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ABSTRACT: Paramagnetic endohedral fullerenes and phthalo-
cyanine (Pc) complexes are promising building blocks for
molecular quantum information processing, for which tunable
dipolar coupling is required. We have linked these two spin qubit
candidates together and characterized the resulting electron
paramagnetic resonance properties, including the spin dipolar
coupling between the fullerene spin and the copper spin. Having
interpreted the distance-dependent coupling strength quantita-
tively and further discussed the antiferromagnetic aggregation
effect of the CuPc moieties, we demonstrate two ways of tuning
the dipolar coupling in such dyad systems: changing the spacer
group and adjusting the solution concentration.

■ INTRODUCTION

Endohedral fullerenes are molecular carbon cages incarcerating
heteroatoms.1−7 Paramagnetic fullerenes such as N@C60, Sc@
C82, Y@C82, and La@C82 have relatively long electron spin
relaxation times,8,9 making them candidates for construction of
a molecular quantum computer.10−14 Significant progress has
been achieved to date in both theoretical designs, like the
proposals of qubit gates,15−17 and experimental implementa-
tions, such as robust phase gates.18 Realization of a two-qubit
gate based on the electron spin with a molecular system
remains challenging19,20 and requires a multispin system with a
tunable dipolar coupling effect that could be used to fabricate a
two-qubit gate.
Previous studies of multispin endohedral fullerenes have

observed electron spin dipolar coupling in the N@C60−CuTPP
dyad,21 FSc3C2@C80−PNO•,22 and the N@C60−N@C60
dimer.23 The detailed properties of the dipolar coupling in
these endohedral fullerene systems were not fully revealed for
various reasons. For the N@C60−CuTPP dyad, the spin signal
from the fullerene molecule was completely suppressed by the
CuTPP moiety because of the very strong coupling between
the spins. In FSc3C2@C80−PNO•, the complicated hyperfine
interaction of the three nonequivalent Sc (ISc = 7/2) atoms
made the spectra difficult to interpret and obscured any effect
of dipolar coupling. Studies of dipolar coupling in the N@C60−
N@C60 dimer have been limited by the purity of N@C60. The
broad and weak dipolar coupling signal was masked by the
sharp and intense signal originating from the half-filled dimer
that was also present.

We have designed and synthesized a series of heterospin
systems of endohedral fullerene−phthalocyanine (Pc) dyads.
Three main improvements in the molecular design enable us to
overcome the limitations listed above: (1) the longer spacer
groups between the spin centers avoid the complete
suppression phenomenon; (2) we use N@C60, which has a
sharper spin signal than Sc3C2@C80, as the probing spin to
simplify spectral interpretation; and (3) the heterospins
resonating at different magnetic fields solve the overlap
problem without having to use 100% pure N@C60. Since
CuPc has also been suggested as a promising spin qubit
candidate,24,25 the combination of two different spin qubits
offers extra possibilities.
We have comprehensively characterized the dipolar coupling

effect in the endohedral fullerene−CuPc dyad system for the
first time. By comparing the spectral features of dyads having
different spin distances, we show that changing the spacer
group enables the tuning of the dipolar coupling strength in this
system. Utilizing the aggregation and antiferromagnetism of the
CuPc moiety, we further demonstrate that the concentration of
the sample can also be used to influence the coupling strength
in a controllable manner.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. Three different N@
C60−Pc dyads (N@C60-1-CuPc, N@C60-2-CuPc, and N@C60-
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1-ZnPc) were synthesized by reacting a spin-enriched N@C60/
C60 mixture (1%) with the corresponding phthalocyanine
aldehydes through the 1,3-dipolar cycloadditions shown in
Figure 1.26−28 In order to protect the endohedral fullerene

(derivative), which has limited thermal,29 irradiative,30 and
chemical stability,31 we performed the reactions under mild
conditions with a compromise on the conversion ratio. The
reagents in a stoichiometric ratio dissolved in toluene were
refluxed for 2 h in the dark. The product dyads were then
isolated from the reaction mixture by high-performance liquid
chromatography (HPLC) using a Buckyprep-M column. Figure
2a shows a representative HPLC trace for the separation of N@
C60-1-CuPc. Although the yield of the product was relatively
low (ca. 22% based on the integrated area percentage of the

product peak relative to the whole HPLC curve), the unreacted
reagents were collected and reused for a second reaction batch
to improve the overall conversion ratio to higher than 40%.
Apart from the dyads, a pyrrolidine-functionalized fullerene, F-
C60 (structure shown in Supporting Information S1) was also
prepared according to the literature32 and was applied as the
UV−vis reference.
The successful formation of the products was manifested by

UV−vis absorption spectroscopy and mass spectrometry (MS).
As depicted in Figure 2b, the UV−vis spectrum of the toluene
solution of N@C60-1-CuPc (solid line) is a superposition of the
absorption features of the phthalocyanine aldehyde (dashed
line) and the functionalized fullerene reference (dotted line),
which suggests the existence of both the phthalocyanine and
fullerene moieties in the product molecule. In addition, the
characteristic absorption band at 430 nm indicating the 1,2-
adduct structure of the fullerene28,33 can also be observed in the
spectrum. The MS characterization of N@C60-1-CuPc is shown
in Figure 2c, where the experimental peaks (black) are
consistent with the combination of the theoretical predictions
for C60-1-CuPc (blue) and N@C60-1-CuPc (red). As a result of
the 1% concentration of the endohedral fullerene and the
potential fragmentation during the ionization, the dominant
peaks are due to the empty cage dyad, but the weak MS peaks
representing the endohedral fullerene dyad remain detectable
and agree nicely with the theoretical predictions. UV−vis and
MS characterization data were also obtained for N@C60-2-
CuPc and N@C60-1-ZnPc (Supporting Information S2).

Analysis of the Electron Spin Properties. We applied
continuous-wave electron paramagnetic resonance (CW-EPR)
spectroscopy to study the spin properties of the synthesized
dyads. Among the three dyads, N@C60-1-CuPc and N@C60-2-
CuPc are multispin systems while N@C60-1-ZnPc contains just
one electron spin center. N@C60 and CuPc, which contain the
4S3/2 state of the endohedral nitrogen atom and the 3d9

electron configuration of the central Cu2+ ion, respectively,
are spin-active, whereas ZnPc is spin-silent. Compared with
N@C60-1-ZnPc, the spin signals from the multispin dyads are
more complicated. Fortunately, as shown by the full-range
spectrum of N@C60-1-CuPc in Figure 3a, the signals from the
copper spin and the endohedral nitrogen spin do not overlap,
enabling us to interpret them separately. Herein we mainly
focused on the electron spin of the N@C60 moiety rather than
that of CuPc because of the better sensitivity of its sharp signal
and its higher relevance to the spin−spin interaction. Limited
by the purity of the N@C60/C60 mixture, in the Cu dyad
samples only 1% of the dyads contained the N@C60 spin but
100% contained the CuPc spin. Hence, 99% of the CuPc spins
were just covalently linked with empty cages, whereas every
N@C60 spin was coupled with a CuPc spin.
The zoomed-in solution CW-EPR spectra of the nitrogen

spin region (Figure 3b) were studied first. For pristine N@C60,
N@C60-1-ZnPc, N@C60-1-CuPc, and N@C60-2-CuPc dis-
solved in toluene (10−5 M), we obtained the same triplet
pattern, which is attributed to the hyperfine coupling (HFC)
between the nitrogen electron spin (S = 3/2) and the nitrogen
nuclear spin (I = 1). The absence of any extra spectral splitting
in the dyad spectra leads to two conclusions: (1) the molecules
tumble rapidly in their respective toluene solutions, and
therefore, all of the anisotropic spin features having a traceless
tensor, such as the potential zero-field splitting (ZFS) peaks
and electron spin dipolar coupling features, are averaged out to
zero; (2) there is no discernible electron spin−spin exchange

Figure 1. Synthesis of N@C60−phthalocyanine dyads. M represents
the copper or zinc ion, and n stands for the number of phenoxy groups
in the bridging unit.

Figure 2. (a) HPLC curve for the separation of N@C60-1-CuPc
(Buckyprep-M column, toluene, room temperature, 16 mL/min flow
rate). (b) UV−vis absorption spectrum of the toluene solution of N@
C60-1-CuPc (solid line), which is similar to the superposition of the
spectra of the phthalocyanine aldehyde (dashed line) and the
functionalized fullerene reference (dotted line). (c) High-resolution
MALDI-TOF mass spectrum of N@C60-1-CuPc in a dithranol matrix
in positive mode with the theoretical predictions. The dominant peaks
are from the empty cage dyad (blue lines), but the weak MS peaks
representing the endohedral fullerene dyad (red lines) are also
detectable.
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coupling in either of the multispin dyads because of the near-
perfect protection of the fullerene cage, which excludes the
probability of any spin density overlap.21 Such an exotic
phenomenon is different from other diradical molecular
systems34−36 having similar spin separations but showing
exchange coupling splitting in their solution spectra.
In contrast to the similarity of the spectral splitting pattern,

the line width, which is inversely proportional to the relaxation
time, varies, providing us with a qualitative approach to
compare the electron spin relaxation times for the compounds.
The averaged peak-to-peak line width (ΔHpp) for pristine N@
C60 was measured to be less than 3 μT, representing an
ultralong relaxation time, consistent with previous reports.8 The
averaged ΔHpp of N@C60-1-ZnPc is slightly broadened as a
result of the degradation of the high molecular symmetry,37 the
relatively lower tumbling rate,38 and the proton nuclear
influence,39 but it is still as sharp as 18 μT. For the multispin
molecules, N@C60-1-CuPc and N@C60-2-CuPc, the signals
become substantially broader, with the averaged ΔHpp
increasing to 60 and 63 μT, respectively. Since physically
mixing N@C60 with CuPc does not show such a significant
broadening effect, even at very high concentrations (Supporting
Information S3), this phenomenon is attributed to the chemical
linkage of the two spin centers, which decreases the relaxation
time of the endohedral spin considerably because of the strong
intramolecular electron spin interaction. Since electron spin
exchange coupling was ruled out by the splitting pattern
analysis, the electron spin dipolar coupling has to be the major
intermolecular spin interaction mechanism.
Having established the existence of dipolar coupling, we went

on to measure the solid-state CW-EPR spectra, which allowed

us to extract more information on the electron spin dipolar
coupling strength by immersing the sample tube in liquid
nitrogen and stabilizing the measurement conditions at 100 K
with a nitrogen-flow cryostat. Benefiting from the well-
controlled reaction conditions, all of the solid-state spectra of
pristine N@C60, N@C60-1-ZnPc, N@C60-1-CuPc, and N@C60-
2-CuPc have excellent signal-to-noise ratios and are free of the
commonly reported S = 1/2 impurity in the functionalized N@
C60 powder spectra.40,41 The nitrogen spin regions of these
spectra are shown in Figure 4.

The solid-state CW-EPR spectrum of pristine N@C60 shows
only three HFC peaks, which commonly exist in all of the
spectra (indicated by blue arrows). The absence of any extra
splitting results from the Ih symmetry of the fullerene cage and
the effective dilution of the toluene matrix in amorphous form.
In comparison, N@C60-1-ZnPc, which has a lower molecular
symmetry, shows characteristic weak and broad ZFS side peaks
(marked by red arrows). According to the spectrum simulation
(Supporting Information S4), the axial ZFS parameter D was
determined to be 14.2 MHz, which is typical for N@C60
pyrrolidine derivatives. The evenly sized HFC peaks as well
as the simulated isotropic HFC constant (Aiso = 15.4 MHz)
confirm that the HFC remains isotropic, providing further
experimental evidence concerning the influence of functional-
ization of pyrrolidine addends on HFC. There are contradictory
reports about this in the literature.38,41

The spectra of N@C60-1-CuPc and N@C60-2-CuPc in the
nitrogen spin region appear different from that for N@C60-1-
ZnPc (see the fine features marked by green arrows), even
though these three molecules should have very similar ZFS and
HFC features because of the nearly identical structures and
electron configurations in the fullerene moiety. We ascribe both
of the additional fine features to the variant effects of electron
spin dipolar coupling, which was shown to be the major
intramolecular spin interaction by the above solution CW-EPR
study. However, the fine features of the dipolar coupling in the
two spectra still vary. The spectrum of N@C60-1-CuPc has
more obvious splitting with shoulder peaks emerging next to
the HFC peaks, whereas the spectrum of N@C60-2-CuPc

Figure 3. (a) Solution CW-EPR spectra of N@C60-1-CuPc (full
range) highlighting the fact that the spin signals of Cu and N do not
overlap. (b) Comparison of the solution CW-EPR spectra of pristine
N@C60, N@C60-1-ZnPc, N@C60-1-CuPc, and N@C60-2-CuPc, which
focuses on the nitrogen spin region (all of the measurements were
taken with 10−5 M toluene solution samples at room temperature).

Figure 4. Solid-state CW-EPR spectra (nitrogen spin region) of
pristine N@C60, N@C60-1-ZnPc, N@C60-1-CuPc, and N@C60-2-
CuPc. All of the measurements were taken with frozen 10−5 M toluene
solutions at 100 K. The peaks of hyperfine coupling (HFC) and zero-
field splitting (ZFS) are labeled with blue and red arrows, respectively.
The dipolar coupling features, such as fine shoulder peaks and line
broadening, are marked with green arrows.
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shows broadened HFC peaks only. We explain such splitting
variation as follows: The extent of the splitting is proportional
to the coupling strength,42 and the dipolar coupling strength is
reciprocally proportional to the cube of the spin−spin distance
r (giving the factor of 1/r3 in the model in Figure 5a).

According to the calculated spin density distributions and
preferential configurations for the multispin dyads (Figure
5b,c), we theoretically estimated that the separations between
the spin centers are 16.65 Å in N@C60-1-CuPc and 20.96 Å in
N@C60-2-CuPc. Subsequently, we further determined that the
coupling strength for N@C60-1-CuPc (11.2 MHz) is twice that
for N@C60-2-CuPc (5.6 MHz), which qualitatively explains the
splitting variation in their spectra. To the best of our
knowledge, this is the first comparison between the solid-
state spectra of two variably distanced endohedral fullerene
multispin systems. In addition, we have demonstrated
experimentally the chemical tunability of the dipolar coupling
strength between the potential spin qubits N@C60 and CuPc by
changing the length of the bridging unit between them.
Explanation of the Low Coupling Strength. Despite the

successful qualitative interpretation of the dipolar splitting, a
quantitative one remains far more challenging. With a
comprehensive spin Hamiltonian model covering the tensor
value and direction, the initial simulation details are described
in Supporting Information S5. The experimental spectra have
less prominent dipolar coupling features than the simulated
ones. We estimate that the apparent dipolar coupling strengths
in the experimental data are ca. 30% weaker than the theoretical
predictions of 11.2 and 5.6 MHz for the two multispin dyads.
The reason for such deviations is discussed below.
The first reason one may argue is the presence of thermal

vibrations for the preferential conformation. Since all of the
distances we used for the fittings were based on density
functional theory calculations, which are optimized at 0 K
whereas the experimental data were measured at 100 K, thermal
vibrations might lead to larger spin separations in both dyads,
which would consequently lower the resulting coupling
strength. However, according the dynamic MM2 simulation,

the dyad molecules vibrate insignificantly because of the
relatively rigid molecular structure. We have shown that the
simulation model is insensitive to any potential error existing in
the relative angle caused by the sp3 bond rotation (Supporting
Information S8A). Moreover, the unchanged CW-EPR spectra
for both dyads as the measurement temperature was decreased
to 77 K also suggest that the temperature does not play a
crucial role in the spectral deviations. Hence, the fitting failure
cannot be due to the thermal vibrations of the preferential
conformation.
Another potential explanation could be the magnetic

shielding effect of the fullerene cage, as the ring-current effect
of the π-conjugated electrons of the fullerene cage is capable of
partial shielding of the dipolar magnetic field experienced by
the endohedral spin. However, on the basis of the shielding
effect reported previously (6 ppm for 3He@C60 vs free

3He43

and 19 ppm for N@C70 vs N@C60
44), the shielding effect of the

fullerene cage should be completely negligible compared with
such a significant weakening effect.
With the above reasons excluded, we conclude that

aggregation of the phthalocyanine moieties in the form of
stacking can indirectly decrease the apparent dipolar coupling
strength. It has been reported that CuPc tends to aggregate45,46

and that the aggregation in the α phase can lead to the
formation of an antiferromagnetic array.25,47,48 For the specific
CuPc system and experimental conditions discussed in this
work, we demonstrated the existence of an aggregation effect
and its resulting antiferromagnetism by dynamic light scattering
(DLS) (Supporting Information S6) and EPR analysis of the
copper spin (Supporting Information S7), respectively. Figure 6

compares the dyad molecules in the nonaggregated and
aggregated cases. In the nonaggregated case, the standard
dipolar coupling takes place and the calculated dipolar coupling
strength is feasible. When the CuPc moieties aggregate, the
dipolar field of the copper spin experienced by the nitrogen
spin is significantly suppressed because the antiparallel
alignment of the copper spins can neutralize the field.
Therefore, a weaker apparent dipolar coupling strength can
be expected.
In order to amend the direct simulation model, which is

limited to an intramolecular layer, and to quantitatively
interpret the low coupling strength, the aggregation and

Figure 5. (a) Illustration and equation of the dependence of the
electron spin dipolar coupling on the spin separation. (b, c) Spin
density distributions of the multispin dyads in their corresponding
preferential configurations (contour levels are 1 × 10−3 e/au), on the
basis of which the electron spin distances and dipolar coupling
strengths were calculated.

Figure 6. Schematic diagram illustrating the different dipolar coupling
strengths experienced by the nitrogen spin in the nonaggregated and
aggregated cases. (Only one nitrogen spin is expected in the
aggregated cluster because of the 1% endohedral fullerene content
in the reagent.)
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antiferromagnetism have to be taken into consideration.
However, the weakening effect depends on the size of the
aggregate, and it is difficult to individually analyze the varying
extent of aggregation in the sample. By observing that the
dipolar coupling strength converges to zero as the size of the
aggregated cluster grows, we treated the coupling strength as
zero in all of the aggregated cases by a complete suppression
approximation. The dipolar field after the neutralization of the
antiferromagnetism is negligible compared with that in the
nonaggregated case, so the assumption holds in the majority of
cases of the aggregated clusters (see Supporting Information
S8B). The only considerable coupling strength is in clusters
formed by aggregation of a small number of molecules, but it
will merely lead to an insignificant overestimation of the ratio of
the nonaggregated case to the aggregated case and impose no
effect on the spectral simulations. Therefore, we combined the
spin Hamiltonian model in Supporting Information S5 with the
complete suppression approximation and did the simulations
by using the aggregation percentage as a fitting parameter.
Figure 7 shows that the case of 75% nonaggregated plus 25%

aggregated was used to fit the spectrum of N@C60-1-CuPc,
while the case of 73% nonaggregated plus 27% aggregated was
used to fit the spectrum of N@C60-2-CuPc.
Concentration-Dependent Dipolar Coupling

Strength. In order to confirm the influence of aggregation
on the apparent dipolar coupling strength and to justify the
complete suppression approximation, we measured additional
CW-EPR spectra of N@C60-1-CuPc at different concentrations
and fitted the individual data. All of the concentration-
dependent spectra (Figure 8a) were taken with a low
microwave power of 3.170 μW, which maintained the linearity
of the signal intensity. Therefore, the observed spectral
variation did not originate from power saturation but had to
be caused by the variation of the aggregation effect in
progressively more concentrated samples. Since the dipolar
coupling features became more significant when the sample got
diluted and less aggregated, we confirmed the suppression
effect of the aggregation and its resulting antiferromagnetism
on the apparent dipolar coupling strength. The increasing trend
of the simulated aggregation percentage (Figure 8b) is
consistent with the dynamic light scattering data (Supporting
Information S6) and previously reported results.49 Hence, the
complete suppression approximation is validated.

The solution concentration dependence opens a new way of
tuning the dipolar coupling strength in this dyad system. We
can reversibly turn on the dipolar coupling by diluting the
sample and turn off the dipolar coupling by concentrating the
sample (Supporting Information S9). Compared with tuning
the dipolar coupling chemically by adjusting the size of the
space group, changing the concentration does not require any
change the molecular structure. Since the aggregation effect
changes gradually with the concentration, the sample
concentration cannot enable us to turn the dipolar coupling
on and off in a real device. However, if one could adjust the
dyad molecules to make the aggregation effect strongly depend
on any external stimulus, such as pH, temperature, or electric
potential, then control of the dipolar coupling could be realized
at the device level. Our initial DLS experiment showed that one
can change the aggregation properties of the dyad by altering
the pH (Supporting Information S10), but in order to show the
spin signal and dipolar coupling features, further confirmation
of the compatibility of the acidic conditions and the endohedral
fullerene is required. This is a first step in this direction.

■ CONCLUSIONS
We have synthesized three different endohedral fullerene−
phthalocyanine dyads. Two of them were multispin systems
containing variable spin distances for studying the dipolar
coupling, and the third one, a dyad with a diamagnetic Zn ion,
was used as the reference. All of the products were
characterized by UV−vis spectroscopy, high-resolution

Figure 7. (a, c) Solid-state CW-EPR spectra of (a) N@C60-1-CuPc
and (c) N@C60-2-CuPc and (b, d) the corresponding simulation
results.

Figure 8. (a) Solid-state CW-EPR spectra of frozen toluene solutions
(100 K) of N@C60-1-CuPc taken at various concentrations and the
corresponding simulation results with different aggregation percen-
tages. (b) Concentration dependence of the aggregation percentage in
N@C60-1-CuPc frozen toluene solution samples based on the
simulation results.
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MALDI-TOF mass spectrometry, and solution and solid-state
CW-EPR spectroscopy. From the solution and solid-state CW-
EPR analysis, we determined the spectral features of the dipolar
coupling and compared the spectral differences in the two
dyads having variant spin−spin distance, demonstrating that the
chemical adjustment of the spacer group is enough to change
the dipolar coupling strength. With the additional discussion of
the aggregation and antiferromagnetism of the CuPc moiety,
we managed to quantitatively interpret the experimental results
with a simulation model and discovered a new way of tuning
the dipolar coupling strength that utilizes the formation and
deformation of the antiferromagnetic array of CuPc to turn the
dipolar coupling off and on, respectively.

■ EXPERIMENTAL SECTION
Preparation of the Spin-Enriched N@C60/C60 Mixture. As a

precursor for the endohedral fullerene moieties in the dyads, a mixture
of N@C60 in C60 was obtained via an optimized ion implantation
procedure.50 Its purity was then enhanced from 100 ppm to 1% by
recycled HPLC51−53 using 15-PBB and 5-PBB columns (Nacalai
Tesque, Kyoto, Japan). All of the spin percentages were determined by
C60-calibrated UV−vis spectroscopy and 2,2,6,6-tetramethylpiperidine
1-oxyl (TEMPO)-calibrated CW-EPR spectroscopy.
Synthesis of Phthalocyanine Aldehydes. As precursors for the

phthalocyanine moieties in the dyads, the aldehydes CuPc-1-CHO,
CuPc-2-CHO, and ZnPc-1-CHO were synthesized through a one-pot
reaction with 4,5-bis(4-dodecyloxyphenoxy)phthalonitrile, the corre-
sponding central metal ions, and 4-(4-formylphenoxy)phthalonitrile
(or 4-(4-(4-formylphenoxy)phenoxy)phthalonitrile for the long-
distance dyad). The reaction schemes and characterization data for
them are listed in Supporting Information S11.
MALDI-TOF MS. MALDI-TOF measurements were performed on

a Bruker Microflex LT spectrometer in positive reflective mode with
dithranol and CsI3 as the matrix and calibration reference, respectively.
CW-EPR Spectroscopy. X-band CW-EPR measurements were

performed on Magnettech Miniscope MS200 and Bruker EMX
spectrometers. Simulations of CW-EPR spectra were performed using
the EASYSPIN software package.54

Quantum-Chemical Calculations. The geometry optimization
and spin distribution calculations were performed at the PM3 level
followed by the B3LYP/6-311G(d) level using the Gaussian 03
program55 on an HPC2500 computer. The frequency analyses were
performed at the same level.
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