

HPLC incorporates extra functional components, such as a pump and a detector, 

compared to standard column chromatography. The pump provides a steadily high pressure 

that drives the eluent through the column in a short time. The detectors, usually connected to 

a computer, can quantify the compounds that pass through the column and provide real time 

monitoring of the processing. The detection methods include traditional UV-vis absorption 

and fluorescence, as well as new techniques such as chemiluminescence, mass spectrometry 

and proton nuclear magnetic resonance (NMR) [108]. Furthermore, the HPLC apparatus also 

provide a ‘recycling’ function that could re-inject the sample eluted from the column 

immediately into the column for another pass. This function is essential for the separation of 

compounds of very similar structures, which stand closely in retention time in one pass. For 

instance, N@C60 usually differs from its counterpart C60 in retention time by less than half a 

minute. Several ‘recycling’ passes could widen this gap to make an effective cut-off of their 

otherwise overlapping peaks. This is the reason why the enrichment process of N@C60 is 

laborious and time-consuming.  
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The densely packed column is the most important component of HPLC. In our laboratory, 

the main columns used for separation of fullerenes are Buckyprep, Buckyprep-M, 5PBB and 

5PYE. These columns, with the trade mark of Cosmosil® (Naclai Tesque, Japan), are 

categorized to the normal phase chromatography operating with a polar stationary phase 

(silica) and less polar mobile phase (usually toluene). The silica in these columns is 

functionalized with different molecular groups to suit the separation of specific fullerenes. 

Details of the stationary phase of these columns are shown in Figure 2.2. The average silica 

sizes are 5 μm in all the four columns.  

 

Figure 2.2: Stationary phases of the four commonly used HPLC columns for separation of fullerenes 

The 5PYE column, with silica gel chemically bonded with 2-(1-pyrenyl)ethyl group, is 

widely used for separation of compounds with similar structure, such as isomers. The other 

three columns, Buckyprep, Buckyprep-M and 5PBB, were developed especially for 

preparative separation of fullerenes. The Buckyprep column, with 3-(1-pyrenyl)propyl 

groups bonded to silica gel,  can be used to separate a variety of fullerenes including higher 
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fullerenes and metallofullerenes. The 5PBB column with pentabromobenzyl groups is useful 

for preparative separation of fullerenes, and is particularly efficient for the enrichment of 

N@C60. Buckyprep-M column, with phenothiazinyl groups, is a newly developed column 

for separation of metallofullerenes. This column is also very effective for separation of 

functionalized fullerenes.  

2.1.3 Mass spectrometry 

Mass spectrometry (MS) is an analytical technique used to determine the molecular weight 

through measuring the mass-to-charge ratio (m/z) of charged particles [109]. It is widely 

used to identify new species of fullerenes and endohedral fullerenes. In an operation of MS, 

the sample is firstly vaporized and converted into ionized molecules or fragments. The ions 

are subsequently separated in an electromagnetic field according to their masses. Finally, the 

ions are analyzed (normally quantitatively) in the detector and the ion signal is processed 

into mass spectrum.  

Several different techniques are used to create molecular ions: electrospray ionisation 

(ESI), electron impact ionisation (EI) and matrix-assisted laser desorption ionisation 

(MALDI). The ionisation technique must be carefully chosen in consideration of its 

applicability to the subject molecules. For instance, ESI is usually used for analysis of 

molecules with medium to high polarity, such as amino, aldehyde and carboxylate 

compounds. MALDI has been traditionally used for analysis of large biomolecules. In this 

technique, laser pulses are used to simultaneously vaporize and ionize the molecules. The 

matrix is essential because it prevents the sample from direct exposure to laser and therefore 

keeps the molecules intact. For analysis of fullerene derivatives, MALDI with trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) as the matrix is widely 

applied.  
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2.1.4 Ultraviolet-visible spectroscopy 

Ultraviolet-visible spectroscopy (UV-vis) refers to absorption spectroscopy in the ultra-

violet, visible and near infra-red spectral region. In the present work, the absorption 

spectroscopy was performed with a JASCO V-570 UV/VIS/NIR spectrophotometer. The 

sample is irradiated with light in visible and the adjacent ranges, and it absorbs photons of 

the incident beam when the wavelength matches an electronic transition in the molecule. 

Transitions measured in this way are those from the ground states to the excited states. For 

organic compounds, the electronic transitions occur normally in three types of electrons: σ 

electrons of the s orbital, π electrons of the p orbital and n electrons of the lone pair. Possible 

transitions include σ→σ*, π → π *, n →σ* and n → π *. Most fullerenes possess unique 

optical absorption spectrum that is usually used as ‘fingerprinting’ for identification.  

In addition to qualitative application, UV-vis is also used for quantitative analysis. The 

Beer-Lambert law manifests the relation of absorbance with the sample concentrations: 

clIIA ⋅⋅=−= ε)/(log 010                                                       (2.1) 

where A is the absorbance, I0 is the intensity of the incident light at a specific wavelength, I 

is the intensity of light transmitted through the sample, ε is the molar extinction coefficient, l 

is the path length of the sample and c is the concentration of the sample. At a given 

temperature, pressure and wavelength, ε keeps constant as a fundamental molecular property. 

Therefore, equation 2.1 establishes the foundation for quantitative analysis. In practice, 

equation 2.1 is only applicable to samples at low concentrations where intermolecular 

interactions are negligible.  
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2.1.5 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for structural 

characterization of organic molecules [109]. It applies to molecules containing nuclei of non-

zero nuclear spin. Under an external magnetic field, angular momentum of a nuclear spin is 

quantized and each state is ascribed with a magnetic quantum number, m. C and H are the 

two common elements in most organic molecules, and both 13C (with a natural abundance of 

1.1%) and 1H have a spin number I = 2/1 . For such a spin 1/2 system, two quantum states 

are expected in the magnetic field: 2/1+=m and 2/1−=m . The energy gap between the two 

states is given by:  

                                         BE hγ=Δ                                                             (2.2) 

where γ is the magnetogyric ratio (different for 13C and 1H) and B is the strength of the 

magnetic field experienced by the spin. A resonance takes place when the radiation 

frequency satisfies: 

                                                 Ehv Δ=                                                               (2.3) 

The magnetic field B experienced by the nucleus relates to both the external magnetic field 

and the local magnetic environment resulting from variations of electron distribution. 

According to both equation 2.2 and 2.3, the local magnetic environment is ultimately 

revealed by a shift of the resonance frequency. To exclude the instrumental dependence, 

chemical shift, δ, is traditionally used to describe such a shift: 

s

TMS

v
vv −= 0δ                                                             (2.4) 

where v0 is the resonant frequency, vTMS is the resonant frequency of tetramethylsilane (TMS, 

used as internal standard) and vs is the spectrometer frequency. The unit of δ is taken as parts 

per million (ppm) when all these frequencies are measured in Hz. Owing to the accumulation 
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of NMR database, the relation between δ and the local structure has been well understood for 

most organic groups.  

Corresponding to the two nuclear spins 1H and 13C, 1H NMR and 13C NMR are the two 

most frequently used NMR techniques in organic chemistry. 

1H NMR 

In 1H NMR, the chemical shift δ of most protons falls in the range of 0-11 ppm. Each proton 

of different environment exhibits one resonant peak and integrals of the peaks are 

proportional to the number of protons. Peaks of the isolated protons or of the chemically 

equal protons (for instance, protons bonded to the same carbon without steric difference) are 

singlet. Spin-spin coupling of adjacent protons results in multiplets, and the coupling 

constant J determines the spacing between the split peaks. The multiplicity is given by the 

number of the adjacent protons plus one (the n+1 rule), whereas intensity of these splitting 

follows the combinations rule (1:1, 1:2:1, 1:3:3:1, …). Application of these rules, when 

combined with the chemical shifts, can provide valuable information on the molecule’s 

composition.  

13C NMR 

In 13C NMR, chemical shift δ of carbons falls in a wider range of 0-220 ppm. Because of the 

low natural abundance of 13C, 13C NMR requires greater sample quantities and longer 

acquisition times in general. For the same reason, spin-spin coupling is in practice negligible 

in 13C NMR spectra due to the very low chance of having two adjacent 13C nuclei 

(1.1%×1.1%).  
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2.1.6 Electron spin resonance spectroscopy 

Electron spin resonance (ESR) spectroscopy is a technique for analysis of compounds with 

one or more unpaired electrons [109]. The principle of ESR is analogous to NMR, but the 

spins in focus are unpaired electrons instead of nuclear spins. In practice, ESR and NMR 

techniques tend to be mutually exclusive for a specific compound. The molecules that are 

spin-active in ESR exhibit bad or no NMR spectra, and vice versa.  

Angular momentum of an electron spin is quantized in applied magnetic field in the same 

way to a nuclear spin, and a resonance takes place if the electromagnetic frequency matches 

the energy gap between the two levels: 

0BgEhv Bμ=Δ=                                                            (2.5) 

where g is the electron spin g-factor, μB is the Bohr magneton and B0 is strength of the 

applied magnetic field. Because the energy gap for electron spins is usually larger than that 

for the nuclear spins, microwave irradiation instead of radio frequency (RF) is required to 

invoke a resonance in ESR. In addition, this larger energy gap leads to more sharpened 

population contrast between the two states according to the Maxwell-Boltzmann distribution. 

ESR is therefore a more sensitive technique than NMR.  

Whereas the local environment of a nuclear spin is characterized by chemical shifts in 

NMR, the local environment of an electron spin is revealed by the g-factor. For a free 

electron, 0023.2=eg , and for other unpaired electrons in a compound the value varies. The 

g-factor in its full meaning describes the electron Zeeman interaction (the interaction 

between an electron spin and the applied magnetic field), and is given by a 3×3 matrix. This 

matrix is usually symmetric and could be transformed into the diagonal form: 
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                                                    (2.6) 

In addition to the Zeeman interaction, the electron could couple to a nuclear spin, which is 

described by hyperfine interaction. This coupling usually gives rise to the splitting of ESR 

peaks. 

There are two kinds of ESR techniques: continuous-wave (CW) ESR and pulsed ESR. In 

CW ESR, the irradiation frequency is fixed (for instance, 9.5 GHz for the X band ESR 

spectrometer) and the magnetic field B0 is swept to change the energy gap to match the 

resonance condition defined in equation 2.5. In pulsed ESR, microwave pulses with certain 

duration at the resonant frequency are applied to rotate the spin state.  

In the present work, CW ESR technique is applied to study electron spins in endohedral 

nitrogen fullerene and its derivatives. The two applied spectrometers are a Magnettech 

MiniScope MS100 and a Bruker EMX. Both spectrometers are operated at X-band (9-10 

GHz). In a measurement, the main operation parameters include modulation of the applied 

magnetic, power of the microwave, scanning range and scanning rate of the magnetic field. 

These parameters must be tuned and optimized according to the specific sample.  

2.2 Quantum chemical calculations  

Quantum chemical calculations rely ultimately on the solution (or at least in an 

approximation) of the Schrodinger equation [110]. Following the Born-Oppenheimer 

approximation, the nuclei are assumed to be stationary with respect to the electrons. 

Therefore the many-body Schrodinger equation in its time-independent and non-relativistic 

form is: 

),...,(),...,(ˆ
2121 nn rrrErrrH Ψ=Ψ                                              (2.7) 
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and the Hamiltonian is: 
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where Ψ is the electronic wavefunction with the eigenvalues of E, ri is the coordinate of the 

electron i, RI is the coordinate of the nucleus I, and ZI is the charge of the nucleus on RI.  

2.2.1 Density functional theory 

Solution of the equation 2.7 is not currently feasible for molecules with tens of electrons. 

Therefore, two main routines have been developed to simplify the problem through making 

further approximation. The first one is the Hartree-Fock theory (HF) and the post-Hartree-

Fock series including Moller-Plesset (MP), configuration interaction (CI) and coupled 

cluster (CC). The other routine is the density functional theory (DFT), which provides the 

correlation energy in a more computationally efficient way than the post Hartree-Fock 

methods [110]. 

The electronic wavefunction in equation 2.7 is dependent on 3n variable (each electron 

requires three coordinates). An interesting question is whether it is essential to solve this 

equation if only the ground state energy is concerned. The answer, which was proved by 

Hohenberg and Kohn in 1964, is no. The two Hohenberg-Kohn theorems build up the 

theoretical foundation for DFT. The first theorem states that the external potential or the 

Hamiltonian could be completely determined by the total electron density ρ(r) which is 

dependent on just three variables. The second theorem states that the electron density obeys 

the variational theorem that the energy corresponding to any given electron density is greater 

than or equal the exact energy of that system. In order to calculate the energy via DFT, Kohn 

and Sham proposed a functional in the form of: 

)]r([)]r([)]r([)]r([)]r([ ρρρρρ xceenee EVVTE +++=                   (2.9) 
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When the system is treated as a non-interaction system of n “orbitals” ψi, the first term in 

equation 2.9 is known as kinetic energy of these orbitals:  

 iieT ψψρ 2

2
1)]r([ ∇−=                                     (2.10) 

with the electron density: 

∑=
n

i
i

2)r()r( ψρ                                          (2.11) 

Vne[ρ(r)] is the nuclear-electron attraction, and the electron-electron interaction term is 

treated as classical Coulomb interaction or Hartree energy: 

 21
21

11 drdr
rr

)r()r(
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1)]r([ ∫∫ −

= ρρρeeV                                       (2.12) 

Exc[ρ(r)], the exchange-correlation functional, is introduced to correct the error induced by 

non-interacting kinetic energy and the classical treatment of electron-electron interaction. It 

is the development of approximations for Exc that has led to the large and rapidly expanding 

family of DFT modelling. In pure DFT, two classes of approximations are widely used: the 

local density approximation (LDA) [111] and the generalized gradient approximation (GGA) 

[112]. Exc in LDA depends solely upon the local electron density: 

dr)()r( ρερ∫= xcxcE                                           (2.13) 

This functional is generally decomposed into two terms, an exchange part and a correlation 

part. The exchange part is usually derived from the homogeneous electron gas (HEG) model. 

In particular, the exchange energy density εx of a constant electron density is: 

3
1

)( ρρε Cx −=                                                   (2.14) 

However, general analytic forms of the correlation energy for HEG are unknown. Therefore, 

quantum Monte Carlo simulations and various other approaches have generated several 

different correlation functionals. 
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In GGA, the functional depends on both the electron density and its gradient. A typical 

form for a GGA functional is: 

dr),()r( ρρερ ∇= ∫ xcxcE                                        (2.15) 

The GGA improves significantly the binding energy of molecules in comparison to the LDA. 

A number of functionals within the GGA family have been developed. Especially, the meta-

GGA, as an extension of GGA, incorporates the Laplacian of the electron density or the local 

kinetic energy density. 

In addition to the pure DFT functionals, the adiabatic connection approach allows for the 

construction of hybrid functionals to incorporate a part of the HF exchange term: 

GGA
xc

HF
xxc bEaEE +=                                                (2.16) 

where the coefficients a and b are either fit to the experiment data or to a system whose 

exact results are already known.  

The functionals utilized in the present work is the widely used hybrid method B3LYP 

[113,114], which includes the Becke’s exchange functional and the LYP correlation 

functional: 

LYP
c

LSDA
c

B
x

HF
x

LSDA
x

LYPB
xc cEEcEbaEEaE +−+Δ++−= )1()1(3             (2.17) 

Typical values for the coefficients are 20.0=a , 72.0=b  and 81.0=c , which are fitted 

from a set of atomization energies, ionisation potentials, proton affinities and total atomic 

energies. Although B3LYP, as well as other hybrid DFT functionals, possesses decidedly 

empirical flavour, it is widely applied in quantum chemical calculations due to its success in 

accurate prediction of chemical structures and properties [115-118]. 
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2.2.2 Geometry optimization  

Geometry optimization is essential for quantum chemical calculations. In the potential 

energy surface (PES), equilibrium geometries are the local minima and transition states 

correspond to saddle points [119]. Geometry optimization is therefore the process to find 

these minima or saddle points on the PES.  

A minimum point on the PES must satisfy two criteria. The first derivatives must be zero 

and eigenvalues of the second derivative matrix or Hessian matrix must be positive. If one or 

more eigenvalues are negative in the Hessian matrix, the point is not a minimum but a saddle 

point. On the other hand, the transition state is a maximum along the reaction path and a 

minimum in all other directions. Its first derivatives must be zero as well, but one 

eigenvalues of the Hessian matrix must be negative. Those saddle points with more than one 

negative eigenvalues are not transition states. The eigenvector of the only negative 

eigenvalue represents the direction along the reaction path.  

A variety of algorithms for geometry optimization have been developed in quantum 

chemical calculations [119]. In the modelling program Gaussian 03 [120], two algorithms 

are available for modelling methods with analytic gradients (for instance, the DFT). The first 

one is the rational function optimization (RFO) that controls the step size by minimizing a 

rational polynomial approximation of the surface. The other one is the GDIIS approach, or 

geometry optimization by direct inversion of the iterative subspace. Compared with RFO, 

GDIIS is less sensitive to the quality of the Hessian. It is therefore recommend for use with 

large systems and molecules with flat PES [121].  

In the present work, GDIIS was used for all optimizations to local minima, and RFO was 

applied to all optimizations to transition states. 
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2.2.3 Population analysis 

Mulliken population was calculated in order to analyze the electron and spin density 

distribution [122]. The Mulliken population is an orbital-based method, the contribution of a 

pair of orbitals to the total electron density is: 

r)r()r( 3*

1

* dccSPN
N

i
ii νμνμμνμνμν ϕϕ∫∑ ⋅=⋅=

=

                           (2.18) 

where φ is the basis function, and Pμν, Sμν are the density matrix and overlap matrix, 

respectively. If both φμ and φν are located on the same atom, the density Nμν would be 

assigned to a given atom. Otherwise, Nμ would be equally assigned to the two atoms on 

which φμ and φν are located. After the assignment of all the electrons, the Mulliken charge is 

defined as the difference between the gross atomic population and the atomic number:  

BAAA
AA NNZQ ∈∈∈∈ −−= νμ

μν
νμ

μν
,,

2
1                                         (2.19) 

where QA is the atomic number. In an open shell system, the atomic spin can be similarly 

calculated by a summation of differences between the α and β electrons. 

2.2.4 Frequency and thermochemical analysis 

For the structure at a stationary point, either a local minimum or a transition state, vibrational 

frequency can be determined from the second derivatives of the energy in the mass-weighted 

coordinates. While the local minimum has only real frequencies, the transition state must 

have one imaginary frequency that corresponds to the only negative eigenvalue in its 

Hessian matrix.  

Thermochemical quantities, such as enthalpy and free energy, are calculated by 

consideration of the contributions from translational, electronic, rotational and vibrational 

motion [123]. In the Gaussian 03 program, sum of electronic and thermal enthalpies, and 
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sum of electronic and thermal free energies, are simultaneously calculated when a frequency 

analysis is performed. Because all the elements are the same on both sides of a reaction, 

which cancels out all the atomic information, the enthalpy of reaction could be simply 

obtained by: 

tsreaccorrproductscorrr HHKH tan00
0 )()()298( +−+=Δ ∑∑ εε                  (2.20) 

where ε0 is the total electronic energy and Hcorr is the thermal correction to enthalpy. 

Similarly, the Gibbs free energy of reaction could be calculated by: 

tsreaccorrproductscorrr GGKG tan00
0 )()()298( +−+=Δ ∑∑ εε                      (2.21) 

where Gcorr is the thermal correction to Gibbs free energy. 
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Chapter 3  

Synthesis of N@C60 derivatives 

This chapter focuses on the synthesis of fullerene derivatives and their characterization by 

UV-vis, MS, NMR and ESR. Further experiments with these derivatives will be discussed in 

the following chapters. 

3.1 General strategy 

Because of the low yield of N@C60 and the laborious course of enrichment, all claimed 

functionalization of N@C60 in this work actually refers to reactions performed on 

N@C60/C60 mixtures with the molar ratio ranging from 10-4 to 10-3. Before the use of 

N@C60/C60 mixtures, all the reaction conditions were firstly optimized with C60 to guarantee 

their reliability. Only after the object derivatives of C60 were successfully separated and 

characterized, was the reaction transferred to the N@C60/C60 mixture. Derivatives of N@C60 

are hardly distinct from their counterparts of C60 in HPLC traces, especially when the 

Buckyprep M column is used. Therefore, they were separated in the same route with which 

the latter were separated in HPLC. The resultant product is a mixture of N@C60 derivatives 
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and C60 derivatives with a molecular ratio normally smaller than that of the starting materials. 

In the absence of other characterization techniques, the existence of N@C60 derivatives in 

the mixture was exclusively confirmed by ESR technique. In all the performed reactions, no 

noticeable difference in reactivity between N@C60 and C60 has ever been observed.  

In consideration of the instability of N@C60, special precautions were made to reduce the 

decomposition of N@C60. Light was strictly excluded during the reaction and was avoided to 

the maximum extent in all the processing. Gentle reaction conditions, such as short time and 

low temperature, were employed whenever applicable.  

3.2 Cyclopropane derivatives 

The cyclopropane derivatives of C60 were synthesized according to the Bingel-Hirsch 

reaction scheme shown in Figure 3.1 [124]. A peak at 432 nm in the UV-vis absorption 

spectrum indicates a 1,2-addition across the [6, 6] junction in fullerenes (Figure 3.2). 

 
 

 

Figure 3.1: Schematic views of the cyclopropane derivatives of C60 (1) and N@C60 (1N), and the Bingel-
Hirsch reaction scheme. 
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Figure 3.2: UV-vis absorption spectrum of derivative 1 in toluene. 
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Figure 3.3: Experimental ESR spectrum of derivative 1N in toluene at 77 K (a) and the simulation 
spectrum (b) (ZFS parameters D = 8.2 MHz, E = 0.5 MHz). 
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The corresponding N@C60 derivative 1N was synthesized following the same procedure 

but using N@C60/C60 (1/1000) as the starting material. 1N shows similar ESR spectrum to 

pristine N@C60 in solution at room temperature, where the fast tumbling effect averages out 

the anisotropic features. ZFS effects due to symmetry breaking of the N@C60 are revealed 

by the ESR spectra measured in frozen solution. As shown in Figure 3.3, simulation of the 

frozen solution ESR spectrum gives =D 8.2 MHz and =E 0.5 MHz, which are consistent 

with a previous report  [95].  

Although the reaction was carried out in dark and at room temperature, only 55% of the 

spins were preserved in the product based on spin counting. The loss rate agrees with a 

recent report on the synthesis of N@C60 dimer through Bingel-Hirsch reaction, where 

approximately 50% of the spins were retained [100]. The significant loss of spins could be 

explained from the reaction mechanism of the Bingel-Hirsch reaction [125]. As shown in 

Figure 3.4, a carbanion of the malonate is generated after deprotonation by the strong base 

NaH, which attacks a [6, 6] junction of C60 and forms the intermediate state 1.1. 

Subsequently, the carbanion on the fullerene displaces bromine in a nucleophilic aliphatic 

substitution and closes the cyclopropane ring. In the reaction, the carbanion of the 

intermediate state 1.1 is stabilized by the wide conjugation structure of fullerene. However, 

it is likely in this intermediate state (1N.1) that the encapsulated nitrogen atom escape from 

the carbon cage during the functionalization of N@C60. The lone pair of electrons on the 

fullerene cage could react with the active encapsulated nitrogen atom, leading to a 

subsequent flip-out of the encapsulated nitrogen and the spin-quench as proposed in the 

decomposition of N@C60 [126]. 
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Figure 3.4: Reaction mechanism of the Bingel-Hirsch reaction for (a) C60 (adapted from [125]) and (b) 
N@C60. 

3.3 Pyrrolidine derivatives 

The Prato reaction provides a convenient route to incorporate required chemical groups into 

the fulleropyrrolidine derivative [127]. As shown in Figure 3.5, a large family of 

fulleropyrrolidine derivatives could be synthesized by applying different amino acid and 

aldehyde [128-133]. The pyrrolidine derivatives of N@C60 concerned in this work are listed 

in Figure 3.6. 
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Figure 3.5: The generalized scheme for synthesis of fulleropyrrolidine (Prato reaction). 

 

Figure 3.6: Schematic views of pyrrolidine derivatives of N@C60. Their non-filled counterparts 
(derivatives 2-6) are omitted for simplicity. 

3.3.1 Synthesis of pyrrolidine derivatives of C60 

Derivatives 2 and 3 were synthesized according to the scheme shown in Figure 3.7. 

Derivative 2 was well studied before [127,134,135], and derivative 3 has just been recently 

reported [136].  
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Figure 3.7: Scheme for the synthesis of derivatives 2 and 3.  

Derivatives 4, 5 and 6 were newly synthesized in the present work, bearing groups of 

various length and degrees of flexibility at the α position to the N-substituent. The synthetic 

schemes are shown in Figure 3.8 (Precursors 4a-6a were provided by Dr. Martyn Jevric in 

University of Nottingham). 

Derivative 2 was purified by column chromatography, and it exhibits very close retention 

time to pristine C60 in HPLC traces (Buckyprep M, toluene as eluent). All the other 

pyrrolidine derivatives were readily purified by HPLC. For instance, the HPLC traces of 

derivative 3 are shown in Figure 3.9. The monoadduct is readily separated from pristine C60, 

with a retention time approximately 1.2 min earlier than the latter. At least four bisadducts 

are identified as well, which elute even earlier than the monoadduct. Recycling mode HPLC 

could further purify the product for characterization and experiments. 
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Figure 3.8: Scheme for synthesis of derivatives 4, 5 and 6. 
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Figure 3.9: HPLC traces of the resultant mixture from the synthesis of derivative 3 (Buckyprep M, 20mm × 
250mm, toluene eluent, 17 mL/min). 
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NMR spectra of derivatives 2 and 3 are consistent with previous reports [127,136]. The 

13C NMR spectrum of derivative 4 is shown in Figure 3.10. The resonance relating to sp3 

carbon atom corresponds to the –CH3 bonded to the sulphur. The four carbon atoms of the 

pyrrolidine are divided into two groups: the two -CH2 atoms (δ = 63.97 ppm) and the two sp3 

carbon atoms of fullerene (δ = 70.43 ppm). There are 16 resonances arising from sp2 carbons 

of the fullerene (δ = 135-155 ppm). The 1H NMR of derivative 4 consists of four resonances 

(Figure 3.11): the –CH3 protons, the four identical protons of the pyrrolidine ring and two 

sets of protons of the phenyl ring. These findings indicate that derivative 4, similar to 

derivative 2 [127], has a C2v symmetry.  

 

 

Figure 3.10: 13C NMR spectrum (125 MHz, CS2, C6D6 used as insert) of derivative 4. Peaks arising from 
remnant toluene are marked (*). 
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Figure 3.11: 1H NMR spectrum (500MHz, CS2/C6D6=1:1) of derivative 4. Peaks arising from C6D6 is 
marked (*). 

NMR spectra of derivative 5 (refer to section 3.5) and derivative 6 (Figure 3.12 and 

Figure 3.13) confirm that they have the same C2v symmetry. 

 

Figure 3.12: 13C NMR spectrum (125 MHz, CS2, DMSO-d6 used as insert) of derivative 6. Peaks arising 
from DMSO-d6 are marked (*). 
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Figure 3.13: 1H NMR spectrum (500MHz, CS2/toluene-d8=5:1) of derivative 6. Peaks arising from toluene-
d8 are marked (*). 

3.3.2 Synthesis of pyrrolidine derivatives of N@C60 

The N@C60 derivatives 2N-5N were synthesized and purified in the same procedures to 

derivatives 2-5, respectively. Their identity is confirmed by the ZFS effects observed in 

frozen solution ESR spectra (Figure 3.14) and their ZFS parameters are listed in Table 3.1. 

The small difference in D and E for all derivatives demonstrates a negligible effect of the 

functional groups attached to the N-substituent of pyrrolidine on the encapsulated nitrogen 

electron spins.  

Table 3.1: Best fit ZFS parameters for pyrrolidine derivatives of N@C60. The estimated uncertainties are 
0.2 MHz. 

 D (MHz) E (MHz) 

2N 16.2 0.5 

3N 16.8 0.6 

4N 16.3 0.4 

5N 16.3 0.6 

6N 16.3 0.3 
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Figure 3.14: ESR spectra of derivative 2 in toluene at room temperature (a) and 77 K (b). 

Spin loss was also observed in these Prato reactions although special care was taken to 

exclude light. For instance, approximately 66% of the nitrogen spins was retained in the 

synthesis of derivative 3N. This spin surviving rate is very encouraging, with respect to the 

55% in the Bingel-Hirsch reaction to synthesize derivative 1N. The encapsulated nitrogen 

atom may escape from the carbon cage through an intermediate state in the Bingel-Hirsch 

reaction (Fig. 3.4), but it should follow a different decomposition mechanism in the Prato 

reaction. As shown in Figure 3.9, the pyrrolidine derivatives are formed through the 1,3-

dipolar cycloaddition, where the azomethine ylide attacks a [6, 6] junction of C60 [137,138]. 

The transition state in the course of the cycloaddition should not significantly affect stability 

of the encapsulated nitrogen atom given its transient nature. Therefore, spin loss in the Prato 

reaction mainly results from thermal decomposition of N@C60 and its derivatives in high 

temperature solutions. This conclusion is further supported by the previous finding that only 

70% of pristine N@C60 could survive the two-hour refluxing in toluene [106], the same 

conditions that are used for Prato reaction.  
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The Prato reaction is a better option than the Bingel-Hirsch reaction in functionalization 

of N@C60 in consideration of stability of the encapsulated nitrogen atom. Because spin loss 

in the Bingel-Hirsch reaction is determined by its reaction mechanism, it is unlikely to 

reduce the loss ratio by adjusting reaction conditions. In contrast, the Prato reaction leaves 

much room for improvement of this ratio. Although the reaction temperature has to be kept 

at 110oC, other conditions could be optimized to reduce the reaction time without sacrificing 

the yield. For instance, the use of highly soluble amino acid or aldehyde could significantly 

shorten the reaction time. In the synthesis of derivatives 5N and 6N, 40 min or an even 

shorter period could afford decent yields. Under these conditions, the spin loss ratio is less 

than 15%. 

 

Figure 3.15: Mechanism of Prato reaction through azomethine ylide. 
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3.4 Dyads of N@C60-porphyrin 

Dyads of C60-porphyrin have been long studied as photo-induced charge transfer systems for 

applications in photovoltaic energy conversion and molecular devices [139-143]. In the 

present work, two such dyads were synthesized to investigate the spin-spin interactions. As 

shown in Figure 3.16, dyads 7 and 8 were obtained by following the Prato reaction scheme. 

Dyad 8 could be alternatively synthesized through metallation of dyad 7. But this option was 

excluded in consideration of the simplicity to synthesize the metalloporphyrin (8a) [144]. 

 

Figure 3.16: Scheme for synthesis of dyads 7 and 8. 

3.4.1 Synthesis of porphyrin-aldehyde 

As shown in Figure 3.17, the synthesis of porphyrin-aldehyde 7.a starts from the porphyrin-

acid 7.1 (precursor 7.1 was supplied by Prof. A. G. Coutsolelos, in University of Crete in 

Greece). The acid group in 7.1 was firstly reduced to an alcohol group in 7.2 by LiAlH4, and 

subsequently oxidized to the aldehyde group in 7.a by pyridinium chlorochromate (PCC), 

which prevents a full oxidation of the alcohol to the carboxyl acid. 

The three porphyrin compounds were easily separated by flash column chromatography. 

The porphyrin-alcohol and porphyrin-aldehyde were characterized by 1H NMR [145,146]. 

While the alcohol group in derivative 7.2 is confirmed by the resonance at δ = 5.09 ppm of 
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the two protons in –CH2OH, the aldehyde group in derivative 7a is confirmed by the 

resonance δ = 10.41 ppm (refer to section 3.5). Additionally, the electron-withdrawing 

aldehyde group changes the chemical environment of the protons in the pyrrole-NH and in 

the 5-phenyl ring, in a more significant way than the alcohol group. The pyrrole-NH protons 

of 7a are split into three sets, and the four protons in the 5-phenyl ring become different to 

their counterparts in the 10,15,20-phenyl rings. 

 

Figure 3.17: Scheme for synthesis of porphyrin aldehyde 7.a and 8.a. 

The derivative 8a was synthesized from 7a through metallation in dimethylformamide 

(DMF) [144]. The substitution of protons by copper is readily monitored by optical 

absorption spectroscopy (Figure 3.18) [147-149], and further confirmed by MALDI-MS 
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(Figure 3.19) [150]. Due to its similarity to derivative 7a, no purification was performed 

except passing the crude product through a silica pad to remove the polar molecules. Purity 

of the resultant product is demonstrated by the facts that no features ascribed to 7a are 

identified in both the optical absorption and MALDI-MS spectra. 

500 600 700 800

0.0

0.1

0.2

0.3

 derivative 8a
 derivative 7a

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)
 

Figure 3.18: Optical absorption spectra of the porphyrin-aldehyde in acetone. Red trace is for derivative 8a; 
black trace is for derivative 7a. 
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Figure 3.19: MALDI mass spectrum of derivative 8a (the inset shows the corresponding isotropic 
distribution in the molecular ion peak). 
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3.4.2 Synthesis of fullerene-porphyrin dyads 

To increase the solubility of the dyads, amino acid 6a was used to introduce a phenyl group 

with long alkyl chain at the α-position to the N-substituent (Figure 3.16). The reaction time 

could be reduced to 15 min (2 h for derivative 2), owing to the high solubility of both the 

aldehyde and the amino acid in toluene. The desired dyads (monoadduct) were then 

separated from the unreacted fullerene and bisadducts by HPLC.  

 

Figure 3.20: 13C NMR spectrum (125.8 MHz, CS2/C6D6=1:1) of dyad 7. Minor impurity is marked (*). 

The 13C NMR spectrum of dyad 7 is shown in Figure 3.20. Five resonances arising from 

the alkyl chain (carbon 1-5) are identified in the carbon sp3 ranges. With respect to 

derivative 6, the presence of porphyrin at position 2 of the pyrrolidine ring changes the 

symmetry of fullerene cage in dyad 7 from C2v to C1. Firstly, all the 58 carbon sp2 atoms of 

the fullerene cage become distinct.  Secondly, the four carbon atoms of the pyrrolidine ring 
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become non-equivalent [151]. Consequently, six resonances are observed in the middle 

region (δ = 50-85 ppm) of the spectrum, in contrast with the four resonances for derivative 6 

(Figure 3.12).  

The lowered symmetry of derivative 7 is also supported by its 1H NMR spectrum shown 

in Figure 3.21. Whereas the four pyrrolidine protons in derivative 6 are equivalent, the three 

protons in dyad 7 give rise to one singlet and two sets of doublets. This germinal coupling 

indicates that the two protons (H9) bonded to the same carbon atom are non-equivalent. The 

reason is that they are locked on either side of the heterocycle, and are therefore 

magnetically different [132,152] because of the asymmetric presence of porphyrin. A similar 

effect is also found on the methylene group connecting the pyrrolidine and phenyl ring (H7), 

where two doublets are observed [151].  

 

Figure 3.21: 1H NMR spectrum (500 MHz, CS2 with C6D6 as inset) of dyad 7. Peaks arising from remnant 
toluene are marked (*); C6D6 is marked (○); water is marked ( ). 
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A complete separation of dyad 8 (and 8N) from dyad 7 (and 7N) was achieved by a 

recycling mode HPLC (Figure 3.22). This operation effectively removed the residual dyad 7 

(and 7N) in the dyad 8 (and 8N) sample resulting from contamination of 7a in 8a.  
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Figure 3.22: HPLC traces of dyads 7 and 8, (5PBB column, toluene as eluent, 18 ml/min). 

Dyad 8 was characterized by mass spectrometry and optical absorption spectroscopy. As 

shown in Figure 3.23, the peak at m/z = 1628 and its isotopic distribution are consistent with 

the calculations for dyad 8. The minor peak at m/z = 721.4 is ascribed to the fragmentation of 

C60.  

UV-vis absorption spectrum for both dyads is the combination of individual fullerene and 

porphyrin. As shown in Figure 3.24, the peak centred at 310 nm is ascribed to absorption of 

C60 in both dyads, and the peaks between 390-680 nm are characteristic of porphyrins. The 

peak at 432 nm, a common feature for pyrrolidine derivatives of C60, is completely 

overlapped by the features of porphyrin with much larger extinction coefficient [147,153].  
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Figure 3.23: MALDI mass spectrum of dyad 8 (the inset shows the corresponding isotropic distribution). 
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Figure 3.24: Optical absorption spectra of the porphyrin-aldehyde in toluene. Red trace is for dyad 7; black 
trace is for dyad 8. The inset shows the enlarged spectra in the range of 450-700 nm. 
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The dyads of N@C60-porphyrin (7N and 8N) were synthesized by following the exact 

procedures for dyads 7 and 8, respectively. Details of the ESR characterization of these two 

dyads will be discussed in Chapter 5. 

3.5 Synthesis and characterization details 

Diethyl (1,2-methanofullerene C60)-61,61-dicarboxylate (1) 

21.8 mg of C60 (0.03 mmol) was dissolved in 25 ml toluene; 0.072 mg of NaH (0.3 mmol) 

and 10.8 mg of diethyl bromomalonate (0.045 mmol) was added into the solution under 

nitrogen gas. After stirring for 6 h at room temperature, the reaction was quenched by one 

drop of 2N H2SO4. The crude product was purified by column chromatography (silica, 

toluene/hexane=1:1) (Rf = 0.5, toluene) to give the mono-adduct product in 40% yield. 

MALDI-MS 878.23 m/z −][M . 1H NMR (500 MHz, CDCl3): δ=1.50 (t, J=7.13 Hz, 6H), 

4.58 (q, J=7.14 Hz, 4H) ppm.  

N-methyl-C60 fulleropyrrolidine (2) 

2 was synthesized according to the literature [127]. MALDI-MS 778 m/z −][M . UV–vis 

(toluene) λmax: 433 nm. 

N-Methyl-2-pyrenyl-C60 fulleropyrrolidine (3) 

50.0 mg of C60 (0.07 mmol), 12.5 mg of sarcosine (0.14 mmol) and 64.0 mg of 1-

pyrenecarboxaldehyde (64.0 mg, 0.28 mmol) were dissolved in 75 mL of toluene in a 150 

mL two-neck flask equipped with a magnetic stirrer under nitrogen gas. The mixture was 

heated and stirred for 120 min at 110 °C using an oil bath. After cooling to room temperature, 

the brown mixture was filtered, evaporated and redissolved in toluene. Purification through 

recycling mode HPLC (Buckyprep M, toluene) afforded the title compound as a dark brown 
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powder (23.9 mg, 35%). MALDI-MS 977.41 m/z −][M . 1H NMR (500 MHz, CS2/toluene-

d8=5:1): δ= 2.78 (s, 3H), 4.42 (d, J=9.5 Hz, 1H), 5.03 (d, J=9.5 Hz, 1H), 6.08 (s, 1H), 7.86-

8.07 (m, 6 H), 8.22 (d, J=8.2 Hz, 1H), 8.68 (d, J=9.5 Hz, 1H),  8.87 (d, J=8.1 Hz, 1H) ppm. 

In accordance with a previous report [136], minor signals ascribed to a second 

thermodynamically rotamer due to restricted rotation of the bulky pyrene ring are observed 

in the 1H NMR as well: δ= 2.84 (s, 3H), 4.28 (d, J=9.5 Hz, 1H), 5.08 (d, J=9.4 Hz, 1H), 5.58 

(s, 1H), 7.86-8.09 (m, 6 H), 8.17 (d, J=8.0 Hz, 1H), 10.39 (d, J=9.5 Hz, 1H) ppm.  

N-[4-(methylsulfanyl)phenyl]-C60 fulleropyrrolidine (4) 

Similar to the synthetic procedures for 3, a mixture of C60 (50 mg, 0.07 mmol), 

paraformaldehyde (13.5 mg, 0.42 mmol) and 4a (42 mg, 0.21 mmol) in degassed toluene 

(100 mL) was allowed to react for 40 min at 110 ºC. Purification of the resultant mixture by 

HPLC (Buckyprep M, toluene) afforded the pure title compound as a brown solid (19 mg, 

30%).  MALDI-MS 885 m/z −][M . Elemental analysis for CHN found (expected) %: C 

93.60 (93.55), H 1.12 (1.25), N 1.53 (1.58). UV–vis (toluene) λmax: 432 nm. HPLC: 6.95 min. 

1H NMR (500 MHz, CS2/C6D6=1:1): δ= 2.25 (s, 3H), 4.72 (s, 4H), 6.93 (d, J=8.8 Hz, 2H), 

7.34 (d, J=8.8 Hz, 2H) ppm. 13C NMR (125 MHz, CS2, C6D6 used as insert): δ=154.85, 

148.07, 147.04, 146.83, 146.58, 146.52, 146.35, 146.04, 145.29, 143.89, 143.44, 142.95, 

142.84, 142.68, 141.06, 136.94, 130.68, 130.41, 129.79, 129.08, 126.21, 118.00, 70.43, 

63.97, 18.77 ppm. 

N-[(4-tert-butylphenyl) methyl]-C60 fulleropyrrolidine (5) 

Following the synthetic procedures for 4, 5a was reacted with C60 and paraformaldehyde to 

afford the title compound as a brown solid (yield 35%). MALDI-MS 909 m/z −][M . 

Elemental analysis for CHN found (expected) %: C 96.33 (96.34), H 2.00 (2.10), N 1.47 
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(1.54). UV–vis (toluene) λmax: 432 nm. HPLC: 5.65 min. 1H NMR (500 MHz, CS2/toluene-

d8=5:1): δ= 1.21 (s, 9H), 4.03 (s, 2H), 4.20 (s, 4H), 7.28(d, J=8.5 Hz, 2H), 7.42 (d, J=8.4Hz, 

2H) ppm. 13C NMR (125 MHz, CS2, DMSO-d6 used as insert): δ= 154.18, 149.38, 146.56, 

145.56, 145.36, 145.22, 144.98, 144.82, 144.58, 143.88, 142.43, 141.96, 141.57, 141.40, 

141.22, 139.55, 135.68, 134.12, 128.41, 127.97, 127.70, 125.07, 124.83, 69.93, 66.93, 58.10, 

33.59, 30.96, 30.82 ppm. 

N-{[4-(hexyloxy)phenyl]methyl}-C60 fulleropyrrolidine (6)  

Following the synthetic procedures for 4, 6a was reacted with C60 and paraformaldehyde to 

afford the title compound as a brown solid (yield 38%). MALDI-MS 953 m/z −][M . 

Elemental analysis for CHN found (expected) %: C 94.42 (94.42), H 2.52 (2.43), N 1.36 

(1.47). UV–vis (toluene) λmax: 432 nm. HPLC: 5.46 min. 1H NMR (500 MHz, CS2/toluene-

d8=5:1): δ= 0.78 (t, J=5.9 Hz, 3H), 1.10-1.37 (m, 6H), 1.61 (m, 2H), 3.77 (t, J=6.0 Hz, 2H), 

4.0 (s, 2H), 4.20 (s, 4H), 6.75 (d, J=8.7, 2H), 7.37 (d, J =8.8 Hz, 2H) ppm. 13C NMR (125 

MHz, CS2, DMSO-d6 used as insert): δ= 158.04, 154.18, 146.53, 145.52, 145.34, 144.95, 

144.78, 144.55, 143.85, 142.40, 141.93, 141.54, 141.37, 141.18, 139.51, 135.64, 129.20, 

128.72, 114.04, 69.89, 67.14, 66.82, 57.89, 31.52, 29.58, 29.21, 25.74, 22.75, 14.06 ppm.   

meso-5-((4-formylphenyl)-10,15,20-triphenylporphyrin (7a) 

7.a was produced by oxidization of meso-5-((4-hydroxymethylphenyl)-10,15,20-triphenyl-

porphyrin (7.2), which was synthesized by reduction of meso-5-(4-benzoic acid)-10,15,20-

triphenylporphyrin (7.1). 

7.2: to a solution of meso-5-(4-benzoic acid)-10,15,20-triphenylporphyrin (7.1) (47 mg, 

0.07 mmol) in dry THF (20 ml), LiAlH4 (12 mg, 0.28 mmol) was added. The solution was 

stirred at room temperature for about 30 min and was then quenched by EtOAc. The crude 
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product was purified by column chromatography (silica, EtOAc, Rf = 0.95) to afford 7.2 in 

the yield of 65%. ESI-MS 645.3 m/z +][M . 1H NMR (500 MHz, CDCl3): δ= 8.86 (8H, s), 

8.24-8.23 (8H, m), 7.82-7.75 (11H, m), 5.09 (2H, s), -2.75 (2H, s) ppm. 

7.a: To a solution of 7.2 (31 mg, 0.048 mmol) in dry DCM (20 ml), pyridinium 

chlorochromate (22 mg, 0.096 mmol) was added. The solution was stirred at room 

temperature for about 60 min and 20 mL silica gel was added. The crude product was 

purified by column chromatography (silica, DCM with 0.1% Et3N, Rf = 0.75) to afford 7.a in 

the yield of 90%. ESI-MS 643.2 m/z +][M . UV–vis (acetone): 482, 515, 550, 592, 648 nm. 

1H NMR (500 MHz, CDCl3): δ= 0.41 (1H, s), 8.90 (2H, d, J=4.7Hz), 8.88 (4H, s), 8.80 (2H, 

d, J=4.7Hz ), 8.43 (2H, d, J=8.0Hz), 8.31 (2H, d, J=8.1Hz)  8.25-8.23 (4H, m), 7.83- 7.72 

(9H, m)  -2.75 (2H, s) ppm. 

meso-5-((4-formylphenyl)-10,15,20-triphenylporphyrinato copper (II) (8a) 

8a was synthesized according to the Adler procedures [144]. To a solution of 7a (20 mg, 

0.03 mmol) in DMF (5 ml), anhydrous CuSO4 (52 mg, 0.33 mmol) was added. The mixture 

solution was allowed to reflux for about 10 min, and completion of the reaction was checked 

by UV-vis absorption spectroscopy. The resultant solution was cooled in an ice-water bath, 

and chilled distilled water was then added. The precipitate was filtered and washed with 

water to afford the title compound in the yield of 92%. MALDI-MS 703.2 m/z −][M . UV–

vis (acetone): 501, 540, 579 nm. 

C60-H2TPP dyad (7) 

Similar to the synthetic procedures for 3, a mixture consisting of C60 (22 mg, 0.03 mmol), 7a 

(29.0 mg, 0.045 mmol) and 6a (16.0 mg, 0.06 mmol) in degassed toluene (100 mL) was 

allowed to react for 15 min at 110 ºC. Purification of the resulting mixture by HPLC (5PBB, 
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toluene) afforded the pure title compound in the yield of 28%. MALDI-MS 1566.7 m/z −][M . 

UV–vis (toluene): 317, 421, 483, 515,550, 591,647 nm. 1H NMR (500 MHz, CS2, C6D6 used 

as insert): δ= 9.01 (6H, broad s), 8.97 (2H, m), 8.83 (2H, broad s), 8.51 (2H, broad s), 8.41 

(6H, broad s), 7.99 (9H, broad s), 7.86 (2H, d, J=6.7 Hz), 7.21 (2H, d, J=6.5 Hz), 5.60 (1H, 

s), 5.14 (1H, d, J=8.7 Hz), 5.06 (1H, d, J=12.8 Hz), 4.42 (1H, d, J=8.9 Hz ), 4.24 (2H, t, 

J=5.6 Hz), 4.03 (1H, d, J=13.6 Hz), 2.08 (2H, m),  1.78 (2H, m), 1.65 (4H, m), 1.23-1.08 

(3H, m), -2.66 (2H, s) ppm. 13C NMR (125 MHz, CS2, DMSO-d6 used as insert): δ=158.18, 

155.50, 153.16, 152.78, 152.49, 146.59, 146.17, 145.66, 145.59, 145.50, 145.44, 145.41, 

145.25, 145.08, 144.90, 144.75, 144.73, 144.69, 144.61, 144.55, 144.54, 144.46, 144.09, 

144.01, 143.70, 143.65, 142.50, 142.30, 142.06, 142.02, 141.93, 141.89, 141.67, 141.58, 

141.51, 141.47, 141.45, 141.41, 141.34, 141.28, 141.05, 140.97, 139.60, 139.59, 139.45, 

138.69, 136.34, 135.95, 135.43, 135.11, 134.00, 130.36, 129.45, 128.40, 127.69, 127.03, 

126.14, 119.48, 119.42, 118.49, 114.16, 80.53, 76.27, 67.88, 67.20, 66.13, 55.99, 31.54, 

29.24, 25.76, 22.77, 14.05 ppm. 

  C60-CuTPP dyad (8) 

Following the synthetic procedures for 7, 8a was reacted with C60 and 6a to afford the title 

compound in the yield of 25%. MALDI-MS 1628 m/z −][M . UV–vis (toluene): 316, 419, 

501, 541, 581 nm.  

 

To summarize, the endohedral fullerene derivatives discussed in this chapter are listed in 

Table 3.2. Effects of the two different pendant groups on the photochemical stability of 

N@C60 in 1N-3N will be discussed in Chapter 4. Studies on the spin-spin interactions in the 

fullerene-porphyrin dyads 7N and 8N will be discussed in Chapter 5. Finally, orientations of 

derivatives 2N and 4N-6N in an anisotropic matrix will be discussed in Chapter 6. 
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Table 3.2: Summary of the synthesized fullerene derivatives and the corresponding chapters where further 
studies are discussed.  

Derivatives Schematic views Relevant chapters 

1N 

EtOOC COOEt

 

Chapter 4 

2N 

 

Chapter 4 
and Chapter 6 

3N 

 

Chapter 4 

4N 

 

Chapter 6 
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5N 

 

Chapter 6 

6N 

N

O

 

Chapter 6 

7N 

 

Chapter 5 

8N 

 

Chapter 5 
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Chapter 4 

Photochemical stability of N@C60 

derivatives: effects of the pendant groups 

The excellent magnetic properties of N@C60 depend completely on its unique molecular 

structure where the atomic nitrogen is encapsulated by C60 cage. Due to its reactive nature, 

the encapsulated nitrogen would escape from the fullerene cage under some conditions. 

Stability of the encapsulated nitrogen is therefore a fundamental issue in any applications of 

N@C60. However, because of restrictions in the sample amount, very limited studies on the 

stability of N@C60 and its derivatives have been carried out up to date. In this chapter, 

photochemical stability of the N@C60 derivatives is explored and effect of the functional 

groups on stability is studied, in order to illustrate the necessary practices that must be 

adopted during processing of N@C60 derivatives. 
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4.1 Introduction 

4.1.1 Stability of pristine N@C60 and its derivatives 

It has been widely observed that N@C60 is stable under ambient conditions, and no loss of 

ESR signal intensity is found after several months’ storage in dark [96,107]. But this 

molecule becomes less stable when it is exposed to higher temperatures. A powder sample of 

N@C60 decayed at 520 K with a loss of more than 90% of its original ESR signal intensity 

after 10 min of heating (Figure 4.1a) [107]. The temperature dependence study found that 

500 K is a critical point for N@C60 (Figure 4.1b), above which it starts to decay significantly 

[126]. 

Two other endohedral fullerenes bearing the group-V element, N@C70 and P@C60, are 

thermally less stable than N@C60. N@C70 and P@C60 started to decay at 450 K and 400 K, 

respectively [126]. An Arrhenius plot of the decay rates with temperature gives the 

activation energy for the escape of the encapsulated atom. As shown in Table 4.1, N@C60 

exhibits the largest activation energy among the three pristine endohedral fullerenes. 

Stability of N@C60 derivatives varies with the nature of the addends. Opposite trends in 

stability were reported in two different types of N@C60 derivatives. Firstly, the cyclopropane 

derivatives of N@C60 demonstrates enhanced thermal stability with respect to pristine 

N@C60, and the stability increases with the number of addends [126]. As shown in Figure 

4.1c, the monoadduct decays at a slightly higher temperature than pristine N@C60, and the 

hexaadduct does not decay measurably until 570 K. Order of their decay temperature (from 

lower to higher) is consistent with their ranking in the activation energy for decay (Table 

4.1): pristine N@C60 < the monoadduct < the hexaadduct. Secondly, the epoxide derivative 

N@C60O is more vulnerable to both thermal heat and light excitation than pristine N@C60 
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[96]. The powder sample of N@C60O decayed at 373 K with a half-life time of 

approximately 3 d, and the sample in a degassed solution decayed at room temperature under 

the excitation of ambient light with a half-life time of approximately 2 d. 

 

Figure 4.1: Thermal stability of endohedral fullerenes. (a) ESR intensity decay of N@C60 (solid squares) 
and its deuterated hexaadduct N@C66(COOEt)12 (open squares) heated at 520 K over time, R denotes 
COOCD2CD3 in the schematic view of the hexaaduct. (b) ESR intensity decay curve of N@C60 (squares) 
and N@C70 (triangles) under a heating rate of 2 K per 82 second. (c) ESR intensity decay curves of the 
monoadduct N@C61(COOEt)2 and hexaadduct N@C66(COOEt)12 under a heating rate of 2 K per 82 second. 
Reprinted from [126] and [107]. 

Table 4.1: Activation energy for the escape of the encapsulated atoms in endohedral fullerenes. a Estimated 
from the temperature of the main decay step [126]. 

 Activation energy (eV) 

N@C60 1.57 

N@C70 1.39 

P@C60  ~1.2a 

N@C61(COOEt)2   ~1.6a 

N@C66(COOEt)12 ~1.8a 
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In addition to the thermal stability investigation, the surviving ratio of N@C60 after 

functionalization indicates its stability in chemical reactions. In early reports, a 100% 

surviving ratio was claimed in the synthesis of cyclopropane derivatives of N@C60 

[81,95,97]. However, it was found later that only 60-70% of the nitrogen spins were 

preserved in a 2 h refluxing in the Prato reaction (373 K) and only 50% survived in the 

Bingel-Hirsch reaction (273 K) [98,100]. Conditions in these two reaction schemes were 

relatively mild compared with the heating at 500 K under which the pristine N@C60 starts to 

decay. Therefore, that stability of N@C60 could be significantly affected by factors other 

than temperature. 

4.1.2 Escape mechanism for the encapsulated nitrogen atom 

It is generally believed that loss of ESR signal intensity in N@C60 and its derivatives is 

caused by escape of the encapsulated nitrogen atom from the fullerene cage. However, the 

exact escape process is very speculative due to the very limited sample amount and the 

extreme difficulty in detection of the intermediates generated in the decay. From the 

experimental perspective, there are mainly two well-established facts on the stability of 

N@C60. Firstly, N@C60 starts to decay at a much lower temperature than other endohedral 

fullerenes. For instance, He@C60 starts to decay at about 900 to 1150 K [154]. Secondly, 

stability of N@C60 derivatives varies with the nature of the addends (refer to section 4.1.1) 

[96,126]. Based on these two facts, two assumptions could be accordingly drawn. The first 

one is that the highly active nitrogen atom is chemically involved in the extrusion process 

[82,126]. The escape process of nitrogen in N@C60 is definitely different from that of the 

inert helium in He@C60, for which a window mechanism is proposed (Figure 4.2). The 

trapped helium escapes through a larger ring after one or more bonds of the fullerene cage 

are broken up [155]. The critical decay point of 1000 K for He@C60 is therefore the 
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temperature at which the fullerene cage starts to decompose. Alternatively, the host fullerene 

cage determines the stability of He@C60. The second assumption is that the addends are 

chemically engaged in the escape process of the encapsulated nitrogen [96]. 

 

Figure 4.2: Proposed mechanism for the escape of helium in He@C60 (upper half, reprinted from [155]) 
and escape of nitrogen in N@C60 (lower half, reprinted from [126]). Red ball denotes the helium atom.  

Based on the first assumption, a mechanism involving chemical bonding of the 

encapsulated nitrogen to the fullerene cage was proposed for the decay of pristine N@C60 

[126]. As illustrated in Figure 4.2, the nitrogen atom bonds firstly to the fullerene cage from 

the inner side, and then swings out of the cage through breaking the carbon-carbon bond. 

The azo-bridge intermediate becomes spin-silent when the unpaired electron is quenched by 

either solvent molecules or radicals. This proposal was also supported by theoretical 

calculations [82]. Escape of the encapsulated nitrogen atom through a bond of the fullerene 

cage is energetically favourable over a straightforward pass through the centre of a 5- or 6-

membered ring. Additionally, the enhanced thermal stability of the cyclopropane derivatives 

of N@C60 was explained by the blocking of double bonds by the addends.  
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Based on the second assumption, a mechanism to account for the lower stability of 

N@C60O was proposed (Figure 4.3) [96]. The epoxide ring opens upon heating or 

photoexcitation and the encapsulated nitrogen atom bonds to the two radicals on the carbon 

cage. An azo-bridge intermediate is formed, similar to the intermediate in the decay 

mechanism of pristine N@C60 (Figure 4.2). The 4-membered ring C–O–C–N transfers to the 

outer side of the fullerene cage with a flip of the nitrogen, which leads to an exohedral 4-

membered ring C–C–O–N.  

 

Figure 4.3: A proposed mechanism for loss of encapsulated nitrogen in N@C60O, black dots denote the 
unpaired electrons. Reprinted from [96]. 

Pyrrolidine derivatives and cyclopropane derivatives are currently the two main families 

of N@C60 derivatives. Similar to N@C60O, the pyrrolidine derivatives demonstrated a 

significant decay of ESR intensity under exposure to ambient light at room temperature (300 

K). Such sensitivity to light makes it necessary to investigate their photochemical stability.  
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4.2 Experimental and modelling parameters for the 

stability studies 

Fullerene derivatives investigated in this chapter 

Synthesis and characterization of molecules 1(N)-3(N) (Figure 4.4) were discussed in 

chapter 3. 

 

Figure 4.4: Schematic views of C60 derivatives and the corresponding N@C60 derivatives. 

Photochemical stability monitored by CW ESR 

Pristine N@C60 or its derivatives were dissolved in CS2 or toluene 

(approximately 4105 −× M). 0.1 ml of the solution was degassed and sealed off in a standard 

ESR tube. The ESR tubes were placed 1.5 meters vertically below three 18 W lamps (colour 

code 840, Philips TL-D) for different time durations. Stability of the endohedral fullerenes 

was monitored by measuring their ESR signal intensity at room temperature.  
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Density functional theory calculations 

Hybrid DFT calculations were carried out with the Gaussian03 programme [120] at the 

spin-unrestricted B3LYP level. Split-valence 6-31G basis set was used for all elements with 

additional d and p polarization functional applied to N. Full geometry optimization was 

carried out by means of energy gradient techniques. Thermal energy calculation was 

performed with temperature and pressure set to be 273.15 K and 1 bar, respectively. 

Molecular structure and spin density distribution are visualized using GaussView [156]. All 

calculations were set to be in the gas phase.  

4.3 Photochemical stability of N@C60 derivatives 

4.3.1 Effect of the pyrrolidine group 

The pyrrolidine derivative 2N shows similar stability to pristine N@C60 in a degassed 

solution when it is stored in the dark, with a less than 10% loss of ESR signal intensity over 

a  period of 40 d (Figure 4.5). However, it became vulnerable when exposed to ambient light, 

and significant spin loss was observed in a short time of exposure (less than 1 h). To 

determine the decomposition rate, time-dependence studies on its ESR signal intensity were 

carried out. Given the negligible interactions between endohedral fullerenes in solution (the 

filling ratio of encapsulated nitrogen is less than 0.1%), a first order reaction model is 

expected for the decay behaviour:   

0lnln AktA +−=                                                   (4.1) 

where A  is the ESR signal intensity of the sample under light, 0A  is the original signal 

intensity before exposure to light, t  is the exposure time and k is the rate constant. The rate 

constant k is reflective of both molecular structure and experimental conditions. In a 

degassed solution where the effect of O2 is excluded, possible experimental conditions 
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affecting k include: intensity and frequency distribution of light, temperature and solution 

concentration. When all experimental conditions are set the same, the rate constant k will 

exclusively reveal the intrinsic effects of the derivative groups on the stability of the 

encapsulated nitrogen atom. 
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Figure 4.5: ESR intensity of derivative 2N in degassed CS2, sealed in an ESR tube and stored in dark. 
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Figure 4.6: Time dependence of the relative intensity of ESR signal (A/A0) for samples in degassed CS2 
exposed to ambient light at room temperature: N@C60 (squares), derivative 2N (triangles), derivative 3N* 
(circles). * Data points have been horizontally shifted for clarity. 
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As shown in Figure 4.6, ESR signal losses of both derivative 2N and pristine N@C60 fit 

well the first order reaction kinetics of decomposition (equation 4.1). The calculated rate 

constants and half-life times are listed in Table 4.2. Decomposition rate constant for 

derivative 2N is approximately 17 times higher than that for pristine N@C60. Alternatively, 

half-life time of the encapsulated nitrogen atom in derivative 2N is only 280 min when 

exposed to light, much shorter than the 4951 min in pristine N@C60. The significant 

difference suggests a key role of the pyrrolidine group in changing the stability of 

encapsulated nitrogen atom. 

Table 4.2: Rate constant (k) and half-life time ( 2/1t ) for light induced decay of endohedral fullerenes in 
degassed CS2 at room temperature. 

 k  ( min-1) 2/1t  (min) 

Pristine N@C60 0.00014 (7) 4951 

Derivative 1N 0.00017 (6) 4077 

Derivative 2N 0.00247 (9) 280 

Derivative 3N 0.0026 (1)   266 

   

To further clarify the role of the pyrrolidine group, a pyrene chromophore was introduced 

at α position of the pyrrolidine ring (derivatives 3 and 3N). As demonstrated in the UV-vis 

absorption spectra (Figure 4.7 left), derivative 3 shows the characteristic absorption peak at 

433 nm reported for pyrrolidino-fullerenes [127,132]. Pyrene and C60 have distinct features 

in the UV-vis range of absorption. When they are chemically linked in derivative 3, no 

electronic interaction between them was observed in the ground state based on the fact that 

the absorption spectrum of derivative 3 is just a superposition of that of derivative 2 and 

pyrene [157,158]. However, energy transfer from pyrene to fullerene takes place under 

excitation [136,159]. A comparison of the fluorescence intensity shows that more than 90% 
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of the excited singlet state of pyrene is quenched in fluorescence spectra of derivative 3 

(Figure 4.7 right). Similar quenching phenomena were observed in mixtures of pyrene and 

C60 in solution. But the quenching effect in derivative 3 is more efficient than that in a 

C60/pyrene =1/1 mixture in solution, and comparable to that in a mixture with C60/pyrene 

=4/1 (inset in Figure 4.7 right). The enhanced intra-molecular energy transfer efficiency is 

not surprising considering the short link between pyrene and C60 in derivative 3.  
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Figure 4.7: UV-vis absorption spectra (Left) of (a) mixture of pyrene and C60 (molar ratio 1/1), (b) 
derivative 2, (c) derivative 3. Fluorescence spectra (Right) of (d) pyrene, (e) derivative 3, (f) mixture of 
pyrene and C60 (molar ratio C60/pyrene= 4/1). (All samples were measured in toluene at room temperature.) 

Although efficient energy transfer from pyrene to fullerene cage was observed in 

derivative 3 under excitation, derivative 3N shows a comparable photochemical stability to 

derivative 2N (Figure 4.6). The rate constant for derivative 3N is 0.0026, indistinguishable 

from that for derivative 2N (Table 4.2). This result indicates a negligible effect of the intra-

molecular energy transfer. Therefore, it could be concluded that alteration of the C60 cage 

structure induced by the pyrrolidine group is the dominant reason for the increased 

decomposition rate of pyrrolidine derivatives of N@C60 under these experimental conditions.  
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Figure 4.8: Time dependence of the relative intensity of ESR signal ( 0/ AA ) for derivative 2N in non-
degassed CS2 (a) and derivative 1N in degassed CS2 (b) when exposed to ambient light at room temperature.  

In addition, the effect of oxygen on the photochemical stability were also examined. It 

was found that oxygen slowed down significantly the spin loss rate (Figure 4.8a). For 

derivative 2N exposed to light in an air-saturated solution, the decay rate constant k was 

measured to be 0.00040 (8) min-1, much lower than that measured in a degassed solution. 

Especially, when pristine N@C60 is exposed to light in an air-saturated solution, no decay of 

ESR intensity was detected over 6 h within the experimental accuracy.  

4.3.2 Effect of the cyclopropane group 

Photochemical stability of cyclopropane derivative of N@C60 was studied to compare effects 

of different functional groups on the stability of encapsulated nitrogen atom. As shown in 

Figure 4.8b and Table 4.2, the cyclopropane derivative 1N shows a remarkably higher 

photochemical stability than the pyrrolidine derivatives 2N and 3N under the same 

conditions. The decay rate constant for derivative 1N is 0.00017 min-1, close to that for 

pristine N@C60. This observation is consistent with previous findings that cyclopropane 

derivatives of N@C60 showed slightly higher thermal stability than pristine N@C60 [126]. 



CHAPTER 4     Photochemical stability of N@C60 derivatives: effects of the pendant groups 

 

 84

Therefore, the cyclopropane group does not change the stability of the encapsulated nitrogen 

atom as much as the pyrrolidine group does in derivatives 2N and 3N. 

4.4 DFT modelling of the escape mechanism  

As discussed in the decay of N@C60O (Figure 4.3), any functional groups attached to C60 

cage can affect and may even engage in the escape process of the encapsulated nitrogen 

atom in N@C60 derivatives. However, it is currently not feasible to experimentally study the 

intermediates formed in decay of N@C60 because of restrictions in sample amounts. 

Therefore, quantum chemical calculations, such as DFT modelling, are necessary tools to 

explore the escape mechanism of encapsulated nitrogen atom in N@C60 and its derivatives. 

In the previous report [82], both semi-empirical (HF/PM3) and DFT calculations 

(B3LYP/D95*//PM3) were performed to determine the intermediate states and transition 

states in the decay process of N@C60 (Figure 4.9). Although these calculations are very 

instructive, higher-level calculations are required considering the much higher computing 

capacity today.  

In our calculations, larger basis sets 6-31G and 6-31G(d, p) were employed. Based on the 

DFT calculations, escape mechanisms were proposed for both the pyrrolidine and 

cyclopropane derivatives of N@C60 (specifically, derivatives 2N and 1N). The intermediates 

and transition states identified in the decay process were compared with their counterparts in 

that of pristine N@C60, in order to qualitatively account for the different photochemical 

stability observed for N@C60 derivatives. 

4.4.1 Escape mechanism for the pyrrolidine derivatives of N@C60 

An escape mechanism incorporating the active engagement of the pyrrolidine group is 

proposed (Figure 4.10) for the decay of pyrrolidine derivatives of N@C60. The derivative is 
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first excited into a triplet state upon absorption of light and subsequent intersystem crossing. 

The C1-C2 bond bearing the functional group would then break, and the two carbon atoms 

C1 and C2 bond to the endohedral nitrogen to form a covalent azo-bridge (Figure 4.10b). 

Dissociation of the C1-C2 bond is favoured over other bonds of the fullerene cage due to its 

elongation and the trend to release its σ strain induced by deviation from the ideal sp3-

hybridisation geometry. Next, the endohedral nitrogen swings out from the broken cage 

through an inversion of the 6-membered ring (Figure 4.10c). The free radical on the 

exohedral nitrogen atom is then quenched by either solvent molecules or O2, which ends the 

escape process of the encapsulated nitrogen.  

 

Figure 4.9: Proposed decay mechanism for pristine N@C60 through a [6, 6] bond. (a) Endohedral minimum 
state; (b) Endohedral bonding state; (c) Exohedral bonding state. TS stands for transition state. 

 

Figure 4.10: Proposed decay mechanism for a pyrrolidine derivative of N@C60. (a) Endohedral minimum 
state; (b) Endohedral bonding state; (c) Exohedral bonding state. TS stands for transition state. 

Although the proposed decay mechanism for N@C60 derivatives is similar to that for 

pristine N@C60 (Figure 4.9), the lower photochemical stability of the former indicates the 

possibility of major differences in their decay process. Therefore, the two intermediates 
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depicted in Figure 4.10b and Figure 4.10c, with their counterparts in Figure 4.9b and Figure 

4.9c for comparison, are theoretically explored with DFT calculations. 

4.4.1.1 Endohedral minimum state 

Both previous experiments and theoretical calculations have shown that in the endohedral 

minimum state of pristine N@C60 [84,160,161], the nitrogen atom stays exactly in the centre 

of the fullerene cage. The 3p electrons of nitrogen in pristine N@C60 are symmetrically 

distributed inside the carbon cage, resulting in nearly negligible ZFS effects. However, the 

fullerene cage is modified to incorporate the addends in N@C60 derivatives. For instance, the 

two carbon atoms baring the addend in derivative 2N are pulled out of surface of the 

fullerene cage, and the C1-C2 bond, as well as other bonds in proximity, is elongated (Figure 

4.11 and Table 4.3). Accordingly, the encapsulated nitrogen atom deviates from the centre of 

the fullerene cage in derivative 2N, with a larger distance to the C1 carbon when compared 

that in pristine N@C60. The distorted distribution of the nitrogen electron density gives rise 

to the ZFS effects of D = 16.2 MHz for derivative 2N in its frozen solution.  

                        
 

    (a)                                                             (b) 

Figure 4.11: Optimized geometry of the endohedral minimum state of N@C60 (a) and derivative 2N (b).  
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Table 4.3: Some of the optimized bond lengths (Å), bond angles (o) and dihedral angles (o) in derivative 2N 
and the intermediate states. 

 

 
 Endohedral 

minimum state 

(Figure 4.10a) 

Endohedral 

bonding state 

(Figure 4.10b) 

Exohedral bonding 

state 

(Figure 4.10c) 

Transition state 

(Figure 4.14c) 

1-2 1.615 2.441 2.467 2.544 

2-3 1.531 1.549 1.567 1.583 

3-4 1.379 1.426 1.423 1.437 

4-5 1.482 1.578 1.584 1.595 

1-7 1.558 1.534 1.601 1.571 

1-6 3.856 1.371 1.376 1.332 

7-8 1.454 1.466 1.504 1.477 

     

1-6-2 24.18 125.76 127.32 145.50 

6-1-7 179.21 116.75 91.13 102.89 

3-2-6 66.63 92.26 92.84 91.54 

2-3-4 124.41 120.50 118.51 118.66 

1-7-8 104.06 108.34 104.41 107.33 

     

6-1-2-7 179.34 179.74 87.26 141.42 

6-1-2-4 62.45 59.96 51.83 15.16 

 

4.4.1.2 Endohedral bonding state 

The encapsulated nitrogen forms a covalent azo-bridge inside the fullerene cage upon 

breaking of a [6,6] bond of the fullerene cage. In the endohedral bonding state for pristine 

N@C60, the original double bond C1-C2 changes into a single bond when the azo-bridge is 

formed, with the bond length close to a [5,6] bond on the fullerene cage ((Figure 4.12a and 

Table 4.4). The C1-N6 bond is shorter than a normal C-N bond, indicating a conjugation of 
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electrons of the nitrogen with carbon atoms. As shown in Figure 4.12b, density of the 

nitrogen spins spreads over to C1, C2 and the nearby carbon atoms. Although the 

conjugation could lower its energy, bonding of the nitrogen to the fullerene cage still 

increases energy of the system. A reaction enthalpy of 40.6 kcal/mol is obtained by taking 

the endohedral minimum state as the reactant. This value is slightly larger than the 34 

kcal/mol in previous literature calculated at the B3LYP/PM3 level [82], probably due to the 

enhanced bonding strength of the fullerene at a higher modelling level. The main reason for 

this energy increase in the endohedral bonding state is that the relatively rigid fullerene cage 

prevents a normal geometry of sp3 hybridization for the endohedral addition, and results in 

geometrical distortion of the azo-bridge structure (Table 4.4).  

       
                                            (a)                                          (b) 

          
                                                 (c)                                          (d)                                      

Figure 4.12: Optimized geometry and spin density distribution of the endohedral bonding state of pristine 
N@C60 (a, b) and derivative 2N (c, d).  
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Table 4.4: Some of the optimized bond lengths (Å), bond angles (o) and dihedral angles (o) of pristine 
N@C60 and the intermediate states. 

 

 

 

Endohedral minimum 

state  

(Figure 4.9a) 

Endohedral bonding 

state 

(Figure 4.9b) 

Exohedral bonding 

state 

(Figure 4.9c) 

Transition state 

(Figure 4.14a) 

1-2 1.40 1.45 1.59 2.28 

2-3 1.460 1.49 1.50 1.44 

3-4 1.40 1.40 1.39 1.46 

4-5 1.46 1.53 1.48 1.54 

1-6 3.57 1.54 1.45 1.37 

     

1-6-2 22.60 56.21 66.11 112.56 

3-2-6 78.53 96.25 125.45 100.34 

     

6-1-2-4 69.14 74.58 114.29 67.31 

 

This intermediate state in the decay of derivative 2N is structurally different from its 

counterpart in pristine N@C60. As shown in Figure 4.12c, a 6-membered ring is formed upon 

the breaking of the original 5-membered pyrrolidine ring. The initial single bond C1-C2 is 

cleaved with the distance between the two carbon atoms increased to 2.44 Å (Table 4.3), 

resulting in a fulleroid cluster. The endohedral nitrogen lies in a plane defined by the carbon 

atoms (C1, C2 and C7) and its electrons are conjugated with those of the latter. The shorter 

C1-N6 bond (1.37 Å), as well as the broader distribution of nitrogen spins over the carbon 

cage (Figure 4.12d), point to a more stable structure than its counterpart in pristine N@C60. 

Furthermore, the 6-member ring releases the bond strain that would be imposed by a 3-

membered azo-bridge structure in N@C60. Therefore, the intermediate state is calculated to 
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be 19.2 kcal/mol higher in enthalpy than the endohedral minimum state of derivative 2N, 

only half of the 40.6 kcal/mol for pristine N@C60. 

No spin-active intermediates were detected by ESR spectroscopy in the decay of both 

pristine N@C60 and derivative 2N. There are two possible reasons. Firstly, a very small 

portion of such intermediate exists in the system, and its lifetime may be shorter than the 

response time of an ESR spectroscopy (at the order of 10-10 s). Secondly, their ESR spectra 

may be broadened out because of the wide distribution of nitrogen spin over the carbon cage. 

Therefore, no ESR evidence of the intermediate states has been ever found in our 

investigation and previous reports [107,126]. 

4.4.1.3 Exohedral bonding state 

From the endohedral bonding state, the encapsulated nitrogen swings out of the fullerene 

cage and forms an exohedral azo-bridge with the C1 and C2. For pristine N@C60, this 

intermediate state reduces the σ strain of the fullerene cage (Figure 4.13a), and is 

energetically favourable over both the endohedral bonding state and the endohedral 

minimum state.  

In the exohedral bonding state for derivative 2N (Figure 4.13c), the nitrogen flips out of 

the hexagonal ring and changes conformation of the 6-member ring. Most bond lengths and 

bond angles of this exohedral state are close to those of the endohedral bonding state. But a 

change of the bond angle 6-1-7 from o8.116 to o3.91  distorts the C1 and C2 slightly further 

from the ideal sp3-hybridisation geometry (Table 4.3). This intermediate state is 8.7 kcal/mol 

higher in energy than its endohedral bonding state, in contrast to the more stabilized 

exohedral bonding state for pristine N@C60.  

For the exohedral bonding state for pristine N@C60, quenching of the free radical on the 

exohedral nitrogen would bring the escape process of the encapsulated nitrogen atom and the 
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spin loss into an end. A similar quenching process may take place for the exohedral bonding 

state for derivative 2N. However, other development routines could not be excluded given 

the complex structure of this intermediate. The flipped nitrogen N6 may migrate to form 

bonds with other carbons such as C3 and C4. Alternatively, the unpaired electron on the 

flipped nitrogen N6 could transfer to the nitrogen of the initial pyrrolidine ring N8 through 

cleavage of the C1-C7 bond.  

     
                                             (a)                                        (b) 

     
                 (c)                                      (d)                                      (e) 

Figure 4.13: Optimized geometry and spin density distribution of the exohedral bonding state of pristine 
N@C60 (a, b) and derivative 2N (c-e)*. * c and d are the views from two different perspective.  

4.4.1.4 Transition states  

Transition states reveal both the reaction routes and the activation energy of a chemical 

reaction. The transition state by definition is a structure with only one negative eigenvalues 
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in its Hessian matrix. Regarding the escape process, as shown in Figure 4.9 and Figure 4.10, 

the energy of the transition state 1 determines the activation energy for the formation of the 

endohedral bonding state (the first step); the energy of the transition state 2 determines the 

activation energy for the formation of the exohedral bonding state (the second step). In the 

previous report [82], identification of transition state 1 was achieved with the UHF/PM3 

method but failed with the B3LYP/PM3 method.  Our calculation at the B3LYP/6-31G level 

also failed to obtain this transition state for both pristine N@C60 and derivative 2N. The 

change in the spin multiplicity from 4 (the endohedral minimum state) to 2 (the endohedral 

bonding state) results in difficulty for DFT modelling. However, search for the transition 

state 2 from the endohedral bonding state to the exohedral bonding state was achieved where 

the two intermediates have the same spin multiplicity.  

Significant differences are identified between the transition state 2 for derivative 2N and 

pristine N@C60. Structural features of the transition state for pristine N@C60 (Table 4.4 and 

Figure 4.14a) includes: the nitrogen atom stays in the C2 axis; the C1-C2 bond is broken with 

a distance of 2.3 Å between the two carbon atoms; the angle of 1-6-2 ( o6.112 ) is close to the 

ideal geometry of a sp2-hybridisation state of the nitrogen atom; and the C1-N6 is shortened 

from 1.54 Å in the endohedral bonding state to 1.37 Å. The vibration mode with the negative 

frequency directs the encapsulated nitrogen out along the C2 axis, indicating a straight 

escape course of the encapsulated nitrogen atom through the C1-C2 bond.  

In the transition state for derivative 2N (Figure 4.14c), the two nitrogen atoms stretch out 

in opposite directions of the plane defined by carbon atoms of the 6-membered ring, 

resembling the chair conformation of a cyclo-hexane. As shown in Table 4.3, the distance 

between C1 and C2 is 2.54 Å, and the dihedral angle 6-1-2-4 ( o2.15 ) indicates that the 

encapsulated nitrogen nearly stays in the plane of the hexagon (C1-C2-C3-C4-C5). 
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Conjugation of the encapsulated nitrogen with other parts of the derivative is demonstrated 

by the spin density distribution in Figure 4.14d. The vibration mode with the negative 

frequency demonstrates a completely different escape course for the encapsulated nitrogen: 

it swings out through the hexagon (C1-C2-C3-C4-C5) in a circular trajectory with C1-C2 as 

the rotation axis. An effort to search for a similar transition state for pristine N@C60 ended 

up with breaking the fullerene cage probably because the hexagon is too narrow for the 

encapsulated nitrogen atom to pass through. This supports again that the straight ejection is 

the most likely escape route in pristine N@C60. 

 

      
 

                                            (a)                                        (b) 

            
 

                                            (c)                                         (d) 

Figure 4.14: Optimized geometry and spin density distribution of the transition state 2 for N@C60 (a, b) 
and derivative 2N (c, d) from endohedral bonding state to exohedral bonding state. 
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In terms of energy, the transition state for pristine N@C60 is 103.8 kcal/mol higher than 

its endohedral minimum state, in contrast to 40.5 kcal/mol for this transition state for 

derivative 2N (Table 4.5). For derivative 2N, a similar straight escape routine to that in 

pristine N@C60 could in principle takes place through bonds other than C1-C2. However, 

this straight escape routine should be energetically disfavoured with respect to the escape 

routine through the pyrrolidine ring. Therefore, the swinging escape through the C1-C2 bond 

would be the major decay route for the encapsulated nitrogen in derivative 2N. 

Table 4.5: Calculated reaction enthalpy (starting with the endohedral minimum) of intermediates and 
transition states in the decay of N@C60 (kcal/mol). (a) Refer to [5]. (b) Transition state from endohedral 
minimum state to the endohedral bonding state. (c) Transition state from endohedral bonding state to 
exohedral bonding state. 

 
0HrΔ  

UB3LYP/6-31G 

0HrΔ (a)  

UHF/PM3 

0HrΔ (a) 

UB3LYP/PM3 

transition state 1(b) - 51.2 - 

endohedral bonding state [6,6] 40.6 22.1 34.2 

transition state 2 (c) 103.8 63.1 66.8 

exohedral bonding state [6,6] -44.8 -78.4 -47.5 

 

According to the semi-empirical calculation (UHF/PM3) for decay of pristine N@C60 

[82], activation energy for the first step (51.2 kcal/mol) is higher than that for the second 

step (41.0 kcal/mol). However, our calculation at the higher level (UB3LYP/6-31G) showed 

that energy of the transition state 2 was significantly underestimated and activation energy of 

63.3 kcal/mol has been found for the second step. Because of the failure to identify the 

transition state 1 in our DFT calculations, it is impossible to make a conclusion on the 

decisive step with current knowledge. But we inclined to consider the second step as the 

decisive one in the decay of pristine N@C60, based on the high energy level of the transition 

state 2 (103.8 kcal/mol). 
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On the contrary, we proposed that the first step determined the decay rate of derivative 

2N. The pyrrolidine ring favours the inversion of the encapsulated nitrogen and results in 

very low activation energy (21.4 kcal/mol) for the second step. This proposal is partially 

supported by the fact that O2 remarkably lowers down the decay rate of derivative 2N. O2 is 

an effective quencher of triplet states [162-164], and its presence would suppress the first 

step in the decay process. Therefore, the observation of significantly reduced decay rate 

indicates a decisive role of the first step.    

 

To summarize the escape mechanism, energy profiles for the decay process of both 

pristine N@C60 and derivative 2N are compared in Figure 4.15. With respect to the pristine 

N@C60, the lower energy barrier for the decay of derivative 2N is consistent with its lower 

photochemical stability. From the structural perspective, two points facilitate escape of the 

encapsulated nitrogen in the pyrrolidine derivatives of N@C60. Firstly, the attachment of 

derivatives changes the hybridisation state of C1 and C2 into sp3 that favours their 

endohedral bonding with the encapsulated nitrogen atom. The elongated C1-C2 bond is also 

easier to be cleaved than other [6,6] double bonds of the fullerene. Secondly, the 6-

membered ring formed in the decay process facilitates the inversion of the encapsulated 

nitrogen atom. The hexagonal windows opened up by the 6-membered ring provide adequate 

space for the encapsulated nitrogen to pass through. With an energy barrier of just 21.4 

kcal/mol, evolution of the endohedral bonding state to the exohedral bonding state in 

derivative 2N are readily accessible under ambient conditions.  
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Figure 4.15: Reaction enthalpies 0HrΔ (298 K) in the decay process of pristine N@C60 and derivative 2N. 

4.4.2 Escape mechanism for the cyclopropane derivative of N@C60 

DFT calculations for the escape process in cyclopropane derivative of N@C60 was carried 

out in a similar manner to that for the pyrrolidine derivative 2N. In the endohedral minimum 

state for derivative 1N, the fullerene cage is distorted by the addend (Figure 4.16a and Table 

4.6). The C1-C2 bearing the addend exhibits longer bond length than any other carbon-

carbon bonds of the fullerene cage. The encapsulated nitrogen deviates from the centre of the 

fullerene cage and moves apart from the addend. Based on their ZFS parameters, the 

distortion induced by a cyclopropane addend should be less apparent than a pyrrolidine 

addend.  
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             (a)                                                (b) 

                           
           (c)                                                 (d) 

Figure 4.16: Optimized geometry and spin density distribution of the endohedral minimum state (a, b) and 
endohedral bonding state (c, d) of derivative 1N. 

The reaction enthalpy from the endohedral minimum state to the endohedral bonding state 

is 33.6 kcal/mol, which is just between that for derivative 2N and pristine N@C60. This 

result is consistent with the geometrical alterations in its endohedral bonding state. As shown 

in Table 4.6, the C1-C2 bond is completely cleaved with a distance of 2.04 Å between C1 

and C2, and the C1-N6 bond is 1.47 Å. The cyclopropane ring is enlarged to incorporate the 

covalent bonding of nitrogen to form a 4-membered ring. The C1-C7 bond is slightly 

elongated and the angle 1-7-2 is significantly increased from o9.62  to o1.83 to match the 
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increased C1-C2 distance. Similar to the endohedral bonding state for both pristine N@C60 

and derivative 2N, a portion of the nitrogen spins is distributed over the carbon cage (Figure 

4.16b). Therefore, the 3-membered cyclopropane ring weakens the C1-C2 bond and 

stabilizes the endohedral bonding state, but its effect is less significant than that of the 

pyrrolidine ring.     

Table 4.6: Some of the optimized partial bond lengths (Å), bond angles (o) and dihedral angles (o) of 
derivative 1N and its intermediate state.  

 

 

 Endohedral minimum state 
Endohedral bonding state  

(Figure 4.17a) 

1-2 1.588 2.04 

2-3 1.499 1.51 

3-4 1.386 1.43 

4-5 1.474 1.58 

1-6 3.754 1.47 

1-7 1.520 1.54 

   

1-6-2 24.42 87.65 

3-2-6 71.54 91.62 

1-7-2 62.91 83.21 

   

6-1-2-4 64.84 66.21 

 

Search for the exohedral bonding state for derivative 1N failed to find any stable 

intermediate states with the flipped nitrogen atom bonding to C1 and C2. In addition, no 

transition state similar to that for pristine N@C60 and derivative 2N were identified. 

Considering the restricted space and structural rigidity of the 4-membered ring, neither a 

straightway ejection nor swinging of the encapsulated nitrogen would take place through the 
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C1-C2 bond. Therefore, the endohedral bonding state in derivative 1N either marks an end 

of the escape process (Figure 4.17) or would just reverse to the endohedral minimum state.  

As discussed previously, derivative 1N shows comparable photochemical stability to 

pristine N@C60 (Table 4.2), as well as slightly enhanced thermal stability. In addition, the 

increase of number of addends further improves the thermal stability [10]. This trend is 

explained well by the proposed mechanism. Firstly, inversion of the encapsulated nitrogen is 

restricted by the narrow and rigid 4-membered ring in the endohedral bonding state, and 

further blocked by the addends R due to the steric hindrance effect (Figure 4.17). The 

cyclopropane derivative could decay through bonds other than C1-C2 in a similar manner to 

pristine N@C60. This explains the similar photochemical stability of derivative 1N to pristine 

N@C60. Secondly, the blocking of the C1-C2 bond by the cyclopropane addends reduces the 

chance of the fullerene cage in an attack from the encapsulated nitrogen. An increase in the 

number of addends would further reduce the chance and enhance the stability.  

 

Figure 4.17: The hindered inversion of encapsulated nitrogen atom in the cyclopropane derivative of 
N@C60. (a) Endohedral bonding state; (b) Exohedral bonding state. R=COOC2H5. 

4.5 Conclusions 

Photochemical stability of derivatives of N@C60 was investigated by ESR techniques in this 

chapter. All the derivatives are very stable when they are stored in dark. The pyrrolidine 

derivatives in a degassed solution are more sensitive to ambient light than pristine N@C60. 
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Described by a first order decay model, the half-life time of derivative 2N is only 280 min, 

in contrast to the 4077 min of pristine N@C60. It is the pyrrolidine structure that determines 

the photochemical stability. An introduction of the pyrene chromophore to the peripheral 

pyrrolidine ring does not significantly change the stability of encapsulated nitrogen, although 

energy transfer from pyrene to C60 takes place efficiently in the excited state. In contrast, the 

cyclopropane derivative of N@C60 shows a comparable stability to pristine N@C60. 

Furthermore, the presence of O2 could effectively slow down the photo-activated decay rate 

of pyrrolidine derivatives of N@C60. 

DFT calculations were carried out to investigate the escape process in pristine N@C60 and 

its derivatives. A mechanism involving bonding of the encapsulated nitrogen atom to the two 

carbons bearing the addends and subsequent swinging out was proposed. The attachment of 

addends stabilizes the endohedral bonding state in both pyrrolidine and cyclopropane 

derivatives, but more effectively in the former. While the encapsulated nitrogen swings out 

through the window opened up by the pyrrolidine ring, it is ejected in a straight trajectory in 

pristine N@C60. The 6-membered ring formed in the decay of pyrrolidine derivatives 

facilitates the inversion of the encapsulated nitrogen, which explains its lower photochemical 

stability. For the cyclopropane derivatives, no inversion of the encapsulated nitrogen could 

take place through the C1 and C2 bond restricted by the narrow and rigid 4-membered ring. 

The major decay route in cyclopropane derivative of N@C60 is similar to that for pristine 

N@C60. Therefore, blocking of the C1-C2 bond by the cyclopropane addends may enhance 

the stability of the encapsulated nitrogen. The understanding on the stability of N@C60 

derivatives is vital for any future development or applications of these endohedral fullerenes. 
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Chapter 5 

Spin-spin interactions in N@C60-porphyrin 

dyads 

Following the study of effects of chemical functionalization on the stability of N@C60 in the 

previous chapter, the synthesis of “designer” N@C60 adducts is explored in this chapter. The 

prospect of using N@C60 in electron-spin based QIP has been demonstrated in the 

achievement of one-qubit operations and coherent quantum state transfer between electron 

spins and nuclear spins of 15N@C60 [87,90]. To fulfil the scalability requirement, systems 

with controlled spin-spin interactions have to be constructed [35,48], and one feasible option 

is to synthesize dimers of endohedral fullerenes. Despite the successful synthesis of dimers 

in the type of N@C60-C60 [100,103,104], no double filled dimer N@C60-N@C60 has been 

reported yet. Correspondingly, no spin-spin interactions of N@C60 with other electron spins 

have been ever studied. 

Meanwhile, dyads of C60 and porphyrin have been widely explored in the interests of 

photovoltaic energy conversion and molecular devices [139-143]. Because most of the 
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functionalization schemes of C60 are transferable to N@C60, dyads of N@C60 and porphyrin 

could be synthesized in similar procedures. When a spin-active metalloporphyrin is 

incorporated in the dyad, a two-radical-centre system can be constructed. Therefore, an 

investigation on these N@C60-porphyrin dyads would provide preliminary insights on the 

spin-spin interactions involving N@C60 before the achievement of a double filled dimer, 

such as 14N@C60-15N@C60. 

5.1 Introduction  

 5.1.1 Spin-spin interactions  

In the weak coupling regime, two types of spin-spin interactions, namely dipolar coupling 

and exchange coupling, are usually expected between two separated spin centres.  

The exchange coupling (represented by tensor J) splits the singlet and triplet states of two 

electrons in energy. The spin Hamiltonian is described by: 

                     )ˆˆˆˆ(
2
1ˆ

1221 SJSSJSH TTT
exch ⋅⋅+⋅⋅=                                        (5.1) 

where J is a 3×3 matrix taking into account the Coulombic interactions between the two 

unpaired electrons. When only the isotropic part is concerned, equation 5.1 becomes: 

                    210,
ˆˆˆ SSJH T

isoexch ⋅=                                                        (5.2) 

where J0 is the exchange coupling strength and is given by the exchange integral to a first 

approximation: 

                     212
*
122

12
1

*
2110 )()(1)()( dVdVxx

r
xxJ ϕϕϕϕ∫=                               (5.3) 

Because the products of different wave functions in equation 5.2 depend on the same 

coordinate, overlap between )(1 xϕ  and )(2 xϕ is necessary to afford a significant J0.  
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In contrast to the isotropic exchange coupling, the dipolar coupling depicts the anisotropic 

part of the spin-spin interactions. The dipolar coupling between two spin centres could be 

described as： 
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The dipolar coupling matrix D could be diagonalized into a principal-axis matrix: 
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Ddip is normally traceless and effects of dipolar coupling would be therefore vanished in fast 

tumbling regime. 

Spin-spin interactions affect significantly the features of CW ESR spectra of two separate 

electron spins. For a heterogeneous spin pair where one spin relaxes faster than the other one, 

the effect of spin-spin interaction on ESR spectra is determined by two physical factors. The 

first one is the spin relaxation time [165]. If the spin relaxation rates (1/T1 and 1/T2) of the 

fast-relaxing spin are slower than the spin-spin interaction (in Hz), AB splitting patterns 

would be observed in the ESR spectra. When the relaxation rates increase and become 

comparable to the spin-spin interaction, broadening and even collapse of the ESR spectra are 

often observed [166,167]. Furthermore, when the relaxation rates gets much faster than the 

spin-spin interaction, average effects result in narrowing of the ESR spectra again. The 

second factor is the molecular correlation time [109]. While effects of the exchange coupling 
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survive in the fast tumbling regime, effects of the dipolar coupling would be averaged out 

because of motional narrowing.  

 5.1.2 Amplitude decrease and the Leigh model 

To account for the decrease of ESR amplitude of nitroxyl radicals covalently bound to 

transitional metals in the rigid lattice, Leigh developed a model based on the Redfield theory 

[168]. When dipolar coupling is the only dominant spin-spin interaction, the linewidth could 

be described as: 

h)]1([ 22
02'2' τωτμδ +><+><=

yzB HHgH                        (5.6) 

where g is electron g-factor of the observed spin, μB is Bohr magneton, τ is the correlation 

time, 0ω is the resonance frequency, the >< 2'z
H and >< 2'y

H  are the mean-square of the 

fluctuating field in the directions parallel and perpendicular to the laboratory components, 

respectively. If the correlation time (considered as the relaxation time of the transitional 

metal) satisfies 1
02
−>> ωτT , the linewidth of the observed spin, or the slow-relaxing spin 

(nitroxyl radical), is dependent on the angle between the applied field and the vector joining 

the two spins: 

0
22 )cos31( HCH R δθδ +′−= , with h62 rgC B τμμ=                          (5.7) 

                 μ effective magnetic moment of transition metal ion 

                 τ metal relaxation time 

                 r distance between the two electron spins 

                 δH0 half-weight linewidth of nitroxyl in the absence of paramagnetic metals. 

The application of Leigh model has to satisfy three assumptions [165]. (a) The spin-spin 

interaction is solely due to dipolar coupling. Although the exchange coupling can be also 

collapsed by the rapid relaxation of paramagnetic metals, it is irrelevant to the inter-spin 
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distance. (b) The rigid lattice restriction is essential not only because a fixed orientation is 

considered, but also the fast tumbling can average out the effects of dipolar splitting. (c) The 

metal relaxation rate 1
1
−T should be of the same order as the dipolar coupling.  

The Leigh model successfully predicts a significant decrease in the ESR amplitude of the 

nitroxyl radicals, but later investigation argued that the decrease was caused by linewidth 

broadening because the double-integrated intensity kept almost unchanged [169].  

5.1.3 Changes in relaxation time 

The relaxation time of one spin may be changed by a second spin of more rapid relaxation. 

Such a change could be described as [166]: 
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where ‘f’ and ‘s’ denote the spins with fast and slow relaxation, respectively. 0
1sT  sT1  are 1T  

for the slow-relaxing spin in the absence and presence of the fast-relaxing spin. S is the spin 

number of the fast-relaxing centre, fω and sω are the corresponding resonant frequencies, J 

is the electron-electron exchange coupling strength, r is the inter-spin distance and θ is the 

angle between the vector and the applied magnetic field. This model assumes that relaxation 

rate of the second spin 1
1
−T  is fast relative to the magnitude of the spin-spin interaction.   
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For a spin-pair system with strong interaction or small sf ωω − , the first term in equation 

5.8 should be modified to: 

fffsf
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TTbT
Tb

21
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2

)(1 +−+ ωω
                                      (5.9) 

with the limits of sT1 to be fT1 . The physical implication of this modification is that relaxation 

rate of the faster spin centre is the limits of spin-lattice relaxation rate of the slower spin due 

to the spin-spin interaction. 

In this chapter, dyads of N@C60 with two different porphyrins were synthesized, and 

spin-spin interactions in these dyads were examined. Furthermore, a conversion of the two-

radical-centre dyad into a single radical dyad was achieved by demetallation of the 

metalloporphyrin moiety.  

5.2 Demetallation procedures and modelling parameters  

Fullerene derivatives investigated in this chapter. 

Synthesis of dyads 7 (7N) and 8 (8N) (Figure 5.1) were discussed in chapter 3. 

Demetallation  

Removal of the copper ion was carried out according to the acidification method [170]. Dyad 

8 or 8N (1.6×10-7 mol) was dissolved in 4 mL of CH2Cl2 under sonication. A mixture of 

trifluoroacetic acid and 2% sulphuric acid (1 mL/0.02 mL) was added and the mixture was 

stirred for about 5 min. Mixture of ice/water was added and the aqueous phase was extracted 

with CH2Cl2. The extraction was washed with saturated solution of NaHCO3 and then with 

water to adjust the pH to nearly neutral. The organic phase was evaporated and redissolved 

in toluene or CS2. 
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Figure 5.1: Schematic views of C60-H2TPP (7), C60-CuTPP(8), N@C60-CuTPP(7N) and N@C60-
CuTPP(8N). TPP stands for tetraphenylporphyrin. 

Density functional theory calculations 

Hybrid DFT calculations were carried out with the Gaussian03 programme [120] at the 

B3LYP level. Split-valence 6-31G basis set was used for C, H, N and O, and TZVP for the 

transitional metal Cu. Full geometry optimization was carried out by means of energy 

gradient techniques. Electron density and spin density distribution was calculated with self-

consistent field (SCF) density and visualized using GaussView [156]. The electrostatic 

potentials are mapped with a density isosurface of 0.0004 electrons au-3. All calculations 

were set to be in the gas phase.  

5.3 Electron spin resonance of N@C60-H2TPP dyad 

In the electronic ground state of most fullerene-porphyrin dyads, no significant interactions 

between the two moieties have been reported [139,171,172]. UV-vis absorption spectrum of 
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C60-H2TPP (dyad 7) is just a combination of the constituent fullerene and H2TPP, which 

confirms no significant mutual perturbation to the electronic structure of both moieties. DFT 

calculations also support the independence of the two moieties, with each one reserving its 

individual conjugation structure. As shown in Figure 5.2, the two front orbitals HOMO 

(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) are 

exclusively located on the porphyrin macrocycle and the fullerene cage, respectively.  

  
 

              (a)                                                                        (b)  

Figure 5.2: Localization of the HOMO (a) and LUMO (b) orbitals of dyad 7 (hydrogen atoms are omitted). 
Energy level: HOMO (-4.99 eV), LUMO (-3.04 eV). 

N@C60-H2TPP (dyad 7N) exhibits similar ESR properties to other pyrrolidine derivatives 

of N@C60 [97,98]. As shown in Figure 5.3, ZFS features due to functionalization are 

observed in the frozen solution ESR spectrum of dyad 7N. The consistent ZFS parameters 

D=16.3 MHz and E=0.4 MHz with other pyrrolidine derivatives of N@C60, confirm the 

negligible effects of free-base porphyrin on the nitrogen spins even when they are in one 

molecule.  
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Figure 5.3: ESR spectra of dyad 7N in toluene at room temperature (a) and 77 K (b).  

5.4 Electron spin resonance of C60-CuTPP dyad 

The optimized geometry for C60-CuTPP (dyad 8) is similar to that for dyad 7 (Figure 5.4), 

where the vector joining centres of the two moieties is almost perpendicular to the normal of 

the porphyrin macrocycle. Similarly, no electronic interactions between the two moieties are 

justified based from the UV-vis absorption spectrum of dyad 8.   

    
 

              (a)                                                                                   (b) 

Figure 5.4: Spin density distribution (a) and electrostatic potentials (b) of dyad 8. The scale bar is in a.u..  
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The Cu2+ ion in the metalloporphyrin is spin-active because of its unpaired electron 

(electron configuration of 9d ). In the copper (II) tetraphenylporphyrin (CuTPP), the unpaired 

d electron is coupled to four equal nitrogen atoms, and the spin system is of axial symmetry 

with the Hamiltonian of [173]: 
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  (5.10) 

This equation is applicable to the spin system of dyad 8 as well, given the negligible 

interactions between the fullerene cage and the metalloporphyrin moieties (Figure 5.4a). 

ESR spectra of CuTPP and dyad 8 in CS2 are shown in Figure 5.5. In the highest field 

component of the spectra, hyperfine splitting due to coupling with nitrogen atoms could be 

clearly resolved in detail. A pattern of nine lines in the ratio 1:4:10:16:19:16:10:4:1 is 

expected when the four nitrogen atoms are magnetically equal, which agrees well with the 

experimental spectra.  

Simulation of both ESR spectra was performed according to equation 5.10 and the 

simulation parameters are listed in Table 5.1. CuTPP and dyad 8 exhibit similar g-factors 

and hyperfine interaction tensors. The different features in their ESR spectra are ascribed to 

the effects of molecular tumbling time, with 79 ps for CuTPP and 355 ps for dyad 8. The 

attachment of a fullerene cage increases significantly the molecular size and thus the 

interaction with solvent molecules. Additionally, intra-molecular π-π interaction in dyad 8 

may also slow down rotation of the porphyrin moiety. The phenyl group derived from the N-

substituent of the pyrrolidine forms a stacking geometry with a phenyl group of the 

porphyrin moiety (Figure 5.4b), which restricts rotation of the porphyrin macrocycle.  
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Figure 5.5: Experimental ESR spectra of CuTPP (a) and dyad 8 (b) in CS2, and their simulation (red traces). 

Table 5.1: Simulated ESR parameters for CuTPP and dyad 8. * Hyperfine interaction tensor with nitrogen 
was taken from the literature, and was fixed in the simulation. 

 g⊥, g|| 

A⊥(63Cu) 

(MHz) 

A|| (63Cu) 

(MHz) 

A⊥(14N)* 

(MHz) 

A||(14N)* 

(MHz) tumbling time (ps) 

CuTPP 2.053, 2.176 -90.5 -576 43.5 49.2 79 

Dyad 8 2.053, 2.174 -90.5 -575 43.5 49.2 355 
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5.5 Spin-spin interactions in N@C60-CuTPP  

In contrast to N@C60-H2TPP (dyad 7N), N@C60-CuTPP (dyad 8N) shows no 

characteristic signal of N@C60 in ESR spectra in either room temperature solution or frozen 

solution. The spectra of dyad 8N, with features only ascribed to copper porphyrin, are the 

same to those of C60-CuTPP (dyad 8). The complete suppression of the spin signal of N@C60 

indicates strong spin-spin interactions in dyad 8N.  

Based on spin counting on the dyad 7N sample, which is synthesized from the same 

N@C60/C60 mixture under the same conditions, the nitrogen filling ratio of fullerenes in the 

dyad 8N sample is estimated to be 0.014%. While every N@C60 is bound to a porphyrin 

group in the same molecule, the majority of the metalloporphyrin is bound to an empty C60. 

Therefore, effects of N@C60 on the metalloporphyrin could be practically neglected in the 

dyad 8N sample.   

In dyad 8N, dipolar coupling should be the dominant spin-spin interaction. Exchange 

coupling normally requires overlap of electron density distribution, but such overlap could 

be excluded in dyad 8N. Firstly, both experimental results and theoretical calculations have 

confirmed that approximately 98% of nitrogen spins is delocalized on the endohedral 

nitrogen atom in N@C60 [6,15]. Similarly, the copper spin is exclusively distributed on the 

porphyrin moiety, as revealed by the spin density distribution of dyad 8 (Figure 5.4a). 

Secondly, geometry of the metalloporphyrin with respect to the fullerene cage excludes 

possible overlap of their π orbitals. UV-vis absorption experiments on dyad 8 has already 

demonstrated negligible electronic interactions between the two moieties. In addition, the σ 

bonds that link the two moieties prevent the exchange coupling through chemical bonds. 

Therefore, no noticeable exchange coupling should be expected in dyad 8N. 
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5.5.1 Inter-molecular or intra-molecular interactions 

Both inter-molecular and intra-molecular dipolar coupling are present in the solution of dyad 

8N. The inter-molecular coupling is sensitive to sample concentrations, but the intra-

molecular coupling is independent. Therefore, effects of the two types of dipolar coupling 

can be distinguished from concentration dependence studies of the ESR spectra.  

In the mixture of N@C60 with CuTPP, where the inter-molecular dipolar coupling exists 

exclusively, an increase in sample concentration leads to both linewidth broadening and 

decrease of the signal amplitude (Figure 5.6a). The ESR signal of N@C60 disappears only in 

samples of very high concentrations (for instance, 4.8×10-3 M). The peak linewidth of 

N@C60 increases proportionally to the concentration of CuTPP, while its intensity decreases 

linearly (Figure 5.7a). Because the signal intensity is calculated with the double integration 

method, its decreasing trend is not completely justified due to the lower accuracy of dealing 

with peaks of lower signal/noise ratio. On the other hand, the amplitude of N@C60 peaks 

decreases exponentially with the concentration of CuTPP as shown in Figure 5.7b. Given the 

constant signal intensity, the signal amplitude is mainly determined by the lineshapes. Peaks 

with Lorentz broadening are of smaller amplitude than those with Gaussian broadening. ESR 

signal of pure N@C60 solution exhibits Gaussian broadening, and it turns into Voigtian 

broadening (mixed with both Gaussian and Lorentz broadening) in the mixture of N@C60 

and CuTPP. Furthermore, the ratio of Lorentz broadening in the ESR signal of N@C60 

increases with the CuTPP concentration.  
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Figure 5.6: ESR spectra of a mixture of N@C60/CuTPP (molar ratio 1:1) (a) and the dyad 8N sample (b), at 
(I) 4.1 ×10-3 M, (II) 1.6 ×10-3 M and (III) 8.0 ×10-4 M. Measurements were taken at room temperature and 
the parameters are set to best demonstrate the signal of N@C60. 
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                                (a)                                                                        (b) 

Figure 5.7: (a) Intensity and linewidth (peak to peak) of N@C60 mixed with CuTPP in CS2. (b) Amplitude 
change and its comparison with the calculated results based on Gaussian and Lorenz broadening. 
Measurements were taken at room temperature (295K). Concentration of N@C60 and the whole volume 
(0.1 mL) were fixed, and the concentration of CuTPP varied as shown. 

In contrast to the N@C60/CuTPP mixture, no ESR signal of N@C60 was observed in the 

dyad 8N sample at all experimental concentrations (Figure 5.6b). Because the inter-

molecular dipolar coupling becomes weak when the sample concentration is low (for 

instance, 4-100.8 × M), the intra-molecular dipolar coupling plays a dominant role in 

suppression of the ESR signal of N@C60 in dyad 8N. 
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To calculate the dipolar coupling matrix, an inter-spin distance of 1.26 nm is identified 

from the optimized geometry of dyad 8N (Figure 5.8). Ddip was then calculated according to 

equation 5.4 by taking g = 2.0030 for the nitrogen spins [80] and g = 2.053 for the copper 

spin:  

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

−
=

0.5400
00.270
000.27

dipD (in MHz) 

The g = 2.053 is taken from g⊥ of the copper spin, and g|| was excluded because it is almost 

perpendicular to the joining vector (Figure 5.8).  

 

Figure 5.8: Optimized geometry of dyad 8N. The dashed line denotes the vector joining the centre of 
copper ion and the endohedral nitrogen, with the length of 1.26 nm. 

5.5.2 Reasons for the suppression of N@C60 ESR signal 

Despite the argument of linewidth broadening [169], the Leigh model would be helpful to 

analyze suppression of N@C60 signal in the dyad 8N sample from the perspective of 

amplitude decrease and lineshapes.  
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The three assumptions to satisfy the model are carefully examined in the dyad 8N. Firstly, 

the dominant interaction between N@C60 and CuTPP in the dyad is dipolar coupling. 

Secondly, the rigid lattice condition needs fundamental analysis. Both the porphyrin and the 

pyrrolidine ring in dyad 8N are relatively rigid groups. The copper ion stays in the symmetry 

centre of the porphyrin macrocycle, whose rotation would scarcely change its distance to the 

fullerene centre. Therefore, the joining vector is almost constant in spite of molecular 

vibration in solution. In addition, rotation of dyad 8N in solution should fall within the 

intermediate tumbling range based on the tumbling time of 355 ps (tumbling rate of 2.8×109 

Hz) for its counterpart dyad 8. The relaxation time T1 of copper ion ranges from 1000 to 

3000 ps at room temperature solution [109], which is just slightly longer than the molecular 

tumbling time. Effects of dipolar coupling would only be partially reduced in this 

intermediate range. To incorporate the motional narrowing effects, the tumbling time instead 

of the relaxation time of copper ion was used as correlation time in the Leigh model. 

Consequently, similar to the Redfield theory, the C in equation 5.7 that determines the 

significance of the Leigh model would rely on the tumbling time as well. Such consideration 

for correlation time is justified in dyad 8N because the prerequisite 1
0
−> ωτ  is still satisfied 

in the X band ESR spectroscopy where the resonant microwave frequency is about 9.5 GHz. 

Thirdly, both relaxation rate of the copper (109 Hz) and the molecular tumbling rate (2.8×109 

Hz) are faster than the dipolar coupling strength (2.7×107 Hz).  

According to equation 5.7, the amplitude decrease is actually determined by the ratio 

C/δH0 rather than the C alone. A spin system with smaller δH0 (the intrinsic linewidth in the 

absence of a second spin) would be affected more significantly by a fast relaxing spin. The 

normalized amplitude of N@C60 as a function of C/δH0 is plotted in Figure 5.9a. When the 

C/δH0 ratio becomes larger than 0.1, the amplitude starts to decrease significantly.  
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Figure 5.9: (a) Normalized amplitude of N@C60 as a function of C/δH0. Blue trace: absorption amplitude; 
black trace: first derivative amplitude. (b) ESR spectra of N@C60 with C/δH0 =0 (black trace), and C/δH0 
=15.7 (red trace). 

To calculate the C for dyad 8N, g = 2.0030 and g = 2.053 were used for the nitrogen spin 

and copper spin, respectively, similar to the calculation of the dipolar coupling matrix. The 

effective magnetic moment μ is the sum of the total spin magnetic moment and the orbital 

angular moment for transition metals. For dyad 8N, μ of the copper ion is conservatively 

taken as 1.73 μB, the value of the total spin magnetic moment exclusive of the orbital angular 

moment. The intrinsic linewidth δH0 was estimated from the decoherence time T2 of the 
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pyrrolidine derivatives of N@C60. Again, a conservative T2 = 6.6 μs was used and the 

linewidth δH0 was estimated to be 0.027 G (half of 1/T2) [104]. Therefore, the C is 0.425, 

and the ratio C/δH0 is 15.7. Accordingly, the amplitude is reduced to be as less as 10.4% of 

the original signal intensity (Figure 5.9b). 

 

Figure 5.10: Simulated ESR spectrum of the dyad 8N sample with C/δH0 =15.7, linewidth of 0.1 G (peak 
to peak), a purity of 0.014% (red trace), and the N@C60 signal alone (black trace).  

In addition to effects of the Leigh model, two other factors also contribute to the 

amplitude decrease of N@C60 signal in the dyad 8N sample. Firstly, inter-molecular dipolar 

coupling broadens the linewidth and results in decrease of the amplitude. This broadening 

effect should affect the dyad 8N sample in a similar manner to the N@C60/CuTPP mixture. 

Linewidth of 0.1 G (peak to peak) was therefore assumed for the dyad 8N sample at the 

concentration of 8×10-4 M according to Figure 5.7a. Secondly, the low nitrogen-filling ratio 

(approximately 0.014%) in the dyad 8N sample lowers significantly the signal ratio of 

N@C60 to CuTPP. Based on all these considerations, the simulated ESR spectrum of dyad 

8N shows the relative amplitude of N@C60 with respect to CuTPP (Figure 5.10). The 

amplitude of N@C60 signal is much smaller than that of the CuTPP signal.   
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Furthermore, some realistic factors that are difficult to evaluate may cause additional 

broadening of the N@C60 peaks. For instance, the inter-spin distance is not ideally constant 

as assumed in the Leigh model, and anisotropy of the g-factor of copper ion may not be 

omitted. Beyond these theoretical considerations, experimental factors should be also taken 

into account to understand the complete suppression of the ESR signal of N@C60 in the dyad 

8N sample. In practice, the signal could hardly be resolved when its amplitude becomes very 

small. Any attempt to optimize the amplitude of N@C60 signal, such as increases in 

microwave power and modulation, may just result in a more significant increase of the 

CuTPP signal.  

5.6 Demetallation of N@C60-CuTPP 

Because N@C60 and its derivatives can lose their electron spins due to heating or light 

excitation [96,126], disappearance of the ESR signal of N@C60 in the dyad 8N sample could 

be caused by complete decomposition of N@C60. Therefore, it is essential to demonstrate the 

existence of N@C60 dyads in the dyad 8N sample. An immediate solution is to convert the 

metalloporphyrin into free base porphyrin by acidification [170]. If suppression of the 

N@C60 signal is caused by dipolar coupling, removal of the copper ion would definitely 

recover the N@C60 signal. In other words, dyad 8N would be converted into dyad 7N, from 

which the ESR signal of N@C60 could be determined.  

The demetallation process was monitored by UV-vis spectroscopy. Both Copper(II) 

porphyrin and free base porphyrin exhibit characteristic absorptions with high extinction 

coefficient. As shown in Figure 5.11a, after the demetallation absorption peaks ascribed to 

copper (II) porphyrin disappear and peaks ascribed to free-base porphyrin emerge, which are 

the same to those of dyad 7N. As expected, ESR signal of N@C60 was successfully 

recovered. The recovered N@C60 signal is approximately 82% of that of the dyad 7N sample 
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(with the same concentration) synthesized directly from the Prato reaction. Given the 

possible decomposition of N@C60 during the acidification, nitrogen filling ratio of fullerenes 

in the dyad 8N sample should be similar to that in the dyad 7N sample (approximately 

0.014%). 

The recovery of N@C60 signal proved the presence of N@C60-CuTPP in the dyad 8N 

sample, which further confirms the role of dipolar coupling in suppression of N@C60 signal. 

Additionally, the similar nitrogen filling ratios in both the dyad 8N and dyad 7N samples 

exclude any effects of the CuTPP on the stability of N@C60 during the Prato reaction.  

The demetallation, which provide a strategy to change a two-radical-centre system (dyad 

8N) into a single-radical system (dyad 7N), may find its applications in molecular devices or 

electron-spin based QIP.  

500 600 700 800

 Before demetallation
 After demetallation

Wavelength (nm)

a)

   
334 335 336 337

Magnetic field (mT)

b)  Before demetallation
 After demetallation

 
 
Figure 5.11: UV-vis absorption (a) and ESR spectrum (b) of dyad 8N before and after demetallation. 

5.7 Conclusions  

Two dyads of endohedral fullerene N@C60 and porphyrin were synthesized. The free base 

porphyrin shows negligible effects on N@C60 in dyad 7N and typical ZFS features due to 

functionalization were observed in the ESR spectrum measured in frozen solution. The 
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copper porphyrin suppressed the ESR signal of N@C60 in the dyad 8N sample over a wide 

range of concentrations, which suggests the intra-molecular dipolar coupling between the 

two spin-active moieties.  

The inter-spin distance between the copper ion and the encapsulated nitrogen is 1.26 nm, 

and the dipolar coupling strength was calculated to be 27.0 MHz. The Leigh model predicts 

90% decrease of the signal amplitude, which in combination with broadening effects due to 

inter-molecular dipolar coupling and the low nitrogen filling ratio, explains the suppression 

of ESR signal of N@C60 in the dyad 8N sample. In addition, effect of spin-spin interactions 

in suppression of ESR signal of N@C60 is also supported by removal of copper ion from the 

porphyrin moiety, with approximately 82% of the ESR signal of N@C60 recovered after the 

demetallation.  
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Chapter 6 

Alignment of N@C60 derivatives in a 

nematic phase matrix  

Intra-molecular spin-spin interactions in N@C60-porphyrin dyads have been studied in the 

previous chapter. Two-qubit quantum gates (for instance, the controlled-NOT operation), 

usually require control of such interactions. According to Harneit’s proposal [35], dipolar 

coupling is the main spin-spin interaction to be utilized for a quantum computer based on 

endohedral fullerenes. Anisotropy of the dipolar coupling provides the feasible means to 

adjust the coupling strength by controlling molecular orientations with respect to the 

magnetic field. Therefore, it is important to devise systems with ordered structure of 

fullerenes and their derivatives [48]. Herein, the nematic phase liquid crystal matrix is 

explored to align N@C60 derivatives. 
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6.1 Introduction  

6.1.1 Alignment of endohedral nitrogen (and phosphorus) fullerenes  

To date alignment of endohedral fullerenes has been achieved in anisotropic matrices 

including liquid crystals [174,175], single crystals [176,177] and carbon nanotubes [178-

180]. 

The first successful example is the dispersion of N@C70 in a nematic phase liquid crystal 

N-(4-Methoxybenzylidene)-4-butylaniline (MBBA). The endohedral fullerene was dissolved 

in MBBA at room temperature using an ultrasonic bath. Alignment of the liquid crystal 

molecules in an external magnetic field resulted in the axial orientation of N@C70 molecules 

as revealed in ESR spectra [175].  

Furthermore, co-crystallization was employed to realize an ordered arrangement of 

endohedral fullerenes in single crystal matrix [176]. Two crystal structures were obtained 

when a toluene solution of mixture of N@C60 and 2,4,6-tris-(4-bromophenoxy)-1,3,5-

triazine (BrPOT) was slowly cooled down from 100 Co  to room temperature. Although the 

fullerenes are only partially ordered in the hexagonal structure, they are fully ordered in the 

rhombohedral structure. As revealed by single crystal XRD measurements, the fullerenes are 

located on a centre of symmetry forming a slightly distorted cubic closed packed structure 

(the Wykoff position 6a, 0 0 z). Each fullerene sits in an individual pocket formed by BrPOT 

molecules (Figure 6.1). Similar crystal structure of P@C60 in BrPOT was also obtained 

through the same method. 
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Figure 6.1: Views of the rhombohedral structure of BrPOT(C60): (a) Side view of the essential building 
block; (b) Top view of this building block, including neighbouringC60 molecules; (c) Unit cell including 
BrPOT molecules (red triangles) of adjacent cells. Reprinted from [176]. 

In addition, confinement in carbon nanotubes offers another option to realize a one-

dimensional array of fullerenes. The so-called peapod was prepared mainly through two 

routes. One is the vapour-filling method [180], where the fullerenes and single-walled 

nanotubes (SWNTs) were heated in a quartz ampoule in very high vacuum at 650 Co . The 

other route is the solvent-filling method [179,180], where a suspension of the fullerenes and 

SWNTs in hexane was sonicated and refluxed later for about 2 h. In both methods, the non-

encapsulated fullerenes were removed by either sonication in toluene or dynamic vacuum 

treatment at 700 Co .  

6.1.2 Characterization of orientations 

Because all the endohedral fullerenes incorporating group-V elements are spin-active, ESR 

spectroscopy is a powerful technique to investigate their alignments. In previous studies 
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[174,175], ZFS effects were used to study the alignment of these endohedral fullerenes. Take 

N@C70 as an example, its spin Hamiltonian in high field approximation is:                                       

                         SSISISH zIze
ˆˆˆˆˆ ⋅⋅+⋅⋅+−= DAωω                                 (6.1) 

where A is the nuclear hyperfine interaction tensor and D is the ZFS tensor. In a high 

external magnetic field where the Zeeman splitting is larger than the hyperfine splitting, ZFS 

parameter E is negligible in axial molecules such as N@C70, and the effective ZFS 

parameter D observed in the ESR spectrum could be represented as: 

ZZeff ODD ⋅= ,  2/)1cos3( 2 −⋅= θZZO                                     (6.2) 

where ZZO  is the ordering parameter that defines the orientational order of the axis Z in the 

liquid crystal, θ  is the angle between Z  and the applied magnetic field (the over bar means 

an average over all the molecules). When N@C70 is dispersed in MBBA, the non-vanishing 

effD  results in nine sharp transitions in the ESR spectrum (Figure 6.2). According to 

equation 6.2, the ordering parameter ZZO was calculated to be 0.18(3) [174].  

 

Figure 6.2: ESR spectrum of N@C70 in toluene solution (upper graph) and liquid crystal MBBA (lower 
graph) at 299K. Reprinted from [175]. 
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In the co-crystal structure of N@C60 or P@C60 in BrPOT, large ZFS parameter of the 

endohedral fullerene was observed due to the strong non-covalent host-guest interaction 

[176]. The angular dependence of effD  deduced from the line positions agrees well with 

equation 6.2 (Figure 6.3).   

  

Figure 6.3: (a) ESR spectrum of rhombohedral co-crystal BrPOT(P@C60) at the angle of 0o, corresponding 
to the maximum effD (see to equation 6.2). (b) Angular dependence of ESR line positions. Symbols: mI 
=+1/2 (circles) and mI=-1/2 (squares). Open and closed symbols denote mS = (1/2,-1/2) and (±1/2, ±3/2) 
transitions, respectively. Reprinted from [176]. 

6.1.3 Evaluation of alignment methods 

The co-crystal method is remarkably effective as N@C60 and P@C60 were fully ordered in 

the single crystal matrix. However, this method cannot fulfil the scalability requirement of 

QIP applications. As a prerequisite to control the spin-spin interactions, covalently linked 

fullerene dimers have to be co-crystallized with the matrix. Huge experimental challenges 

are then trigged by the introduction of extra chemical groups to the fullerene cage. The 

lowered symmetry of functionalized fullerene, especially fullerene dimers, would affect 

significantly the crystallization process and prohibit obtaining high quality crystals.  

In terms of the confinement in nanotubes, it is not conclusively convincing that N@C60 

retains its properties once been inserted into the nanotubes, although the peapod structure 

was confirmed by electron microscopy. The low ratio of N@C60 in C60 (usually less than 1%, 
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and it may be further lowered by the high temperature treatment in vapour-filling) cannot 

guarantee satisfactory presence of N@C60 in the peapod. In addition, a complete removal of 

non-encapsulated N@C60 from the peapod is challenging, which weakens reliability of the 

ESR spectra currently ascribed to N@C60 in nanotubes [179]. 

Compared with the other two methods, liquid crystals in their nematic phase provide 

readily accessible one-dimensional environment [181-183]. In the nematic phase, the 

molecules self-align to parallel roughly their long axes, and can be then easily aligned by an 

external magnetic or electric field. For MBBA, the nematic phase lies in the temperature 

range from 293 K to 321 K, within which the molecules have long-range directional order 

along the applied field. Such ambient conditions are crucial for N@C60 derivatives to 

minimize their thermal or photo-induced decomposition. Although alignment of N@C60 in 

MBBA is not pronounced [175], N@C60 derivatives are likely to be aligned well due to their 

lowered molecular symmetry. ZFS parameter D  of N@C60 derivatives ranges from 6 to 16.5 

MHz [95,97,98]. According to equation 6.2, larger parameter D  (compared to 2.34 MHz for 

N@C70 [174]) indicates principally more significant effects of molecular orientations on the 

ESR spectra.  

6.1.4 Traditional spin probes  

The use of ZFS tensors to investigate the orientations of fullerenes is advantageous for in 

situ investigation with no extra labels required. However, because no alignment of N@C60 

derivatives has been reported up to date, the traditional spin probes would be useful to 

confirm the orientations of fullerene derivatives in MBBA. Recently a nitroxide radical was 

functionalized to C60 to probe their orientations in nanotube [184]. Both orientation and 

rotational dynamics of the fullerenes could be readily revealed by analysis of the ESR 

spectra.  
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Figure 6.4: Schematic representation of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO). 

Nitroxide radicals have been traditionally used as spin labels to probe molecular 

alignment due to their anisotropic g-factor and hyperfine interaction tensor A [185,186]. In 

the high field approximation the spin Hamiltonian for the free radical TEMPO (Figure 6.4, 

axis X is defined along the N-O bond) is:  

)]()([ˆ
00 YZYXZXZYZYXZXeZZZZZZZe SASAISgSgBSIASgBH +++++= ββ  

                 (6.3) 

In the one-dimensional environment, such as nematic phase liquid crystal, where the 

molecules rotate around the axis Z at a rate faster than the spin precession frequency, the 

time average of equation 6.3 is: 

ZZZe SIAASggBH )()(ˆ
0 Δ++Δ+= β  

)(
3
1

ZZYYXX gggg ++= , )(
3
1

ZZYYXX AAAA ++=  

)(
3
2

ZZZZYYYYXXXX gOgOgOg ++=Δ ,  )(
3
2

ZZZZYYYYXXXX AOAOAOA ++=Δ       

      (6.4) 
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where ),,( ZYXiOii =  is the ordering parameter defined as 2/]1),(cos3[ 2 −⋅= iZOii θ , 

with ),( iZθ being the angle between the applied magnetic field and the principal axis i of 

TEMPO. When AXX = AYY = 6 G, AZZ =18 G, 0089.2gxx = , 0061.2g =YY and 0027.2g =ZZ are 

applied: 

)(0011.00030.0))((
3
1)(

3
2

YYZZXXYYZZYYZZXXZZYYXX OOOOOggOgggg −−⋅=−−+−−=Δ                    

ZZZZXXZZ OOAAA ⋅≈−=Δ 3.17)(
3
2  

  (6.5) 

If the axis Y and Z are assumed to have equal probabilities of being perpendicular to the 

magnetic field B0 ( XXZZYY OOO 2
1−== ), equation 6.4 and 6.5 could be further transformed 

into [185]: 

                      XXOA ×−=Δ 6.8 , XXOg ×=Δ 0030.0                                    (6.6) 

Because the deviation of A and g could be deduced from the ESR spectra, the ordering 

parameter OXX is readily available according to equation 6.6. 

In this chapter, the nitroxide radical TEMPO was attached to C60 (derivative 9 in Figure 

6.5) and alignment of the resultant derivative in MBBA was firstly examined. Based on the 

clear experimental results that functionalized fullerenes could be aligned by liquid crystal, a 

series of synthesized N-substituted pyrrolidine derivatives of N@C60 (2N and 4N-6N in 

Figure 6.5) were then dispersed in MBBA and their orientations were studied via the ZFS 

effects.  
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6.2 Dispersion procedures and modelling parameters  

Spin-active fullerene derivatives investigated in this chapter  

Synthesis and characterization of fullerene derivatives 2N and 4N-6N (in Figure 6.5) were 

described in chapter 3. Derivative 9 was provided by Dr. Maria del Carmen Gimenez-Lopez 

in University of Nottingham. 

 

Figure 6.5: Schematic representation of C60(TEMPO) (9) and four pyrrolidine derivatives of N@C60. 

Dispersion of fullerene derivatives in MBBA 

 A solution of C60(TEMPO) (9) or N@C60 derivatives (approximately 10-4 mmol) in toluene 

(0.1 mL) was evaporated to dry in a standard ESR tube under high vacuum. MBBA (0.1 mL) 

was then added to the powder and the tube was placed in an ultrasonic bath for 1 h at 325 K 
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until the sample became homogenous (temperature range for the nematic phase of MBBA is 

293-321 K). After cooling down to room temperature (295 K), the samples were analyzed 

immediately by ESR spectroscopy.  

Density Functional Theory Calculations  

Hybrid DFT calculations were carried out with the Gaussian03 programme [120] at the 

B3LYP level. Split-valence 6-31G(d,p) basis set was used for all elements unless specified. 

Full geometry optimization was carried out by means of energy gradient techniques. Spin 

density and electrostatic potential were calculated with SCF density and visualized using 

GaussView [156]. The electrostatic potentials are mapped with a density isosurface of 

0.0004 electrons au-3.  All calculations were set to be in the gas phase.  

6.3 Alignment of C60(TEMPO) in MBBA 

As shown in Table 6.1, values of the anisotropic g-factor and A tensor of TEMPO and 

C60(TEMPO) are simulated from their frozen solution ESR spectrum, respectively. The 

parameters of TEMPO are consistent with previous reports [186,187]. C60(TEMPO) exhibits 

comparable g-factor to TEMPO and only slightly reduced AXX and AZZ of the A tensor. Their 

similarity in ESR parameters is explained by the fact that all the spin density in C60(TEMPO) 

is exclusively located in the functional group rather than the carbon cage (Figure 6.6c).  

Table 6.1: Simulated ESR parameters for TEMPO and C60(TEMPO) in toluene at 77K. 

 gXX gYY gZZ AXX = AYY (MHz) AZZ (MHz) 

TEMPO 2.0087 2.0064 2.0018 15.7 96.3 

C60(TEMPO) 2.0081 2.0069 2.0021 14.8 93.9 
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(a)                                             (b)                                             (c) 

Figure 6.6: Two optimized conformations of C60(TEMPO) (a, b) and the spin density distribution in the 
conformation a (c).  

The molecular tumbling rate of TEMPO presents itself as mI-dependence of the linewidth 

in ESR spectrum by influencing spin relaxation process. When a mixture of TEMPO and 

MBBA is diluted with different ratio of toluene, a change of ESR lineshapes is observed as 

shown in Figure 6.7a. Linewidth of the highest field transition becomes broader when less 

toluene is present in the mixture where molecular rotation of TEMPO gets slower. Figure 

6.7b presents the simulated ESR spectra of TEMPO with different molecular tumbling time. 

Therefore, the tumbling time of TEMPO and C60(TEMPO) in MBBA could be derived from 

their ESR spectra (Figure 6.7c). As listed in Table 6.2, the tumbling time of C60(TEMPO) is 

approximately as 4 times longer as TEMPO itself. This result indicates stronger interactions 

between C60(TEMPO) and the liquid crystal matrix, which is in good agreement with its 

bigger molecular size compared with TEMPO.   
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Figure 6.7: (a) Normalized ESR spectra of TEMPO dispersed in MBBA with different amount of toluene 
(the ratio is the volume of MBBA to toluene). (b) Simulation of TEMPO ESR spectra with correlation time 
5×10-11s, 1×10-10s, 3×10-10s, 6×10-10s consecutively (starting from 1). (c) ESR spectra of TEMPO (black 
trace) and C60(TEMPO) (red trace) in the liquid crystal matrix MBBA at room temperature. 

The TEMPO radical itself exhibited negligible alignment in MBBA, based on its similar 

hyperfine interaction constant (hfc) A in both toluene and MBBA (Table 6.2). In contrast, 

C60(TEMPO) showed preferable orientations in the liquid crystal. The hfc A of C60(TEMPO) 

is significantly decreased after the medium was changed from toluene solution to liquid 

crystal matrix. Due to its relatively fast molecular tumbling rate, C60(TEMPO) could be still 
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considered as an axial system in the MBBA. According to equation 6.6, the ordering 

parameter XXO  is calculated to be 0.11. The other two ordering parameters YYO and ZZO could 

be in principle calculated as well, but an accurate shift measurement of g-factor required for 

the equation 6.5 at the scale of 0.0002 is beyond the resolution limits of our ESR 

spectroscopy.  

Table 6.2: Simulated ESR parameters for TEMPO and C60(TEMPO) in toluene and the liquid crystal 
matrix MBBA at room temperature. 

 toluene MBBA 

 g A (MHz) A  (MHz) Tumbling time ( ns ) 

TEMPO 2.0062 43.1 42.7 0.42 

C60(TEMPO) 2.0061 41.7 38.7 1.58 

 

Interpretation of the orientation would be simplified if one of the principal axes of the 

probing ESR tensor coincides with one major axis of the probed molecule. Unfortunately, 

the probing axis X in C60(TEMPO) (defined along the N-O bond in Figure 6.5) deviates from 

the principal axis of the molecule. As shown in Figure 6.6, two conformations of 

C60(TEMPO) were identified. Although the N-O bond and the principal molecular axis 

nearly coincide in one conformation (Figure 6.6a), they depart away by approximately o50 in 

the other conformation (Figure 6.6b). Therefore, the uncertainty of the deviation in the two 

conformations makes it impossible to analyze the orientational distribution from the ordering 

parameter. However, the positive sign of XXO  indicates the preferential parallel orientation 

of C60(TEMPO) molecules along the magnetic field.  

To summarize, two conclusions could be drawn from the alignment of C60(TEMPO) in 

MBBA. Firstly, fullerene derivatives rotate quickly in MBBA, and the system could not be 

treated as the rigid-lattice limit. Secondly, the preferential orientation of C60(TEMPO) in 
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MBBA confirmed the suitability of liquid crystal to align fullerene derivatives. As shown 

below, these findings prove to be very instructive to further understand the orientations of 

N@C60 derivatives in MBBA.  

6.4 Alignment of N@C60 derivatives in MBBA 

The four synthesized pyrrolidine derivatives of N@C60 bear groups of various length and 

degrees of flexibility at the α position to the N-substituent (Figure 6.5). Table 6.3 lists their 

intrinsic ZFS parameters deduced from frozen solution ESR spectra. Dispersion of the four 

derivatives in MBBA gave rise to two different types of ESR spectra. Powder-like ESR 

spectrum with ZFS features are observed for derivatives 2N and 4N and solution-like 

spectrum are observed for derivatives 5N and 6N.  

Table 6.3: The intrinsic ZFS parameters for pyrrolidine derivatives of N@C60. The estimated uncertainties 
are 0.2 MHz. 

 D (MHz) E (MHz) 

2N 16.2 0.5 

4N 16.3 0.4 

5N 16.3 0.6 

6N 16.3 0.3 

 

6.4.1 Distributions exhibiting powder-like ESR spectrum 

As shown in Figure 6.8, derivative 2N dispersed in MBBA exhibits powder-like spectrum 

that differs remarkably from its spectrum in frozen solution. As a preliminary attempt, a 

solid-state model with random distribution was considered, but the simulation failed to 

match the experimental spectrum. Firstly, this model predicts narrower linewidth and lower 

intensity for the minor peaks resulted from ZFS effects. Secondly, difficulty arises to 
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understand the simulated parameter 9.8=fitD  MHz, which is smaller than the intrinsic value 

for derivative 2N ( 2.16int =D  MHz). In addition, the solid-state model is not justified by the 

fact that tumbling rate of fullerene derivatives in MBBA is still far above the rigid-lattice 

limit.   

An oriented distribution model is therefore adopted instead of the random model. Due to 

the much smaller value of E in comparison with D, the pyrrolidine derivative could be 

approximately treated as an axial system and equation 6.2 is then applicable to analyze their 

orientations. In contrast to C60(TEMPO), axis Z of the ZFS tensor in derivatives 2N and 4N-

6N coincides with their principal molecular axis (Figure 6.5). The ordering parameter could 

be therefore resolved into orientational distribution of these molecules. A Gaussian 

distribution is assumed for the molecular orientations [188]: 

                            σ
σ
θθθ /)

2
)(exp()( 2

2
0

⋅
−−=P                                            (6.7) 

where θ  is the angle between the principal molecular axis and the magnetic field, the mean 

angle 0θ defines deviation of the director (the direction of preferred orientation of molecules) 

of the derivative from the magnetic field, and 2σ is the variance of the distribution. 

When N@C60 derivatives are dispersed in MBBA, their ordering parameter ZZO  is 

assumed positive by following the result for C60(TEMPO). For derivative 2N, simulation 

with o8.440 =θ  and 6.2=σ fits well with the experimental spectrum (Figure 6.8). According 

to equation 6.2, the ordering parameter ZZO  is calculated to be 0.255. For derivative 4N 

dispersed in MBBA, o2.450 =θ , 7.2=σ  and 245.0=ZZO  give the best fit in the simulation.  
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Figure 6.8: ESR spectra of derivative 2N in MBBA (a), and in toluene at 77 K (b). Red trace is the 
simulated spectrum with D = 16.2 MHz, E = 0.5 MHz, AXX = AYY = 15.4 MHz AZZ = 16.2 MHz. Inset: angle 
distribution employed to generate the simulation spectrum. 

Because σ  and 0θ  in equation 6.7 were simultaneously optimized in the simulation, 

reliability of their results has to be verified. The ordering parameter as a function of these 

two parameters is numerically plotted as 3-D surface in Figure 6.9a, which is achieved by 

combination of equation 6.2 and 6.7. A projection of the 3-D surface to the plane of ordering 

parameter and mean angle is shown in Figure 6.9b, with the two highlighted edges 

representing the minimum divergence ( 1.0=σ ) and maximum divergence ( 20=σ ), 

respectively. The highest sensitivity of ordering parameter to mean angle is achieved at o45 , 

at which all curves have the sharpest slope.  
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Figure 6.9: (a) The 3-D surface of the ordering parameter as a function of the mean angle 0θ and the square 

root of varianceσ . (b) Projection of the 3-D surface on the plane of ordering parameter and 0θ . (c) 

Contours of the ordering parameter on the plane of 0θ  and σ . (Values of the contours are marked in the 
graph). 

This conclusion could be also analytically deduced from equation 6.2. When a unity 

distribution is assumed ( 0=σ ), derivative of the ordering parameter over the mean angle is:     

00
0

sincos3 θθ
θ

⋅−=
d

dOZZ                                                (6.8) 
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where the negative maximum achieves at o45 . Therefore, inaccuracy of the mean angle 

inherited from the ordering parameter is lower when the angle is in the range around o45 . 

Coincidently, both o8.440 =θ  for derivative 2N and o2.450 =θ for 4N fall into this range. 

Take derivative 2N for an example, a fluctuation ( 02.0± ) of the ordering parameter at 

2522.0=ZZO  causes smaller change on the mean angle than it does at 95.0=ZZO  (Figure 

6.9c).  

Reliability of σ  could be verified from the ESR spectrum simulation. As shown in Figure 

6.10, intensity of the minor peaks due to ZFS effects varies withσ . When σ  is larger than 5, 

a solution-like spectrum with nearly negligible ZFS features is predicted. The optimized 

simulation spectrum for derivative 2N with .62=σ  is remarkably different from the spectra 

with 1.3=σ and 1.2=σ .  

 

Figure 6.10: Simulation of the ESR spectrum of derivative 2N according to the Gaussian distribution 
(equation 6.7), with 0θ  fixed at 44.8o. Red trace is the optimized simulation for the experimental spectrum. 
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6.4.2 Distributions exhibiting solution-like ESR spectrum 

In contrast to derivatives 2N and 4N, derivatives 5N and 6N exhibit solution-like ESR 

spectrum in MBBA (Figure 6.11). The absence of ZFS features in their ESR spectra 

illustrates three points about the dispersion in MBBA.  
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Figure 6.11: ESR spectra of derivative 5N in MBBA (a), and in toluene at 77 K (b). * Peak from unknown 
impurity.  

Firstly, distribution of derivatives 5N and 6N is nearly random. According to the 

simulation shown in Figure 6.10, σ  of the distributions should be larger than 10. Secondly, 

tumbling rate of both derivatives 5N and 6N dispersed in MBBA is fast enough to average 

out their instinct ZFS effects, consistent with the finding on C60(TEMPO). Finally, the 

solution-like ESR spectra further rationalize the alignment of derivatives 2N and 4N in 

MBBA. A matrix-induced ZFS effect was previously reported in a mixture of pristine 

N@C60 with p-ter-butylcalix[8]arene due to strong host-guest interactions [189]. However, 

the solution-like ESR spectra of derivatives 5N and 6N exclude such an effect in the MBBA 

matrix. This finding agrees well with the previous report that a trivial ZFS with 090.0=D  

MHz was observed for N@C60 dispersed in MBBA [174]. Therefore, the ZFS features 

observed in ESR spectra of derivatives 2N and 4N dispersed in MBBA must be ascribed to 
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their oriented distribution. Otherwise, derivatives 2N and 4N dispersed in MBBA would 

exhibit similar solution-like ESR spectra to derivatives 5N and 6N. 

6.4.3 Interactions between fullerene derivatives and MBBA 

Since the director of MBBA in nematic phase is parallel to the magnetic field, the mean 

angle 0θ in equation 6.7 is also the deviation between the director of the derivative and that 

of MBBA. Derivatives 2N and 4N are therefore aligned along MBBA with an angle of 

about o45 between their principal molecular axes (Figure 6.12). This angle contrasts to the 

usual expectation that the solute molecules with aspect ratio larger than 1 would parallel 

their principal axis along the director of the liquid crystal matrix. But the result is consistent 

with the previous investigation on N@C70 dispersed in MBBA [174]. Its ordering 

parameter )3(18.0=ZZO , as well as the nearly unitary distribution ( 0≈σ ), indicates the angle 

between N@C70 and MBBA ( 0θ ) is about o.747 .  

 

Figure 6.12: Schematic illustration of derivative 2N aligned in MBBA. The angle 45o depicts the deviation 
of the director of derivative 2N from director of MBBA or alternatively the magnetic field direction. 
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DFT calculations were used to further understand the orientation of fullerene derivatives 

in MBBA from the perspective of molecular interactions (the endohedral derivatives 2N, 

4N-6N and their corresponding derivatives 2, 4-6 are assumed to have the same interactions 

with MBBA). Derivative 2 comprises of two distinct moieties in terms of electronic structure: 

the conjugated fullerene cage and the non-conjugated pyrrolidine ring. The structure is 

confirmed by 13C NMR spectrum, where 58 carbon atoms of the fullerene cage are identified 

as sp2 hybridized. Due to the large surface area of fullerene cages, strong π-π interactions are 

expected between the fullerene derivatives and MBBA molecules. We herein propose that 

these π-π interactions determine the orientation of fullerene derivatives in MBBA.  

Because of the small binding energies (2-3 kcal mol-1) of π-π interactions, it is still rather 

challenging to fully understand their origins and geometrical preferences. In general, 

intermolecular interactions could be reduced to electrostatic, dispersion, induction and 

exchange-repulsion forces [190]. The fact that all these forces could play a major role in a 

specific system results in several different models to understand the π-π interactions 

[191,192]. Among them, the Hunter-Sanders model based mainly on considerations of 

electrostatic force is widely used due to its simplicity and broad applicability [190]. 

According to the Hunter-Sanders model, two opposite electrostatic forces exist 

simultaneously when aromatic molecules approach each other: the attraction between the 

negatively charged π electron clouds and the positively charged σ framework, and the 

repulsion between the both negatively charged π-π electron clouds. A balance between the 

attraction and repulsion determines both the binding energy and the geometry. Because of 

the strong repulsion, a face-face sandwich stacked geometry is usually not as favourable as 

the T-shaped and parallel-displaced geometries (Figure 6.13).  
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Figure 6.13:  Sandwich, T-shaped and parallel-displaced configurations of two benzene rings. 

Electrostatic potential maps are helpful to understand electrostatic forces between 

molecules. MBBA and the fullerene derivatives exhibit different charge distribution trends 

in their electrostatic potential maps. The π electron clouds in both phenyl ring centres of 

MBBA are negatively charged, and the σ frames as well as the protons are positively 

charged (Figure 6.14a). In contrast, centres of the hexagonal and pentagonal rings of the 

fullerene cage in derivative 2 are positively charged, whereas the carbon-carbon frames are 

negatively charged (Figure 6.14b). A face-face structure, where the positively charged 

fullerene ring centres point to the negatively charged MBBA phenyl centres, is the 

favourable geometry according to the Hunter-Santers model [190]. This face-face geometry 

gives rise to attraction forces between fullerene derivative and MBBA, instead of repulsion 

forces that are dominant in two flat aromatic molecules.  
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                                                (a)                                           (b) 

 
 

             (c) 

Figure 6.14: Electrostatic potentials of MBBA (a), derivative 2 (b) (The scale bars are in a.u.). (c) 
Schematic drawing of the interaction between a MBBA molecule and the three consecutive rings of the 
fullerene derivative. 

If an interaction distance of 3.5 Å is assumed [193],  a MBBA molecule needs to interact 

with three consecutive rings of the fullerene cage from the perspective of geometrical 

requirement (Figure 6.14c). Five possible groups of rings that match the proposed geometry 

are identified in the carbon cage of derivative 2 (Figure 6.15). Orientations of these triplet 

rings with respect to the principal axis of derivative 2 are summarized in Table 6.4. In reality, 

all the orientations could be experienced by the fullerene derivative given its fast molecular 

tumbling rate in MBBA. Averaged angle for the four non-perpendicular interaction modes 

(a-d in Figure 6.15) would be 50.4°, if the contribution of each mode is simply proportional 
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to the amount of its sub-members. This theoretical prediction is close to the experimental 

vale of about 45°, which qualitatively explains the deviation of directors between the 

fullerene derivatives and MBBA.  

         
 

                               (a)                                      (b)                                    (c) 

            
 

(d)                                             (e) 

Figure 6.15: Five interaction modes in the fullerene cage with a MBBA molecule. The fullerene rings 
involved in the interaction are highlighted in red. 

Table 6.4:  Interaction modes of the fullerene cage with MBBA in derivative 2. * With respect to the 
principal molecular axis of derivative 2. 

 a b c d e 

Orientation of the triplet rings * (°) 0 36 60 72 90 

Amount of sub-members 4 12 12 12 4 

 



CHAPTER 6                                Alignment of N@C60 derivatives in a nematic phase matrix  

 

 146

For derivative 4, although there is a phenyl group appended to its pyrrolidine ring, no 

interactions between the phenyl group and the fullerene cage are observed in its both 

conformations (Figure 6.16).  The fullerene cage should still dominate the interactions with 

MBBA molecules due to its larger surface area. In addition, the relatively rigid structure 

limits the flexibility of the phenyl group. Therefore, derivative 4N dispersed in MBBA 

exhibits similar orientation to derivative 2N. 

                         
 

                                 (a)                                                                    (b) 
  

                 
 

                                 (c)                                                                     (d) 

Figure 6.16: Two conformations of derivative 4 and their electrostatic potentials: the stretched (a) (b) and 
the folded (c) (d). The scale bars are in au. 

The major structural difference between derivative 5N (or 6N) and derivative 4N is the 

presence of a sp3 carbon that links the pyrrolidine ring and the phenyl group. More 

conformations are therefore expected for derivative 5N (or 6N) than for derivative 4N, 
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where the phenyl group orientates differently to the fullerene cage. The additional interaction 

between this phenyl group and MBBA molecules enables more orientations in the matrix. 

Moreover, a particular conformation of derivative 5 is identified with the phenyl group 

separated from the fullerene cage by just 3.6 Å (Figure 6.17c). An intra-molecular 

interaction is supported by the electrostatic potentials (Figure 6.17d), where electron density 

of the phenyl group is overlapped with that of the fullerene cage. Such an interaction 

changes the molecular symmetry and may subsequently affect the inter-molecular interaction 

with MBBA. Therefore, more diversified orientations of derivatives 5N (or 6N) in MBBA 

are expected, which leads to the broader distribution and solution-like ESR spectrum. 

                      
 

                          (a)                                                                                (b) 

               
 

                            (c)                                                                              (d)  

Figure 6.17: Two conformations of derivative 5 and the electrostatic potentials: the stretched (a) (b), and 
the folded (c) (d). The scale bars are in au.  

 



CHAPTER 6                                Alignment of N@C60 derivatives in a nematic phase matrix  

 

 148

6.5 Prospects for alignment of N@C60 derivatives 

Although a relatively narrow distribution of orientations is achieved for derivatives 2N and 

4N in MBBA, it is still not satisfactory concerning the low ordering parameters. According 

to equation 6.2, the main factor affecting the ordering parameter is the deviation of directors 

between the fullerene derivative and MBBA (or the mean angle 0θ  in equation 6.7). The 

ordering parameter would be significantly enhanced if 0θ  is reduced. As shown in Figure 

6.18a, the simulation with 0θ =10o generates sharp splitting of ESR transitions for derivative 

2N over a broad range of σ. The lift of degeneracy in transitions enables the selective 

addressing of individual energy level in the 12-level spin system of N@C60. This would 

enable new refinement in information transfer between the nuclei spins and electron spins in 

N@C60 [90]. 

In addition to pyrrolidine derivatives, other derivatives with smaller ZFS parameter D 

could be similarly aligned in MBBA. Both simulations with 4.13=D  (Figure 6.18b) 

and 0.6=D  MHz (Figure 6.18c) exhibit good resolution of the nine transitions with the 

assumed 0θ =10o. Especially, the simulation shown in Figure 6.18b is important because 

alignment of the fullerene dimers to control spin-spin interactions is a main target in the QIP 

scheme based on endohedral fullerenes.  

To experimentally reduce the 0θ  between the fullerene derivatives and MBBA, further 

investigation is definitely required. According to findings in this work, the fullerene cage 

dominates the interactions with MBBA and subsequently determines the orientations in the 

matrix. To break up the dominance of fullerene cage, groups that would parallel to MBBA 

could be incorporated in the fullerene derivatives. Rigid and linear group(s), such as MBBA 
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itself or biphenyl esters, are possible candidates. With the parallel director of the functional 

group, 0θ  of the fullerene derivative may be effectively reduced.  

   
 

                                  (a)                                                                  (b) 
 

 
 

(c) 

Figure 6.18: Simulation of the ESR spectra of N@C60 derivatives according to the Gaussian distribution 
(equation 6.7), with 0θ  fixed at 10 o. (a) Derivative 2N with D = 16.2 MHz. (b) N@C60-C60 dimer with D 
=13.4 MHz. (c) Cyclopropane derivatives with D = 6.0 MHz 
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6.6 Conclusions 

The fullerene derivative labelled with a nitroxide radical was firstly investigated in the 

nematic phase MBBA. Ordering parameter and molecular tumbling time of 1.58 ns were 

determined by simulation of the ESR spectra. Orientations of four N@C60 pyrrolidine 

derivatives dispersed in MBBA were studied via their ZFS tensor. Derivatives 2N and 4N 

are preferentially oriented in the liquid crystal, with the Gaussian distribution of 6.2=σ for 

derivative 2N and 7.2=σ for derivative 4N. The director of the fullerene derivatives deviates 

from that of MBBA by an angle of about o45 . Strong π-π interaction, with MBBA stacking 

over three consecutive rings of the fullerene cage, was proposed based on DFT calculations. 

In contrast, derivatives 5N and 6N (with a flexible bond linked between the phenyl group 

and the pyrrolidine ring) exhibit solution-like ESR spectra and random distribution in the 

liquid crystal. A special conformation with intra-molecular interaction was identified for 

derivative 5N. In addition, matrix-induced effect on ZFS features of N@C60 derivatives 

could be excluded from consideration in these systems. Successful alignment of N@C60 

derivatives is important for their applications in QIP.  
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Chapter 7 

General conclusions and prospects 

7.1 Conclusions 

N@C60, with its remarkably long decoherence time, has intrigued great interest in electron-

spin based QIP. Although single qubit operations were achieved with high fidelity, scaling 

up to multiple-qubit system hindered development of the N@C60 based architecture. The 

work presented here explored the feasibility of overcoming this scalability hindrance through 

chemical functionalization. Several fundamental issues on both the chemistry of N@C60 and 

application of its derivatives were addressed.  

Firstly, functionalization of C60 was investigated and the reaction schemes were then 

readily transferred to functionalize N@C60 (described in Chapter 3). In these reactions, no 

difference in reactivity between N@C60 and C60 was observed. The Prato reaction scheme 

was particularly employed due to its capability to minimize the decomposition of N@C60 

during the reaction. A variety of pyrrolidine derivatives of N@C60 were synthesized using 

the specific precursors.     
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Stability of the encapsulated nitrogen atom is vital for any development and applications 

of N@C60. In Chapter 4, the effect of functionalization on the stability of  N@C60 was 

studied by ESR techniques. Despite their stability in the dark, N@C60 derivatives in a 

degassed solution were sensitive to light even at room temperature. It was found that 

photochemical stability of the N@C60 derivatives varied with the functional groups attached 

to the fullerene cage. Under excitation of ambient light, the pyrrolidine derivatives of 

N@C60 exhibited a half-life time approximately one fourteenth of that of the pristine N@C60. 

An introduction of the pyrene chromophore to the peripheral pyrrolidine ring does not 

significantly change the stability of encapsulated nitrogen atom, although energy transfer 

from pyrene to C60 takes place efficiently in the excited state. In contrast to the pyrrolidine 

derivatives, the cyclopropane derivative of N@C60 shows a comparable photochemical 

stability to pristine N@C60.  

To account for the difference in stability between the two types of N@C60 derivatives, an 

escape mechanism of the encapsulated nitrogen atom was proposed based on DFT 

calculations. The mechanism involves bonding of the encapsulated nitrogen atom to the two 

carbons bearing the addends and the subsequent swinging out. The 6-membered ring formed 

in the decay of the pyrrolidine derivatives facilitates the inversion of the encapsulated 

nitrogen atom, leading to their lower stability. For the cyclopropane derivatives, no inversion 

of the encapsulated nitrogen atom could take place through the resultant 4-membered ring. 

The major decay route for cyclopropane derivatives is expected to be the same as that for 

pristine N@C60. Therefore, the blocking of the C1-C2 bond by the cyclopropane addends 

may even enhance the stability of the encapsulated nitrogen atom.  

Moreover, a particular molecular system was developed by functionalization of N@C60 

with porphyrin groups in Chapter 5. Two N@C60-porphyrin dyads were synthesized. The 

dyad with free base porphyrin exhibits typical ZFS features in solid-state ESR spectrum due 
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to functionalization. However, the strong spin-spin interactions suppressed the ESR signal of 

nitrogen spins in the dyad of N@C60 and copper porphyrin. The concentration dependence 

studies demonstrated strong intra-molecular dipolar coupling between the two moieties. The 

inter-spin distance between the copper ion and the nitrogen atom is 1.26 nm identified from 

DFT optimization, and the dipolar coupling strength is 27.0 MHz. The Leigh model, as well 

as the broadening effects due to inter-molecular dipolar coupling, was adopted to account for 

the suppression of ESR signals of N@C60. To exclude the escape of nitrogen atom in the 

N@C60 and copper porphyrin dyad, demetallation of the porphyrin moiety was carried out. 

The recovery of about 82% of the N@C60 signal intensity confirms the effects of the dipolar 

coupling in the suppression of the N@C60 signal in ESR measurement.  

Finally, to prepare ordered structures, pyrrolidine derivatives of N@C60 were dispersed in 

the nematic matrix MBBA (discussed in Chapter 6). Orientations of these derivatives were 

characterized through their ZFS tensor. The derivatives with a –CH3 or phenyl group derived 

straightforward from the N-substituent of the pyrrolidine ring were preferentially oriented in 

the liquid crystal. Gaussian distributions with 6.2=σ and 7.2=σ were deduced from a 

simulation of their ESR spectra. The director of the fullerene derivatives deviates from that 

of MBBA by an angle of about o45 . Strong π-π interactions between MBBA and the 

fullerene cage were proposed based on the DFT calculations of electrostatic potentials. In 

contrast, the N@C60 derivatives with a –CH2 group linking the phenyl group and the 

pyrrolidine ring were found to be nearly random in MBBA. The flexibility induced by the 

sp3 carbon increases the number of conformations for these derivatives and results in more 

diversified orientations in the liquid crystal matrix.  
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7.2 Future prospects 

In addition to the photochemical stability of N@C60 derivatives, their thermal stability is 

equally important to develop deeper understanding on the effects of functional groups on the 

decay of the encapsulated nitrogen atom. Especially, the activation energy for the escape of 

the encapsulated nitrogen atom from these experiments could be related to the theoretical 

energy barrier calculated in this work.  

Future work on the N@C60-porphyrin dyad could involve improving the filling ratio of 

nitrogen atom in the C60 moiety, or replacing the N@C60 with other spin-active 

metallofullerenes, such as Y@C82 or La@C82. These metallofullerenes are generally easier 

than N@C60 to prepare in high purity the scale of several milligrams. Another reason to use 

metallofullerenes is their higher stability than N@C60. For instance, La@C82 could survive 

heating at 623 K for several hours [194]. This is a great advantage in technological 

considerations of the reliability, as well as the broader applicability of processing methods. 

A challenge ahead is the chemistry of metallofullerenes, which is less understood than that 

of C60/N@C60. These metallofullerene-porphyrin dyads can be used as unique molecular 

systems for further investigation. C60-porphyrin has been commonly studied in the fields of 

photovoltaic energy conversion. The substitution of C60 with metallofullerene in the dyad 

provides a potential system for spintronic devices. The electron pair resulting from photo-

induced charge separation may couple to the unpaired electron(s) of the metallofullerene. If 

this coupling is antiferromagnetic, the metallofullerene will become spin-silent. After a 

certain period, the metallofullerene will go back its original spin-active state when charge 

recombination has occurred. Because photo-induced charge separation and charge 

recombination usually happens very quickly in fullerene-porphyrin dyads, this mechanism 

may provide a fast-rate approach to switch on/off the spin state of metallofullerenes. 



CHAPTER 7                             General conclusions and future prospects 

 

 155

Another are of future work could involve the synthesis of hybrid N@C60-metallofullerene 

systems. Fullerene-tweezers may be an alternative for multiple-qubit systems to covalently 

linked dimers. In this scheme (Figure 7.1), molecular tweezers are chemically attached to the 

host endohedral fullerene N@C60, and a dimer will be formed after a guest endohedral 

fullerene Y@C82 is trapped in the tweezers though non-covalent bonding. Synthetic 

procedures for this dimer are straightforward. The reaction applied to synthesize N@C60-

porphyrin dyads could be readily transferred to the synthesis of N@C60-tweezers by using 

the corresponding porphyrin-tweezers molecule as a precursor. 

   

Figure 7.1: Schematic representation of N@C60-tweezers with Y@C82 trapped. 

This scheme will mitigate several obstacles that hinder the development of endohedral 

fullerene dimers. Firstly, it reduces dramatically the number of potential isomers. Chemical 

reaction on metallofullerenes that normally gives rise to several isomers is excluded and the 

chemical reaction on N@C60 could afford almost exclusively the monoadduct with a decent 

yield. This is very advantageous when considering the rarity of endohedral fullerenes. 

Secondly, it would produce asymmetric dimers. Because of their reactivity differences, 

asymmetric dimers are much more difficult to be synthesized. In this scheme, the 
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asymmetric dimers could be formed in a similar way to symmetric ones through careful 

selection of corresponding guest fullerenes.  

Dipolar coupling would be the main spin-spin interaction between the two endohedral 

fullerenes, which could be investigated by ESR spectroscopy. For instance, N@C60 and 

Y@C82 exhibit distinct features in ESR spectra due to their different hyperfine interaction 

with nuclear spins. This difference will enable the selective addressing of individual electron 

spins on each fullerene. Furthermore, advanced ESR experiments may be performed on 

these dimers to achieve electron-electron entanglement, which is a prerequisite for quantum 

information processing.   

In terms of the alignment of N@C60 derivatives, further efforts could be dedicated to 

control of the molecular orientation in liquid crystals. As discussed in Chapter 6, groups that 

would be parallel to the liquid crystal could be incorporated in the derivative to diminish the 

dominant role of fullerene cage in determining orientations. Reduction in the mean angle of 

the director of the derivative with regard to the liquid crystal would significantly enhance the 

ordering parameter and lift the degeneracy of some ESR transitions in N@C60. This may 

enable the selective addressing of individual transitions, and would allow for further 

quantum operations, such as coherent state transfer between the nuclear spins and the 

electron spins. 
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