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Abstract: Endohedral nitrogen fullerenes have been proposed as 

building blocks for quantum information processing due to their long 

spin coherence time. However, addressability of the individual 

electron spin levels in such a multiplet system of 4S3/2 has never been 

achieved because of the molecular isotropy and transition degeneracy 

among the Zeeman levels. Herein, by molecular engineering, we lifted 

the degeneracy by zero-field splitting effects and made the multiple 

transitions addressable by a liquid-crystal-assisted method. The 

endohedral nitrogen fullerene derivatives with rigid addends of spiro 

structure and large aspect ratios of regioselective bis-addition improve 

the ordering of the spin ensemble. These samples empower 

endohedral-fullerene-based qudits, in which the transitions between 

the 4 electron spin levels were respectively addressed and coherently 

manipulated. The quantum geometric phase manipulation, which has 

long been proposed for the advantages in error tolerance and gating 

speed, was implemented in a pure electron spin system using 

molecules for the first time. 

Introduction 

Endohedral fullerenes are molecular compounds that 

encapsulate atoms and clusters inside the carbon cage.[1] 

Evidenced by the electron spin properties of N@C60,70,[2] Sc@C82, 

Y@C82, La@C82,[3-4] etc., the structure essentially extends the 

coherence time, as it diminishes the relaxation processes related 

to fluctuations of environment. Moreover, the carbonaceous 

elemental composition can effectively sustain the spin coherence 

due to the zero nuclear spin of the 12C. As a result, some electron-

spin-based quantum applications, including molecular quantum 

computing,[5-6] molecular atomic clocks,[7] and quantum metrology 

and sensing,[8-9] have been proposed. 

Chemical modifications of the fullerenes are generally 

beneficial to enhance their functionalities.[10] For quantum 

computation fine engineering at both molecular and ensemble 

scales  is desirable to meet the scalability and addressability 

requirements proposed by DiVincenzo.[11] At the molecular scale, 

it is necessary to extend the number of non-degenerate spin 

transitions. This can be achieved by either covalently coupling 

multiple spin centers[12] or by arranging non-equidistant energy 

levels in high spin molecular magnets.[13] At the ensemble scale, 

controlling the orientations of the molecules is needed to facilitate 

the quantum level addressability. This is because the spin dipolar 

coupling and zero-field splitting (ZFS) effects have angular 

dependency upon the applied magnetic field.[14] 

Unfortunately, endohedral fullerene chemistry is not mature 

enough to achieve those tasks simultaneously. Several 

functionalization methods for endohedral fullerenes have been 

reported, e.g. Prato and Bingel reactions.[15-16] There have been 

also multiple attempts to order fullerene ensembles using co-

crystallization,[17] nanotube encapsulation,[18] substrate 

templating,[19] MOFs embedding,[20-21], and liquid crystal 

dissolving.[22-26] Considering the compatibility with the modification 

at the molecular scale, which may scale up to very large 
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structures, the liquid-crystal-assisted ordering looks attractive, 

since the mild solvation processing condition is more attuned to 

the complex molecular structures. However, the relatively weak 

ordering results reported to date, have been detrimental for this 

method, as the best ordering parameter was only 0.24,[22-23]
 much 

less than that of the liquid crystal itself.[27] 

As the result of the unfulfilled molecular engineering, the 

coherent manipulation beyond a two-dimensional Hilbert 

subspace in endohedral fullerenes remains elusive. Quantum 

gate demonstrations that require more than two addressable 

energy levels such as a geometric phase gate have not been 

implemented with endohedral fullerenes, or even with any pure 

electron paramagnetic resonance (EPR) systems. In principle, the 

geometric phase would apply well with magnetic resonance 

phenomena according to initial NMR studies.[28] In NV- centers in 

diamond, a crystal defect spin system possessing multi-level 

addressability, ODMR experiments have demonstrated the 

robustness of geometric phase against noise of experimental 

control parameters.[29] With the help of nuclear spin levels, the 

ENDOR implementation had also experienced a steady 

development from basic spinor phenomenon demonstrations[30] to 

useful nuclear spin applications including the bang-bang 

control[31] and ultra-fast entanglement.[32]
 

Herein, starting with rationally designed fullerene derivatives 

and improved liquid crystal ordering, we managed to obtain 

samples that simultaneously tackle the tasks of the molecular 

quantum systems at both molecular and ensemble scales. The 

chemical modification scales the spin system up to a 4-

dimensional qudit. The high ordering parameter Ozz up to 0.50 

and 0.61 significantly overperforms the best results reported for 

fullerene alignment. Then, we manifested the multi-level 

addressability of the qudit, using Rabi oscillation and its multi-level 

analogue. Finally, the first EPR demonstration of quantum 

geometric phase was implemented with the reported molecular 

system, showing that arbitrary phase shift can be readily applied 

by manipulations involving the auxiliary quantum level. 

Results and Discussion 

Chemical modification at the molecular scale 

To introduce ZFS effects and lift the transition degeneracy 

among the Zeeman levels of endohedral nitrogen fullerenes, 

symmetry modification at the molecular scale is needed. Four 

N@C60,70 derivatives (Scheme 1) were designed and synthesized, 

including two mono-functionalized derivatives (1, 2), a fullerene 

dimer (3), and a bis-functionalized derivative (4). Compared with 

1 and 2,  3 and 4 are provided with larger molecular aspect ratios 

due to the dimerization and bis-addition, respectively. Meanwhile, 

1 and 3 have a rather flexible molecular structure, while 2 and 4 

were functionalized with rigid addends with spiro structures.  

All derivatives were synthesized starting from N@C60 or 

N@C70 (c.a. 0.1% spin concentration).[15] The monoadducts 1 and 

2 were synthesized adopting the method of spin compatible 

Bingel reaction that we reported previously,[16] and characterized 

by UV/Vis, MALDI-TOF-MS, and 1H-NMR (Figure S1). 

The fullerene dimer 3 was synthesized in two steps with yields 

of 40% and 50%, respectively. Prato reaction was used in the first 

step to introduce a secondary amine group to N@C60. Two- and 

ten-fold excess of amino acid and aldehyde were added to 

accelerate the fullerene conversion and mitigate the spin loss 

caused by heating.[33] Dimerization was then conducted by 

reacting with a stoichiometric amount of terephthaloyl dichloride. 

No spin loss for the endohedral fullerene was noticed during the 

12-hour reaction of amidation. The HPLC, UV/Vis, MALDI-TOF-

MS, and 1H-NMR characterizations of 3 are shown in Figure S2. 

Aiming at a bis-functionalized derivative 4, regioselectivity is 

crucial. While a C60 cage can provide up to 8 different cis-trans 

isomers,[34] the reactivity difference of the reaction sites on a C70 

cage leads to only three region-isomeric products.[35] Thereby， 

N@C70 was chosen as the starting material to react with two-fold 

of brominated 1,3-indanedione and DBU. After a 2-hour reaction, 

the yield of all bis-functionalization was 85%. According to the 

EPR test on the aliquots throughout the reaction, the spin signal 

preservation ratio over 90% confirmed that the spin-compatible 

method we reported for mono-functionalization[16] also worked for 

multi-functionalization. The 2-o’clock regioisomer 4 was readily 

separated by preparative thin film chromatography, and further 

characterized by MALDI-TOF-MS, UV/Vis, 1H-NMR, and 13C-

NMR (Figure S3). 

 
Scheme 1. Synthesis of endohedral nitrogen fullerene derivatives: mono-
adducts 1 and 2, dimer 3, and bis-adduct 4 (2-o’clock regioisomer). 

The spin Hamiltonian of the as-prepared endohedral nitrogen 

fullerene derivatives can be expressed as follows: 

                       �̂� = 𝜇B�⃑� T𝑔 ̿�̂� + �̂�T�̿��̂� + 𝐼N
T�̿��̂�                     Eq. (1) 

where 𝜇𝐵 is the Bohr magneton, �⃑�  is the external magnetic field, 

�̂� is the electron spin operator, �̿� is the Landé matrix, 𝐷 ̿ is the ZFS 

tensor, �̿� is the hyperfine coupling tensor, 𝐼N is the nuclear spin 

operator of the endohedral 14N nuclei. 

Figure 1a visualizes the energy levels defined by the spin 

Hamiltonian in Eq (1) in the high-field limit. The relatively small 

ZFS effect can be treated as the first order perturbation to the 

isotropic Zeeman splittings of S=3/2 system with small energy of 

∆𝐸𝑍𝐹𝑆. The energy gaps of |± 3 2⁄ ⟩ ↔ |±1 2⁄ ⟩ are affected by ZFS 

with opposite signs, while the transition of  |−1 2⁄ ⟩ ↔ |+1 2⁄ ⟩ 

stays the same. 

10.1002/anie.202115263

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

3 

 

 

Figure 1 (a) Energy levels of endohedral nitrogen fullerene derivatives, in which the three-fold transition degeneracy of the S = 3/2 system is lifted by ∆EZFS due to 

the molecular modification. (b) CW-EPR spectra of pristine N@C70 and 4 in different conditions (measured at 9.41 GHz, 100 K). In contrast to the pristine sample, 

4 shows characteristic side peaks caused by ZFS effect. The ZFS peak patterns of 4 in glassy toluene and 4 in aligned MBBA were also distinct. Both spectra were 

fitted with simulations using different molecular orientation distributions. (c) The distribution of molecular orientations of 4 in toluene and in MBBA. (d) The extracted 

distribution of ∆EZFS of 4 in toluene and in MBBA. (e) 3D surface color mapping of ∆EZFS for 4 in toluene and in MBBA, where the color represents the value of ∆EZFS, 

and the radius represents the probability. 

CW-EPR spectra of all products in frozen toluene solution 

were applied to confirm the energy level diagram and quantify the 

parameters of the spin Hamiltonian. Compared to the pristine 

sample (Figure S4 for N@C60 and Figure 1b top for N@C70), the 

Zeeman and hyperfine coupling effects were found unchanged 

and remain isotropic in the derivatives (Figure S4 for 1, 2, 3 and 

Figure 1b middle for 4). The only variation of the derivatives lies 

in small ZFS effects �̿� and lead to side peaks in the spectrum. 

The �̿� tensor is normally parameterized as the axial term 𝐷 

and the transverse term 𝐸  in its principal axis. According to 

EasySpin[36] fitting of the CW-EPR spectra of the frozen solutions, 

the ZFS parameters of the four endohedral nitrogen derivatives 

are 1 ( |𝐷| = 8.4 MHz , 𝐸 = 0.4 MHz ),  2 ( |𝐷| = 8.9 MHz , 𝐸 =

0.6 MHz), 3 (|𝐷| = 14.7 MHz, 𝐸 = 0.6 MHz), and 4 (|𝐷| = 5.0 MHz, 

𝐸 = 0.7 MHz), respectively. The emergence of ZFS effects can be 

further verified by DFT calculations on the spin distribution of the 

products (Figure S5). The chemical modification on the molecular 

scale can slightly affect the anisotropy of the spin center, and the 

principal axis of �̿� tensor is along the addend direction. 

With the ZFS parameters and principal axis been determined, 

one can unravel the perturbation energy of the angular-dependent 

∆𝐸ZFS. When the long axis of the molecule parallels the magnetic 

field (experimental frame), ∆𝐸ZFS equals to 2|𝐷|. In general, Euler 

rotation matrix of �̿�(𝜃, 𝜑, 0) is needed to transform the ZFS tensor 

frame to the experimental one, the value of ∆𝐸ZFS is calculated to 

be (3cos2𝜑 − 1)𝐷 − 3sin2𝜑 (2sin2𝜃 − 1) 𝐸. 

Axial alignment at the ensemble scale 

After the transition degeneracy is successfully lifted by ∆𝐸ZFS 

at the molecular scale, we then respectively dissolve the four 

derivatives in a liquid crystal MBBA (N-(4-Methoxybenzylidene)-

4-butylaniline) to refine the magnetic anisotropy of the endohedral 

fullerene systems in the ensemble level. At first, the MBBA 

solution samples were aligned in the magnetic field (350 mT) at 

room temperature in the nematic phase, and then in-situ frozen to 

100 K rapidly to lock the orientation. The host molecules of MBBA 

were aligned parallel to the external magnetic field, due to the 

diamagnetism of the liquid crystal domains.[27] The host matrix 

further induces the guest fullerenes to orient along the field by the 

Van der Waals interaction.[22] Conversely, the magnetic dipolar 

field of the paramagnetic spin  (< 2 mT in a 1 nm distance) was 

estimated to be too weak to align directly by the external field nor 

alter the behavior of liquid crystals. 

The orientation distribution of the guest molecules can be 

deduced by studying the spin anisotropy. Taking 4 as an example, 

Figure 1b compares its CW-EPR spectra in frozen toluene and in 

MBBA at 100 K. The angular-dependent peaks corresponding to 

|± 3 2⁄ ⟩ ↔ |±1 2⁄ ⟩  transitions showed differently. Both spectral 

patterns can be simulated and fitted by different molecular 

orientations obeying Boltzmann distribution. The distribution 

density 𝑝(𝛽) is defined by the axially ordering potential applied by 

the environment: 

           𝑝(𝛽) = exp (
−𝑈(𝛽)

𝑘B𝑇
) / ∫ exp (

−𝑈(𝛽)

𝑘B𝑇
)sin𝛽d𝛽            Eq. (2) 

                               𝑈(𝛽) = 𝑘𝐁𝑇𝐶20𝐷0,0
2 (𝛽)                       Eq. (3) 

where 𝛽 is the molecular long axis with respect to the host, T is 

the temperature, kB is the Boltzmann constant, 𝑈(𝛽) is the axial 

ordering potential, 𝐶20 is the axial ordering potential coefficient, 

and 𝐷0,0
2 (𝛽) is the element of Wigner D-matrix.[37]  
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In the powder-like spectrum of 4 dispersed in glassy toluene 

(Figure 1b middle), the best fit using the Boltzmann distribution 

shows that the 𝐶20 equals 0, meaning no preferential orientation 

(Figure 1c). The value of the ZFS perturbation energy ∆𝐸𝑍𝐹𝑆 was 

illustrated with a 3D surface color mapping showing the angular 

dependency (Figure 1e), and the distribution of ∆𝐸𝑍𝐹𝑆  can be 

worked out by integrating over all orientations (Figure 1d). In the 

aligned sample (Figure 1b bottom), the least square fitting of 

spectrum suggests that its 𝐶20  equals to 3.0 (±0.1). The large 

axial ordering potential coefficient shifts the preferred orientation 

of the molecule to the parallel direction of the magnetic field 

(Figure 1c), so the 3D surface is reshaped with enlarged radii in 

the parallel directions, and diminished radii in the perpendicular 

directions, with the radius representing the probability density 

(Figure 1e). The distribution of ∆𝐸𝑍𝐹𝑆  (Figure 1d) preferring the 

parallel orientation is also obtained. Such behavior is consistent 

with the spectrum, proving that the large axial ordering potential 

coefficient is reasonable.  

Ordering parameter 𝑂𝑧𝑧 = (3〈cos2𝛽〉 − 1)/2  is applied to 

quantitatively describe the distribution of axially ordered 4. An 𝑂𝑧𝑧 

of 0.61  (±0.02) can be derived. The ordering parameters were 

also determined from the CW-EPR spectra (Figure S6) for the 

other derivatives (1: 𝑂𝑧𝑧 = 0.29(±0.02), 2: 𝑂𝑧𝑧 = 0.50(±0.02) , 3: 

𝑂𝑧𝑧 = 0.10(±0.02) ). Table 1 compares the order parameters 

reported for liquid-crystal-assisted alignment of endohedral 

fullerenes and other relevant systems. Both 2 and 4 with the spiro 

structure show high ordering parameters, suggesting that rigidity 

is the primary factor for good alignment. The discovery is 

consistent with the trend of nitroxide C60 derivatives reported 

previously.[22,25] 4 having the highest ordering parameter shows 

that a large aspect ratio is also beneficial, but rigidity must be 

achieved as a precondition, since the longer dimer of 3 has no 

improvement at all compared to 1. It is also worth noting that 1, 

which has the same addend as a previously reported 

photoexcited cyclopropane C60,[24] did not reproduce an ordering 

parameter as high. This could probably be attributed to the 

orientational preference of spin stimulation and relaxation during 

the photoexcitation and phosphorescence procedures. The lower 

ordering parameter reported in this work should be more 

representative for the actual morphological orientation distribution 

of the whole molecular system. 

Table 1. Comparison of order parameters of different fullerene (derivatives) in 

liquid crystals.[23-27]  

Endohedral Fullerene 

(derivatives) 
Ozz Relevant system Ozz 

3 0.10 
Nitroxide C60 derivative with 

flexible addend[22] 
0.11 

N@C70
[23] 0.18 

Nitroxide C60 derivative with 

rigid addend[25] 
0.48 

N@C60 pyrrolidine 

derivatives[23] 
0.24 

Photoexcited Bis-

cyclopropane C60
[24] 

0.29-

0.52[a] 

1 0.29 
Photoexcited Mono-

cyclopropane C60
[24] 

0.52[a] 

2 0.50   

4 0.61 MBBA liquid crystal[27] 0.62 

[a] Transient spin systems may be selectively stimulated. 

As far as we are aware, this is the highest degree of alignment 

ever reported, for any endohedral fullerene system within liquid 

crystals. The high ordering parameters for 2 and 4 (with rigid 

addends) are almost as high as the host molecule of MBBA itself 

(𝑂𝑧𝑧 = 0.62).[27]  A series of angular-resolved CW-EPR results on 

2 and 4 (Figure S7 and S8) were acquired to further prove good 

alignment is achieved. At the perpendicular direction (λ = 90o), 

the narrowest molecular orientation distribution was achieved, so 

that the best addressability of individual transitions can be 

enabled in these conditions. 

Coherent addressability of the quantum levels 

 

Figure 2 (a) EDFS showing that the aligned sample can separately address the 

three transitions, while the powder-like sample has overlapping issues. (b) Four 

energy levels of the electron spin and the corresponding transition frequencies. 

(c) Standard nutation experiments of each transition with the Rabi frequency 

determined by fast Fourier transformations. (d) Pulse sequences of multilevel 

Rabi oscillations using nutation and read out pulses pumped with different 

transitions. (e) Spectra of multilevel nutation experiments showing the 

coherence between all four energy levels. (All experiments were conducted at 

80 K, using 2 perpendicularly aligned to the magnetic field) 
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Using the perpendicular alignment, we took 2 dissolved in 

MBBA as an example to demonstrate the quantum level 

addressability using pulsed EPR experiments. The echo-

detected-field-sweep (EDFS) spectra (Figure 2a) showed better 

separated transition peaks in the aligned sample, in contrast to 

the powder-like one. The transition peaks labeled 𝑓+, 𝑓0, and 𝑓− 

are the frequency channels to pump the microwave pulses and 

manipulate the S = 3/2 spin. 

As Figure 1a illustrates, the full spin system contains 12 

eigenstates, but the nuclear spin will not be altered during a 

pulsed-EPR experiment. Thus, only four energy states highlighted 

in Figure 2b are relevant in the pulsed EPR experiments. 

Performing standard Rabi oscillation experiments with these 

transitions, |+1 2⁄ ⟩ ↔ |−1 2⁄ ⟩  oscillates 13% faster than 

|± 3 2⁄ ⟩ ↔ |±1 2⁄ ⟩  (Figure 2b), which is consistent with the 

desired Rabi frequency ratio of √3 ∶ 2 calculated by the following 

equations:  

Ω𝑀𝑆↔𝑀𝑆+1 = 𝜇B𝑔𝐵1√𝑆(𝑆 + 1) − 𝑀𝑆(𝑀𝑆 + 1)        Eq. (4) 

where Ω is the Rabi frequency, 𝜇B is the Bohr magneton, 𝑔 is the 

Landé factor, 𝐵1 is the magnetic field amplitude of the microwave 

pulse, 𝑆 is the spin quantum number, and 𝑀𝑆 is the spin magnetic 

quantum number. 

Multilevel nutation experiments were also successfully 

conducted to prove that the four energy levels are coherently 

controllable. As Figure 2d depicts, nutations between |±3 2⁄ ⟩ ↔

|±1 2⁄ ⟩  can manipulate the population difference between 

|+ 1 2⁄ ⟩  and |− 1 2⁄ ⟩ , and vice versa. In contrast to the 

conventional Rabi oscillation, the EPR signal increases in the 

beginning, because the population differences are enlarged by 

the nutation pulses when the initial condition of the spin system 

follows a thermal equilibrium distribution at 80 K. The Rabi 

frequencies in Figure 2d were only affected by the energy levels 

where the nutation pulses were applied on, but do not depend on 

the detection sequence. Consistent with Figure 2c, the nutation in 

|+ 1 2⁄ ⟩ ↔ |−1 2⁄ ⟩ transition is faster. 

 

Spinor behavior and geometric phase manipulation 

The quantum geometric phase (or Berry phase) is one of the 

most intriguing aspects of the nature of quantum systems. A 

coherent EPR demonstration of it has been proposed for more 

than 30 years,[38] but has never been achieved. This is mainly 

because the majority of EPR systems are isolated single qubit 

systems that lack an addressable auxiliary energy level within the 

bandwidth of coherent manipulation to demonstrate the geometric 

phase. Utilizing the addressable spin system of endohedral 

fullerene qudit, we sequentially conducted the spinor behavior 

experiment (a special case of geometric phase) and general 

geometric phase experiments. The pulse sequences are 

illustrated in Figure 3a and b, respectively. 

Both experiments start with initialization operations to 

populate the eigenstate of  |− 3 2⁄ ⟩ forming a pseudo pure state. 

Then, superpositions between |− 3 2⁄ ⟩  and |− 1 2⁄ ⟩  were 

prepared with a Hadamard pulse. Without additional 

manipulations, it gives a standard Hahn echo by a 𝜋 pulse with an 

interval of 𝜏 . The quantum phases of the superposition states 

remain constant in the rotational framework defined by the 

detection frequency of 𝑓+. Additional pulses were applied via the 

transition involving the auxiliary energy level  |+1 2⁄ ⟩, during the 

waiting time 𝜏  (Figure 3a and b), and the influence on the 

quantum phase was tested. 

For the spinor behavior test, the additional pulse is applied 

with varied durations. As the results show (Figure 3c), the phase 

of the Hahn echo shifts with the increased length. When the 

tipping angle equals to 2𝜋, which is a full period that nutates the 

spin with the |+ 1 2⁄ ⟩ ↔ |−1 2⁄ ⟩ transition, the Hahn echo phase 

of the |− 3 2⁄ ⟩  and |− 1 2⁄ ⟩ superposition experiences a 180-

degree flip. This demonstrates the spinor nature of the electron 

spin: similar to a vector pointing along the Möbius band, it exhibits 

a sign inversion when the system is rotated through a full turn. 

The decreasing trend of the echo intensity is attributed to the 

shorter relaxation time of the superposition state of |−3 2⁄ ⟩ and 

|+ 1 2⁄ ⟩ (double-quantum coherence state) than that of |− 3 2⁄ ⟩ 

and |− 1 2⁄ ⟩. 

 

Figure 3 (a) Pulse sequences of the spinor experiment. (b) Pulse sequences of 

the geometric phase experiment (c) Echo evolution in the (|− 3 2⁄ ⟩ ↔ |−1 2⁄ ⟩) 

transition with the increased spinor pulse duration in the |+1 2⁄ ⟩ ↔ |−1 2⁄ ⟩ 

transition. (d) Arbitrary geometric phase imposed on the superposition state of 

|− 3 2⁄ ⟩ and |− 1 2⁄ ⟩, by controlling the solid angle that the |+1 2⁄ ⟩ ↔ |−1 2⁄ ⟩ 

transitions experience. (Both experiments were conducted at 80 K, using 2 

perpendicularly aligned to the magnetic field) 

For the general geometric phase experiment, the auxiliary 

pulses are a 𝜋 and a -𝜋𝜑 pulse, where 𝜑 is the phase of the pulse 

controlled by arbitrary wave generator (AWG). The combination 

of the two pulses forms a solid angle of 2𝜑 in the Bloch sphere of 

|+ 1 2⁄ ⟩ and |− 1 2⁄ ⟩. The geometric phase equals half of the solid 

angle, which should be 𝜑. Indeed, the evolution of the integrated 

intensity of the spin echo acquired by a quadrature detector 

(Figure 3d) manifests that an arbitrary phase gate of 𝜑  in the 

superposition state of |− 3 2⁄ ⟩ and |− 1 2⁄ ⟩  (shown by the Bloch 

sphere in green) can be readily applied by pulses in the auxiliary 

transition that circuit a solid angle of 2𝜑  (shown by the Bloch 

sphere in red). When the solid angle 2𝜑 = 2𝜋 , the geometric 

phase experiment is equivalent to the spinor behavior experiment. 
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Compared with other coherent manipulation methods such as 

spin nutation, the geometric phase manipulation only depends on 

the solid angle of the path and is resilient to errors of the pulse 

duration and intensity. An evaluation of the error tolerances effect 

of the geometric phase gate is beyond the scope of this paper 

emphasizing enabling addressability with chemistry, but a 

quantitative fidelity comparison will be discussed in a separate 

work. 

To summarize, the pulsed-EPR experiments proved that 

coherent manipulations can be accomplished by selectively 

addressing the transitions. To the best of our knowledge, this is 

the first geometric phase demonstration using EPR. It is also 

worth noting that, benefiting from the long relaxation time of 

endohedral nitrogen fullerene, these results were all acquired 

above the liquid nitrogen temperature and did not use deuterated 

solvents to further improve the spin environment. We believe that 

more sophisticated manipulations such as Grover algorithm can 

be demonstrated in this system with optimizations in the near 

future. 

 

Conclusion 

Four types of chemical functionalizations of endohedral 

nitrogen fullerene were conducted, lifting the degeneracy of the 

transitions in the S = 3/2 spin system. Fullerene derivatives with 

spiro-addends and good rigidity align properly in liquid crystal, and 

large aspect ratio achieved by regioselectivity further increase the 

ordering parameter up to 𝑂𝑧𝑧 = 0.61. With the aligned sample, 

quantum level addressability was experimentally demonstrated 

by coherent manipulations. Moreover, the spin system enabled us 

to perform the first geometric phase manipulations in molecular-

based electron spin systems. The reported alignment approach 

could be further adapted to other endohedral fullerene systems of 

high spin or even multi-spin systems to expand the scalability of 

the quantum systems. It also shed light on new solutions to 

fullerene spin optical pumping and fullerene spin gyroscope 

where molecular orientational ordering is required.  
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