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A two-step approach to the synthesis of N@C60
fullerene dimers for molecular qubits†
Simon R. Plant,‡*a Martyn Jevric,a John J. L. Morton,ab Arzhang Ardavan,b
Andrei N. Khlobystov,c G. Andrew D. Briggsa and Kyriakos Porfyrakisa
We report the two-step synthesis of a highly soluble fullerene dimer, both for short reaction times and at
the microscale. We apply this reaction scheme to starting materials that contain
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and we demonstrate how, if applied to highly pure N@C60 in the future, this scheme may be used to
produce (14N@C60)2 or (15N@C60)2 dimers in one step, and crucially

14

N@C60 –15N@C60 dimers in a

second step. Such dimers represent isolated electron spin pairs that may be used to demonstrate
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entanglement between the spins. Additionally, CW EPR spectroscopy of the
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solid state reveals permanent zero-ﬁeld splitting (D ¼ 14.6 MHz and E ¼ 0.56 MHz).
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Introduction

The controlled coupling of spin centres is essential when
constructing an architecture for molecular spin-based
quantum information processing (QIP).1 A major challenge is
to induce the requisite coupling between two adjacent spins,
whilst protecting them from neighbouring spins and any
unwanted environmental interactions. For molecular systems,
chemical engineering oﬀers a high degree of control over the
spacing of spin centres, and inter-molecular couplings may be
reduced by dispersal in a diamagnetic matrix.2,3 Endohedral
fullerenes – where atoms, ions or clusters are encapsulated in a
carbon cage – are attractive as elements in a QIP architecture
owing to their native spin properties.4,5 Of particular interest is
N@C60,6 as quantum information can be stored faithfully using
its electron spin for 0.25 ms (ref. 7) – longer than for any other
molecule. In principle, two magnetically distinct N@C60
molecules can be conjoined to provide isolated spin pairs.
However, the chemistry is hindered by the low yield of N@C60
to C60 (typically 104 to 105) in the starting material, a protracted purication process8 and the spin loss of the derivatives.9,10 Consequently, there are only a small number of
examples of N@C60 derivatization: several monomers,9–15 an
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N@C60 –C60 dimer in the

endohedral fullerene–porphyrin dyad16 and three types of
endohedral fullerene–fullerene dimer.17,18,19 Recently, we succeeded in synthesizing a covalently linked 14N@C60–14N@C60
dimer using highly enriched N@C60.20 However, all of
the above involve 14N@C60 with 15N present only in natural
abundance.
Although no isolated 15N@C60 derivatives have been reported until now, the routes to both (15N@C60)2 and
14
N@C60–15N@C60 dimers (I ¼ 1 for the 14N nucleus and I ¼ 1/2
for the 15N nucleus) are worthy of exploration as such dimer
molecules oﬀer the potential to encode two quantum bits
(qubits) of information in the electron spins. Such molecules
may therefore enable a demonstration of controlled coupling
and quantum entanglement between the electron spins. In
addition, recent work has demonstrated the use of 15N@C60 as a
quantum memory element through the transfer of qubit states
between its electron spin and nuclear spin,21 thereby re-igniting
interest in isotopically enriched nitrogen as a dopant
in fullerenes.
Here, we present a synthetic scheme that yields a highly
soluble fullerene monoadduct and a dimer for short reaction
times and at the microscale, in order to limit losses of N@C60
under reux conditions. This reaction, if applied to pure
N@C60, has the potential to yield a (14N@C60)2 or (15N@C60)2
dimer in one step, and a 14N@C60–15N@C60 dimer in an
additional step. We demonstrate the feasibility of this
approach by applying the reaction to starting materials that
contain 15N@C60 and 14N@C60. EPR spectroscopy of the
15
N@C60–C60 dimer provides information about the symmetry
of the spin environment, which is in agreement with the
NMR data of the undoped dimer analogue. The synthetic
scheme presented here opens the way for future work in
this area.
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Results and discussion

2.1

Synthesis

The overall strategy used for synthesis of N@C60 derivatives is
rst to develop the synthetic method and perform all characterization with C60. Quantities of the N@C60 derivatives are
simply too small to permit characterization other than by EPR
spectroscopy. When developing the synthetic method, the
stability of N@C60 is a major consideration, as the molecule
loses its spin properties if the endohedral nitrogen escapes the
fullerene cage due to photo- and thermally activated
processes.9,10 Photo-activated processes may be arrested simply
by shielding N@C60 and its derivatives from light; however,
given that dimerization is a thermally activated process, some
heating of the reagents is necessary. Short reaction times are
therefore advantageous because their use may limit the spin
loss that has been observed for other dimer reactions involving
N@C60.18,19 The reaction scheme, which is based on the Prato
method,22 is shown in Fig. 1. Reaction times and stoichiometry
have been optimized such that, for short reaction times (2 min),
a mixture of the monomer and the dimer is produced, while at
longer reaction times (15 min) the dimer is favoured. The
products are readily separated using high performance liquid
chromatography (HPLC). The sidegroups incorporating an alkyl
chain signicantly enhance solubility in toluene and other
solvents, which limits the loss of the products through precipitation during processing by HPLC. By thin layer chromatography, the dimer fraction consists of a diastereomeric mixture
with approximately equal intensities, and this is consistent with
the corresponding HPLC chromatogram (shown in Fig. 2). The
stereoisomers are shown in the ESI.†
The optical absorption spectra for the C60–C60 diastereomers
are almost identical, exhibiting peaks in the visible region at
wavelengths of 433 and 706 nm. The peak at 433 nm is indicative
of the cycloaddition across a 6,6 ring junction of the fullerene

Fig. 1
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Fig. 2 Chromatograms showing the separation of the diastereomers of the C60 –
C60 dimer (column: Buckyprep-M; eluent: toluene; ﬂow rate: 18 ml min1). (a)
Chromatogram revealing two peaks (only) from the dimer fraction, corresponding to the diastereomers. (b) Chromatogram showing separation of the two
diastereomers using recycling HPLC (3 cycles). On the third cycle, the sample is
divided into fractions (I) and (II) corresponding to the diastereomers (I) and (II),
respectively. Minor impurities that appear before 10 minutes were removed
during the ﬁrst pass through the column.

cage.15 A useful comparison is with the spectrum of C60, because
it has a characteristic absorption band in the range 440–700 nm
which is absent for the dimer diastereomers, indicating that
functionalization of the fullerene cage has taken place. The
onset of absorption for the diastereomers occurs at around
740 nm, which corresponds to a HOMO–LUMO gap of 1.7 eV.
The merit of the scheme shown in Fig. 1 is that the monomer
and dimer produced in Step 1 are readily separated, and the
monomer can then be used to form the dimer in Step 2. Hence,
this method could be use to produce an asymmetric dimer of

Two-step procedure that aﬀords a fullerene monomer and a fullerene dimer.
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the type 14N@C60–15N@C60 (illustrated by the proposed scheme
in Fig. 3). We performed several microscale reactions on
quantities of C60 as low as 6 mg, in order to test that the reaction
could be applied to the sub-milligram quantities of high purity
N@C60 obtained through current production methods. Even at
this scale, the peaks corresponding to the dimer diastereomers
could be resolved in the HPLC chromatogram.
2.2

EPR spectroscopy

Fig. 3 shows how the scheme shown in Fig. 1 can be applied to
highly enriched 14N@C60 and 15N@C60 in order to synthesize a
symmetric (14N@C60)2 or (15N@C60)2 dimer in one step, and an
asymmetric 14N@C60–15N@C60 dimer in a second step. This is
very challenging to realize in practice, as it may take many
months or years to produce suﬃcient quantities of highly pure
14
N@C60 and 15N@C60 using current techniques. In the mean
time, we have applied this reaction scheme to 14N@C60 and
15
N@C60 (produced using isotopically enriched nitrogen), both
of purity 103% (N@C60 to C60).
The chromatogram in Fig. 4 shows the separation of the
products aer the reaction shown in Step 1 of Fig. 1 was applied
to 14N@C60/C60. The monomer isolated from this rst step was
then reacted with 15N@C60/C60 according to Step 2 of Fig. 1. The
EPR spectra of fractions (I) and (II) – as marked on the chromatogram of Fig. 5(a) – are shown in Fig. 5(b), and correspond to
the dimer diastereomers formed aer this second step. Both
spectra, acquired while the samples were in liquid solution at
room temperature, exhibit the hyperne lines of 14N (triplet) and
15
N (doublet). The dimer fractions therefore contain mixtures of
paramagnetic 14N@C60–C60 and 15N@C60–C60 dimers, as indicated in Fig. 5(c). The statistical probability of a N@C60–N@C60
dimer being formed in these reactions was #1010; however, it is
evident that, were high purity N@C60 to be used in both steps,
this reaction scheme could be used to synthesize a
14
N@C60–15N@C60 dimer. Furthermore, EPR measurements
made on these dimer fractions indicated no reduction in the
intensity of the hyperne lines aer a period of approximately

Fig. 3 Proposed reaction scheme for the synthesis of an asymmetric
14
N@C60 –15N@C60 dimer in two steps based on the scheme shown in Fig. 1. In
the ﬁrst step (where A represents either 14N or 15N), the N-bearing monomer and
symmetric dimer are formed. The second step yields an asymmetric
14
N@C60 –15N@C60 dimer, whereby B represents either 14N (if 15N@C60 is used in
the ﬁrst step) or 15N (if 14N@C60 is used in the ﬁrst step).

This journal is ª The Royal Society of Chemistry 2013

Fig. 4 Chromatogram showing the separation of monomer, dimer and
unreacted 14N@C60/C60 following the application of the reaction shown in Step 1
of Fig. 1 to 14N@C60 of purity 103%.

Fig. 5 (a) Chromatogram showing the separation of the dimer diastereomers
(into fractions I and II) following the reaction of the 14N@C60/C60 monoadduct
with 15N@C60/C60. (b) X-band CW EPR spectra corresponding to fractions I and II
in solution at room temperature, both revealing the signals of endohedral 14N
(triplet) and 15N (doublet, marked with arrows). (c) The paramagnetic 14N@C60 –
C60 and 15N@C60 –C60 dimers present in fractions I and II.

one month following the reaction, suggesting no marked decay
of these N@C60 derivatives. The only protective measure taken
was to store the samples in the dark: the samples were kept at
room temperature in toluene and were not de-oxygenated. These
ndings indicate that the N@C60 derivatives are stable dissolved
in toluene when exposed to air and at ambient temperature.
We selected a diastereomeric mixture of the 15N@C60–C60
dimer for further examination by continuous-wave (CW) EPR
spectroscopy. The X-band CW EPR spectrum of the 15N@C60–
C60 dimer in the solid state (frozen toluene solution at 122 K) is
shown in Fig. 6. The spectrum exhibits the hyperne lines of 15N
corresponding to the MI ¼ +1/2 and MI ¼ 1/2 nuclear spin
projections, as well as a distinct ne structure in the form of
satellite peaks either side of these hyperne lines. Peak-to-peak
linewidths, Dlpp, of the hyperne lines are Dlpp ¼ 1.07 G. The
hyperne splitting, as measured directly between the MI ¼ +1/2
and MI ¼ 1/2 lines, is 22.1 MHz. By comparison, the isotropic
hyperne interaction of pristine 15N@C60 is 22.021 MHz.6 The
sidepeaks anking each hyperne line are located 14.1 MHz
from the line (also measured peak-to-peak). A further (weak)
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Fig. 6 X-band CW EPR spectrum of the 15N@C60 –C60 dimer in the solid state
(frozen solution at 122 K). The best ﬁt from the simulated model is shown in red.

sidepeak is also observed, located at 28 MHz upeld of the
MI ¼ 1/2 line. The corresponding peak at 28 MHz downeld of
the MI ¼ +1/2 line is obscured due to a locally rising baseline.
The origin of this ne structure is attributable to zero-eld
splitting (ZFS), and these features are consistent with the ne
structure observed in the powder spectra for 14N@C60 derivatives.12,14 For pristine N@C60, the high spherical symmetry of
the spin environment permits the endohedral nitrogen spin to
be robust against many forms of decoherence. This is because
high isotropy derives from the high spherical symmetry, leading
to an isotropic g-factor, an isotropic hyperne interaction and
so forth.23 Whenever the cage deviates from this high spherical
symmetry, ZFS in the EPR spectrum is an inevitable consequence. For N@C60, deviation from spherical symmetry occurs
when the cage distorts. Distortions to the cage may arise
temporarily through inter-molecular collisions, resulting in ZFS
uctuations, or they may be permanent, as is the case for
functionalization with an adduct, which induces a permanent
defect in the fullerene cage. This results in the deviation from
spherical symmetry of the electron distribution surrounding the
encapsulated nitrogen atom and, for frozen samples, an EPR
spectrum characteristic of a small ZFS. ZFS is not observed in
the EPR of samples in liquid solution because the molecules are
tumbling rapidly, eﬀectively restoring the spherical symmetry.
Measuring the ZFS contribution can therefore conrm derivatization of the N@C60 molecule and convey important information about the symmetry of the spin environment.
The ZFS is represented by the tensor, D, which appears in the
ZFS Hamiltonian. The D-tensor is dened in terms of the
parameters, D and E, the axial and rhombic components,
respectively:24,25
1
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The parameter, D, represents the deviation from spherical
symmetry – whilst the parameter, E, represents deviation from
2974 | Chem. Sci., 2013, 4, 2971–2975
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axial symmetry – of the electron density.17 Consequently, for a
system with high spherical symmetry of the electron density
distribution, as for N@C60, D ¼ 0, E ¼ 0. Axial symmetry leads to
a non-zero D term: D s 0, E ¼ 0. A simulated model was tted to
the solid-state EPR spectrum of the 15N@C60–C60 dimer using
Easyspin.26 The best t to the spectral data (see Fig. 6) is
provided by the parameters associated with orthorhombic
symmetry, with D ¼ 14.6 MHz and E ¼ 0.56 MHz, similar to
previously reported 14N@C60 derivatives.15 This is consistent
with the NMR data (see ESI†), which shows that the symmetry of
the fullerene cages is lowered signicantly. The g-tensor can be
essentially considered as isotropic, giso ¼ 2.0027. There is,
however, anisotropy in the hyperne interaction, A, with Axx ¼
22.6, Ayy ¼ 21.7 and Azz ¼ 22.0 MHz. This results from
the anisotropy in the overlapping nuclear and electron
wavefunctions, which is induced by the distortion of the
fullerene cage.

3

Conclusions

In summary, we have developed a synthetic scheme to produce
highly soluble, asymmetric fullerene dimers both for short
reaction times and at the microscale. The high solubility is
benecial for processing, and limits losses of products through
precipitation. By applying the reaction to starting materials
containing 14N@C60 and 15N@C60, we have demonstrated that,
if applied to highly pure N@C60 in the future, this scheme may
be used to yield 14N@C60–15N@C60 dimers. Such molecules
represent isolated spin pairs, which may be exploited for the
purposes of demonstrating controlled coupling and quantum
entanglement of the electron spins. EPR spectroscopy was
performed on 15N@C60–C60 dimers in the solid state, and the
EPR spectrum exhibits zero-eld splitting. The reaction scheme
we have demonstrated oﬀers the potential to synthesize spinactive dimers where each spin can be manipulated separately.
This is an important step towards realising a molecular twoqubit system.
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