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Robust coherent spin centers from stable azafullerene radicals entrapped in cycloparaphenylene rings
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Molecular entities with robust spin-1/2 are natural two-level quantum systems for realizing qubits and are key ingredients of emerging quantum technologies such as quantum computing.

Here we show that robust and abundant spin-1/2 species can be created in-situ in the solid state from spin-active azafullerene (C59N) cages supramolecularly hosted in crystals of [10]cycloparaphenylene ([10]CPP) nanohoops. This is achieved via a two-stage thermallyassisted homolysis of the parent diamagnetic [10]CPP⊃(C59N)2⊂[10]CPP supramolecular complex. Upon cooling, the otherwise unstable C59N • radical is remarkably persistent with a measured radical lifetime of several years. Additionally, pulsed electron paramagnetic resonance measurements show long coherence times, fulfilling a basic condition for any qubit manipulation, and observed Rabi oscillations demonstrate single qubit operation. These findings together with rapid recent advances on the synthesis of carbon nanohoops offer the potential to fabricate tailored cycloparaphenylene networks hosting C59N • centers, providing a promising platform for building complex qubit circuits.

Introduction

Discrete energy levels of quantum spins at the molecular level are a promising platform for realising qubits. [START_REF] Gaita-Ariño | Molecular Spins for Quantum Computation[END_REF] The major challenge, despite enormous progress in the past decade, remains how to build complex circuits from such molecular spin entities with sufficiently long coherence times in order to be integrated into quantum device and to, for example, conduct quantum computation algorithms. In most cases, molecular structures containing transition metal ions with d-electrons or lanthanides with f-electrons were studied. While various ingenious approaches were developed to prolong coherence times, [START_REF] Clemente-Juan | Magnetic Polyoxometalates: From Molecular Magnetism to Molecular Spintronics and Quantum Computing[END_REF][START_REF] Aromí | Design of Magnetic Coordination Complexes for Quantum Computing[END_REF][START_REF] Sessoli | Toward the Quantum Computer: Magnetic Molecules Back in the Race[END_REF] building circuits still remains difficult. Fullerenes, well known for their π-electron molecular magnetism and superconductivity, [START_REF] Takabayashi | The Disorder-Free Non-BCS Superconductor Cs3C60 Emerges from an Antiferromagnetic Insulator Parent State[END_REF][START_REF] Ganin | Polymorphism Control of Superconductivity and Magnetism in Cs 3 C 60 Close to the Mott Transition[END_REF][START_REF] Lappas | Spontaneous Magnetic Ordering in the Fullerene Charge-Transfer Salt (TDAE)C60[END_REF] represent a potentially interesting metal-free molecular spin alternative.

Fullerene-based qubits with relatively long coherence times were indeed used to store quantum information, as shown in several electron paramagnetic resonance (EPR) experiments. [START_REF] Benjamin | Towards a Fullerene-Based Quantum Computer[END_REF][START_REF] Morton | Bang-Bang Control of Fullerene Qubits Using Ultrafast Phase Gates[END_REF][10] The focus so far has been on the endohedral molecule N@C60, which has electronic spin of S = 3/2 as in atomic nitrogen, and isotropic hyperfine interaction to nitrogen nuclear spin A( 14 N) = 15.73 MHz. [START_REF] Almeida Murphy | Observation of Atomlike Nitrogen in Nitrogen-Implanted Solid ${\mathrm{C}}_{60}[END_REF] Employing the standard methods of pulsed EPR it is possible to initialize a given spin state of N@C60, and the protected environment inside C60 is responsible for the exceptionally long electron-spin dephasing time T2 = 210 μs measured in frozen CS2 solution at -83°C. [START_REF] Morton | A New Mechanism for Electron Spin Echo Envelope Modulation[END_REF] While these data satisfy the criterion of long coherence times, N@C60 fails to provide a practical path to build complex circuits, simply because the yield for preparing N@C60 is too lowtypically the concentration of the paramagnetic centers produced by [START_REF] Waiblinger | Corrected Article: Thermal Stability of the Endohedral Fullerenes ${\mathrm{N}\mathrm{@}\mathrm{C}}_{60},$ ${\mathrm{N}\mathrm{@}\mathrm {C}}_{70},$ and ${\mathrm{P}\mathrm{@}\mathrm{C}}_{60}[END_REF] N-bombardment of C60 is only in the order of 10 -7 -10 -4 per C60 molecule. Although N@C60-enriched samples can be isolated by exhausting separation assays, with the aid of preparative high-performance liquid chromatography (HPLC), [START_REF] Harneit | N@C60 Quantum Bit Engineering[END_REF] N@C60 remains an expensive exotic qubit platform. Additionally, it has been established that the encapsulated nitrogen atom escapes the cage in the temperature range of 125-225 °C. [START_REF] Waiblinger | Corrected Article: Thermal Stability of the Endohedral Fullerenes ${\mathrm{N}\mathrm{@}\mathrm{C}}_{60},$ ${\mathrm{N}\mathrm{@}\mathrm {C}}_{70},$ and ${\mathrm{P}\mathrm{@}\mathrm{C}}_{60}[END_REF] An alternative spin-active candidate for the fabrication of robust qubit-arrays could be azafullerene C59N, where one nitrogen replaces a carbon atom on the fullerene skeleton. Due to valence difference between N and C, C59N is a closed-cage heterofullerene radical where the odd electron resides on the carbon atom neighbouring the embedded nitrogen. [START_REF] Hummelen | Isolation of the Heterofullerene C59N as Its Dimer (C59N)2[END_REF] These spinactive species can be directly accessed by thermolysis or photolysis of the parent diamagnetic azafullerene dimer (C59N)2. [START_REF] Gruss | Photolysis of (C59N)2 Studied by Time-Resolved EPR[END_REF][START_REF] Hasharoni | Light-Induced ESR Studies of the Heterofullerene Dimers[END_REF][START_REF] Simon | ESR Signal in Azafullerene (C59N)2 Induced by Thermal Homolysis[END_REF] Further, the azafullerenyl C59N • radical centers can also be generated by the thermolysis of the non-magnetic hydroazafullerene C59HΝ. [START_REF] Keshavarz-K | Synthesis of Hydroazafullerene C 59 HN, the Parent Hydroheterofullerene[END_REF][START_REF] Arčon | Thermal Homolysis and Intermediate Phases of Solid Hydroazafullerene C59HN[END_REF] The dimer (C59N)2 is synthesized via a conventional chemical route in efficient macroscopic yields, i.e.

10% with respect to C60, and requires only a simple purification by column chromatography, constituting a versatile candidate for generating the paramagnetic C59N • centers. To date, the integration of C59N • radical centers into spin-active arrays has not been explored because of their high reactivity to ultra-rapid dimerization (under inert conditions) and oxidation (in ambient environment). Therefore, protection of the paramagnetic C59N • from dimerization back to diamagnetic (C59N)2 or oxidation to C59N + and C59NO species is very challenging, but highly desirable.

Recently, we developed a supramolecular complex in order to shield the labile azafullerenyl radical. Specifically, we took advantage of the supramolecular concave-convex π-π interactions between a carbon nanobelt, [10]cycloparaphenylene ([10]CPP), and the azafullerene (C59N) cage (Figure 1a), enabling the formation of C59N • ⊂ [10]CPP radical species in solution, i.e., of 1-chloronaphthalene. [START_REF] Stergiou | A Long-Lived Azafullerenyl Radical Stabilized by Supramolecular Shielding with a [10]Cycloparaphenylene[END_REF] The spin-active supramolecular complex was generated by photolysis (532 nm) of the parent non-magnetic [10]CPP⊃(C59N)2⊂ [10]CPP complex with increased efficiency of the photolysis by a factor of 300. Although this demonstrates promise for bottomup fabrication of nanostructured spin-active arrays of C59N • , the result was liquid-phase based and requires optical activation, and as such is not appropriate for creating practical surface qubit arrays. Encouraged by the previous solid-state EPR characterization of (C59N)2 and C59HN, which demonstrated the ease of generating C59N • radicals via instead a thermolysis route [START_REF] Simon | ESR Signal in Azafullerene (C59N)2 Induced by Thermal Homolysis[END_REF][START_REF] Arčon | Thermal Homolysis and Intermediate Phases of Solid Hydroazafullerene C59HN[END_REF] we herein report on the generation of long-term stable C59N • radical centers entrapped in [10]CPP in the solid state. The objective is two-fold, namely, to generate C59N • ⊂ [10]CPP radicals via the thermally-induced homolysis of the parent diamagnetic [10]CPP⊃(C59N)2⊂ [10]CPP supramolecular complex, and to handle and assess the generated C59N • ⊂[10]CPP radical species in the absence of any solvent as wetting media. During microwave-assisted thermal annealing of the diamagnetic [10]CPP⊃(C59N)2⊂ [10]CPP powder, a two-stage process is identified and discussed: 1) at ~150 °C the dimer C-C bond is weakened, allowing [10]CPPencircled azafullerenes to rotate and bind to neighbouring [10]CPP⊃(C59N)2⊂ [10]CPP, furnishing spin-active species with S = 1/2, and 2) above ~200 °C where the latter intermediate species are thermally dismantled and release C59N • ⊂[10]CPP radicals with S = 1/2, which emerge and dominate the EPR spectra (Figure 1). Incorporation of the [10]CPP nanobelts around the azafullerene cages benefits the overall process in two ways, a) enabling much higher concentrations of C59N • ⊂ [10]CPP at lower temperature, as compared to the corresponding azafullerenyl radical species generated from (C59N)2 in the absence of [10]CPP, and b) at ambient conditions the radical signal is remarkably stable and persistent for more than 30 months. C59N • shows a surprisingly long room-temperature spin coherence lifetime and can be addressed as a qubit, with many Rabi oscillations demonstrated. The present study thus demonstrates the surprising long-term stability of C59N • radicals at the solid-state, when entrapped by [10]CPP nanobelts. Such robust spin centres are key ingredients for emerging quantum technology. They pave the way to bottom-up building of localised C59N • qubit circuits, which may be "wired" through the spin-redistributed states. The emerging functionalities of such materials will thus likely benefit from such wavefunction duality.

Results

EPR studies on [10]CPP-C59N complexes

EPR has shown itself to be an extremely valuable and sensitive technique to detect the formation of C59N • ⊂ [10]CPP radicals in 1-chloronaphthalene upon photolysis. [START_REF] Stergiou | A Long-Lived Azafullerenyl Radical Stabilized by Supramolecular Shielding with a [10]Cycloparaphenylene[END_REF] Here we employ a similar strategy and probe the thermal breaking of (C59N)2 dimer bond instead in the solid. Briefly, [10]CPP⊃(C59N)2⊂ [10]CPP solid is prepared by adding a 2-fold molar excess [10]CPP solution in 1-chloronaphthalene in a solution of (C59N)2 in the same medium. The mixture was stirred for 24 h at room temperature to reach a complexation equilibrium, and [10]CPP⊃(C59N)2⊂ [10]CPP precipitated out upon refrigeration of the mixture, washed with hexane and dried under vacuum. While it is not possible to fully determine the crystalline structure (see Supporting Information and Figure S1 for powder synchrotron X-ray diffraction characterization), FT-IR and Raman spectroscopy (Figure S2 and the related text in Supporting Information) as well as NMR (see Figure S3 for [START_REF] Harneit | N@C60 Quantum Bit Engineering[END_REF] C and 1H solid-state magic angle spinning NMR data and discussion) and EPR spectroscopies (below) demonstrate clearly the molecular interaction between the [10]CPP nanobelts and the encapsulated C59N. The as-prepared [10]CPP⊃(C59N)2⊂ [10]CPP powder shows a very weak X-band EPR signal at g = 1.9988 (Figure 1b), which has previously been frequently associated with a well-known C60 -signal, arising from a small concentration of defective fullerene impurities diluted in an otherwise EPR silent diamagnetic sample. 22 However, in the current study, the presence of even minute amounts of C60 as impurity within (C59N)2 has been precluded as a result of HPLC purification, and this signal must therefore come from another source (HPLC trace shown in Supplementary Materials).

Upon heating from room temperature, the g = 1.9988 signal gradually disappears and at around ∼100 °C, a new much stronger signal starts to grow at a nearly free-electron value of g = 2.0022 (Figure 1b). This signal has a Lorentzian lineshape with a linewidth of ∆𝑩𝑩 𝟏𝟏/𝟐𝟐 = 𝟎𝟎. 𝟑𝟑𝟑𝟑 mT and shows no fine structure due to hyperfine coupling to 1 H or [START_REF] Waiblinger | Corrected Article: Thermal Stability of the Endohedral Fullerenes ${\mathrm{N}\mathrm{@}\mathrm{C}}_{60},$ ${\mathrm{N}\mathrm{@}\mathrm {C}}_{70},$ and ${\mathrm{P}\mathrm{@}\mathrm{C}}_{60}[END_REF] N nuclear moments. The absence of sizeable hyperfine coupling has been further confirmed with pulsed EPR using the electron spin echo envelope modulation (ESEEM) technique, which shows only a simple exponential decay of the echo signal without characteristic hyperfine modulations (Figure S4). The absence of 1 H and [START_REF] Waiblinger | Corrected Article: Thermal Stability of the Endohedral Fullerenes ${\mathrm{N}\mathrm{@}\mathrm{C}}_{60},$ ${\mathrm{N}\mathrm{@}\mathrm {C}}_{70},$ and ${\mathrm{P}\mathrm{@}\mathrm{C}}_{60}[END_REF] N hyperfine coupling and the typical g-factor value suggest that this signal is due to spatially extended spin states present in powder samples, but not in 1-chloronaphthalene solution where no such signal was observed upon 532 nm laser-photolysis (Figure S5). The absence of 1 H ESEEM signal also rules out the possibility that this signal arises from unpaired charge localized on the [10]CPP, or due to a reaction between C59N • and [10]CPP (Figure S6 and Supporting Information for density functional theory (DFT) calculations of such possibility), and thus the signal is still due to an azafullerenyl radical. The absence of [START_REF] Waiblinger | Corrected Article: Thermal Stability of the Endohedral Fullerenes ${\mathrm{N}\mathrm{@}\mathrm{C}}_{60},$ ${\mathrm{N}\mathrm{@}\mathrm {C}}_{70},$ and ${\mathrm{P}\mathrm{@}\mathrm{C}}_{60}[END_REF] N ESEEM signal further confines these paramagnetic centers to carbons of C59N entities distant from the N atom of C59N. In this context, we note its close resemblance to EPR signals observed in C59HN or in C59N doped C60 powders. 18,20,23 Such EPR active states were in these cases promoted by the formation of intermediate C59N-C59HN • and C59N-C60 • complexes, respectively, accompanied with spin redistribution over the surface of the C59HN or C60 and a corresponding shift of spin density away from the nitrogen atom of the C59N.

The concentration of these g = 2.0022 intermediate temperature spin species continues to grow upon heating. However, close inspection of the spectrum taken at T = 150 o C (Figure 1b) already indicates small deviations from the ideal Lorentzian lineshape due to the presence of a further signal, which becomes increasingly apparent at higher temperature and begins to dominate the EPR spectra above 220 o C. At the same time, the intensity of the g = 2.0022 signal starts to slightly decrease, which implies that the two processes are intimately linked and take place on the azafullerene cage. This high-temperature signal is characterised by a triplet of sharp peaks, which are split by 0.36 mT and are centered at g = 2.0014. As this signal has been observed before in C59N • ⊂ [10]CPP radical species generated upon photolysis in 1-chloronaphthalene, [START_REF] Stergiou | A Long-Lived Azafullerenyl Radical Stabilized by Supramolecular Shielding with a [10]Cycloparaphenylene[END_REF] we assign it to the well-known C59N • radical signal where charge is localised on the carbon next to the nitrogen atom and the extracted hyperfine coupling constant A = 10.1 MHz is due to the coupling to [START_REF] Waiblinger | Corrected Article: Thermal Stability of the Endohedral Fullerenes ${\mathrm{N}\mathrm{@}\mathrm{C}}_{60},$ ${\mathrm{N}\mathrm{@}\mathrm {C}}_{70},$ and ${\mathrm{P}\mathrm{@}\mathrm{C}}_{60}[END_REF] N. At the highest temperature reached in this particular experiment, T = 300 o C, another set of weaker peaks that flank the main triplet of lines are also observed. They were observed before in the solution experiments and were tentatively assigned to the additional hyperfine splitting with [START_REF] Harneit | N@C60 Quantum Bit Engineering[END_REF] C nuclei in its natural abundance. Heating the sample above 300 o C causes a gradual loss of the EPR signal, probably due to the thermal instability of [10]CPP belts.

The anisotropic rotation of C59N radicals entrapped in [10]-cycloparaphenylene rings may not fully average out g-factor anisotropy, and hence the measured EPR spectrum measured at 290°C is broadened compared to the signal measured in pristine C59N powders.

Fitting the EPR spectra to two overlapping components (i.e., the Lorentzian at g = 2.0022 and the triplet of lines centered at g = 2.0014) allows us to follow the evolution of signal intensities for these species (Figure 2) and compare their signal to C59N • radicals acquired in the absence of [10]CPP (Figure 2b). The comparison shows some interesting differences which we attribute to the crucial presence of [10]CPP rings. Firstly, the C59N • EPR signal is observed for the first time at lower temperature in C59N • ⊂ [10]CPP and is stronger as compared to unprotected azafullerenyl radicals by [10]CPP rings by about two orders of magnitude. The calibration of signal intensity shows that the highest concentration of C59N • ⊂ [10]CPP radicals is about 450 ppm reached at 300 °C. Interestingly, thermogravimetric analysis (TGA) on the parent [10]CPP⊃(C59N)2⊂ [10]CPP complex demonstrated superior stability up to ~300 °C, as indicated by the very small weight loss (1.3%), under ambient heating conditions up to this temperature (see Figure S7), while Raman spectroscopy verified the structural integrity of the complex (see Figure S2). Another surprising property of this signal is that it remains remarkably stable upon cooling as the signal intensity only marginally decreases with decreasing temperature. This points towards the high stability of C59N • when protected by the [10]CPP rings. This observation is markedly different compared to bare C59N • radicals in pristine (C59N)2, where the re-dimerization kinetics is very fast and the signal intensity on cooling retraces that measured on warming (Figure 2b). The stability of C59N • ⊂ [10]CPP radicals is next demonstrated by measuring the EPR signal at room temperatures as a function of time (Figure 3a): after ∼3 days the signal marginally decreases and has comparable intensity even after 158 days. Quite remarkably, the signal can still be easily observed in the sample after 30 months (Figure 3b and Figure S8), unlike bare C59N • radicals in pristine (C59N)2 powders, where no EPR signal can be detected at room temperature. Storage is under vacuum conditions, since exposure to air leads to significant degradation in signal strength over a timescale of minutes (Figure S5b). The concentration of the g = 2.0022 intermediate temperature spin species also shows large hysteresis in the X-band EPR signal intensity upon heating to 180 °C and then cooling (Figure 2a, Figure S9), implying their high stability once they are formed. Cooling the sample well below room temperature reveals for the g = 2.0022 signal a Curie-like dependence of the EPR signal intensity (Figure 2a), which is consistent with weak interactions between these radical centers. Since both g = 2.0014 and g = 2.0022 signals coexist at room temperature after hightemperature treatment, it is reasonable to suggest that thermal annealing indeed created two different and very stable radical states on C59N cages when entrapped in [10]CPP.

EPR thus shows three distinct radical signatures: the first is due to a pre-existing signal present in the virgin sample at room temperature (previously assigned to C60 -), the second appearing at intermediate temperatures as the first disappears, and the third, a major signal appearing at higher temperatures assigned to C59N • . We next explore the origins of these signals and attempt assignments using DFT calculations.

Theoretical exploration and assignments of EPR signals by DFT calculations

The absence of 1 H hyperfine coupling in experimental ESEEM measurements shows that hydrogenated species are not involved in the three EPR centers, and also excluded are reactions between C59N • and [10]CPP (Figure S5,S6). This, therefore, leaves only azafullerenyl centers as the source for this signal (structures in Figure S10 and calculated hyperfine coupling parameters in Tables S1-1-4). The [10]CPP nanobelts are omitted from the DFT calculations for simplicity, since they do not contribute to the emerging EPR signal. They nonetheless have a critical impact on the persistence of the recorded signals upon annealing, as discussed below.

Concerning the EPR signal witnessed at room temperature in the virgin sample we propose the presence of (C59N)2 -ions, by analogy to trace C60 -ion EPR signal seen in as-prepared C60 samples. [22] Unlike C59N • , in (C59N)2 -the unpaired electron is uniformly delocalised over both fullerene cages with almost no character on the nitrogen atoms (Figure S10c). This is very close in behaviour to the radical distribution of C60 -(Figure S10a), but with higher and more uniform delocalisation. Furthermore, a calculation with both C60 and (C59N)2 in the same supercell with an additional electron finds a ground state with the electron distributed primarily over the (C59N)2, thus even if C60 -was present there would be charge transfer to neighbouring azafullerene dimers. The distributed nature of the radical state and low hyperfine coupling parameters (see Table S1-1, S1-3) suggest that the EPR signal for C60 -and (C59N)2 -should be largely indistinguishable spectroscopically. For these reasons we therefore reassign the g = 1.9988 peak seen at room temperature in these and literature azafullerene samples to (C59N)2 -.

The next radical signature is the signal observed at intermediate temperatures with g = 2.0022.

Herein, we exclude the triplet state for (C59N)2, since we previously calculated this to be 0.87-1.09 eV less stable than the EPR silent S = 0 ground state (the energy range depending on the presence or not of [10]CPP). [START_REF] Stergiou | A Long-Lived Azafullerenyl Radical Stabilized by Supramolecular Shielding with a [10]Cycloparaphenylene[END_REF] At temperatures of about 100-150 °C it will simply not be possible to thermally populate such high-energy EPR active triplet state.

Creating the g = 2.0014 C59N • signal requires 1.80eV to completely break the intramolecular C-C bond of (C59N)2 (0.90 eV per C59N • radical). Given the g = 2.0022 signal appears at lower temperatures, we would expect it to come from a more thermodynamically accessible species.

We propose that the dimer bond does not fully dissociate, but instead breaks briefly and the resulting azafullerene cage rotates before recombining. This process can repeat multiple times, resulting in a metastable structure where the unpaired electron of one C59N • binds to the back of the second C59N • , analogous to C59N-C59HN back-bonded species seen during hightemperature treatment of C59HN powder. [START_REF] Arčon | Thermal Homolysis and Intermediate Phases of Solid Hydroazafullerene C59HN[END_REF] The extreme case where one cage has rotated through 180° is 0.79 eV less stable than the ground state (C59N)2 (0.40eV per C59N), significantly more stable than the formation of separated C59N • radicals. Nudged elastic band calculations show the rate-limiting barrier for this rotation process is 1.50 eV (Figure S11), below the calculated 1.80 eV required to fully break the dimer bond. This rotated back-bonded C59N-C59N dimer does not have unpaired spin in its ground state configuration (the triplet is 0.49 eV less stable and so again not thermally accessible), and therefore is not a candidate for the EPR signal. However, the C-N at one end of the rotated C59N-C59N dimer is now exposed and has the possibility to covalently bind to a neighbouring (C59N)2 dimer (Figure 4). This is exothermic, releasing 0.19 eV and forming an azafullerene tetramer that is stable in the triplet spin state (µ = 2µB) (Figure S10e). The two spins are very weakly coupled, with the anti-ferromagnetic configuration 13 meV more stable than ferromagnetic pairing, and 36 meV more stable than the paramagnetic solution. Figure 4 shows this tetramer can easily lose an azafullerenyl radical, which can rotate and bond to a neighbouring dimer. The unpaired electron in each resulting trimer is localised on the back of the fullerene cages, far from any nitrogen atoms and hence will not show [START_REF] Waiblinger | Corrected Article: Thermal Stability of the Endohedral Fullerenes ${\mathrm{N}\mathrm{@}\mathrm{C}}_{60},$ ${\mathrm{N}\mathrm{@}\mathrm {C}}_{70},$ and ${\mathrm{P}\mathrm{@}\mathrm{C}}_{60}[END_REF] N-induced hyperfine splitting (Figure 4e). It is nonetheless more localised than the spin state distribution in C60 -and (C59N)2 -and so should show a distinct EPR signal (calculated hyperfine coupling coefficients are given in Table S1). We note that back-bonding is likely possible to multiple sites on the rear of the dimer, suggesting a family of related structures, each with slightly different weak hyperfine coupling parameters. Thermally activated jumping between these multiple sites may lead to the narrowing of the g-factor anisotropy [START_REF] Rockenbauer | Electron Delocalization and Dimerization in Solid ${\mathrm{C}}_{59}\mathrm{N}$ Doped ${\mathrm{C}}_{60}$ Fullerene[END_REF] and the lineshape that is well described already by a simple Lorentzian form. The trimer and tetramer therefore represent strong candidates for the intermediate g = 2.0022 signal. The lack of characteristic hyperfine splitting in the EPR spectra is consistent with the low calculated hyperfine coupling constants on nitrogen, and the formation barrier is consistent with this species appearing at slightly lower temperatures than isolated C59N • . The radical state lies relatively deep in the gap and will trap charge from (C59N)2 -, consistent with the loss of the room temperature g = 1.9988 signal as the g = 2.0022 signal appears (Figure 1b). The relatively broad nature of this signal (especially when compared to sharp lines of C59N • ) is consistent with a range of linear and non-linear trimers and tetramers depending on the local inter-fullerene bonding site on the back of the cage.

Finally, the electron distribution and hyperfine coupling constants are very similar to that of C60-C59N • , consistent with the similarity between the g = 2.0022 signal and that of C60-C59N • . [START_REF] Rockenbauer | Electron Delocalization and Dimerization in Solid ${\mathrm{C}}_{59}\mathrm{N}$ Doped ${\mathrm{C}}_{60}$ Fullerene[END_REF] Interestingly, the structures show some similarity to azafullerene oligomers hypothesised to form when azafullerene dimers are incorporated into carbon nanotube cavities. [START_REF] Pagona | Azafullerenes Encapsulated within Single-Walled Carbon Nanotubes[END_REF] The incorporation of encapsulating [10]CPPs into the calculations will likely affect the relative energies and barriers. Notably, prior studies show that the barrier for dimer homolysis is higher in the presence of [10]CPP due to the additional energetic cost of separating neighbouring nanorings. [START_REF] Stergiou | A Long-Lived Azafullerenyl Radical Stabilized by Supramolecular Shielding with a [10]Cycloparaphenylene[END_REF] At the same time inter-ring interaction should serve to stabilise trimer and tetramer structures in the powder. The calculations also do not take into account any effects of [10]CPP⊃(C59N)2⊂ [10]CPP packing in the crystal, which will be different with and without the presence of [10]CPP. These factors may explain why this intermediate signal is not observed in pure (C59N)2 crystals without the presence of [10]CPP. A similar signal observed previously in the C59N-C60 complex [START_REF] Rockenbauer | Electron Delocalization and Dimerization in Solid ${\mathrm{C}}_{59}\mathrm{N}$ Doped ${\mathrm{C}}_{60}$ Fullerene[END_REF] disappears at around 90 °C, a slightly lower temperature than in our case of [10]CPP⊃(C59N)2⊂ [10]CPP solid. This is yet further indirect evidence that the [10]CPP rings indeed stabilise the trimers.

Moving to higher (>150 °C) annealing temperatures the primary EPR signal owing a g = 2.0014 triplet is observed, attributed to the [10]CPP-enclosed C59N • . The formation of C59N • from trimers has an enthalpic cost, increased still further by the energy to separate neighboring [10]CPPs. However, this is offset by entropy gains associated with transformation from the low entropy configuration of the azafullerene trimer chain held within interacting nanorings.

Separation into C59N • ⊂[10]CPP frees up molecular rotation of all species, and allows the possibility of local structural reorganization of the crystal. C60⊂ [10]CPP is known to form a herringbone type structure, the C60 molecules spatially separated from one another by the nanorings [START_REF] Xia | Gram-Scale Synthesis and Crystal Structures of[END_REF] and similar structural motifs are expected also in the C59N • ⊂[10]CPP case.

Encapsulated azafullerene radical C59N • ⊂[10]CPP as a robust spin-coherent quantum unit

Figure S10b shows the unpaired electron in C59N • is highly localised on the carbon neighbouring the nitrogen atom, with a calculated 14 N hyperfine coupling constant A of 10.76 MHz, in excellent agreement with our experimental value of 10.1 MHz. It is somewhat intriguing that the [10]CPP has little effect on the 14 N hyperfine coupling constant as it is nearly the same as in bare C59N • cages. [START_REF] Gruss | Photolysis of (C59N)2 Studied by Time-Resolved EPR[END_REF][START_REF] Hasharoni | Light-Induced ESR Studies of the Heterofullerene Dimers[END_REF][START_REF] Simon | ESR Signal in Azafullerene (C59N)2 Induced by Thermal Homolysis[END_REF][START_REF] Arčon | Thermal Homolysis and Intermediate Phases of Solid Hydroazafullerene C59HN[END_REF] This is very different to the case of N@C60 where confinement inside the fullerene molecules increases the N hyperfine coupling (A = 15.73 MHz) by ∼50% compared to that of atomic nitrogen. [START_REF] Almeida Murphy | Observation of Atomlike Nitrogen in Nitrogen-Implanted Solid ${\mathrm{C}}_{60}[END_REF] While this signal is itself well known and understood, the unambiguously fascinating experimental finding of this work is its long-term stability in the solid when entrapped in [10]CPP rings. Such high stability together with the possibilities offered by [10]CPP chemistry to custom rationally designed C59N spin networks may find its application in quantum computation. For such applications, the coherence times need to be sufficiently long. They were measured for C59N • ⊂ [10]CPP on a powder sample previously heated to 290 °C using pulsed EPR methods. The Fourier transform of the echo signal indeed shows the dominant C59N • coexisting with the weaker g = 2.0022 trimer/tetramer component (Figure S12a,c). Next, the memory time TM = 631 ns and the spin-lattice relaxation time T1 = 210 μs (the two-exponential magnetization recovery is probably due to the presence of g = 2.0022 component with T1 = 8.1 μs) were measured at room temperature using a standard echo-decay and inversion-recovery pulse sequences (Figure S12b,d). On cooling, relaxation times rapidly increase and T1 is already in the range of ms below 200 K (Figure S13).

Discussion and Conclusion

These room temperature coherence times for C59N • ⊂ [10]CPP are comparable to relaxation times measured at -83 °C for N@C60 in powder (TM = 5 μs and T1 = 120 μs) in peapods (TM = T1 = 13 μs), [START_REF] Tóth | Enhanced Thermal Stability and Spin-Lattice Relaxation Rate of N@ C 60 inside Carbon Nanotubes[END_REF] and at 5 K in graphenoids (TM = 300 ns, T1 = 100 μs) [START_REF] Lombardi | Quantum Units from the Topological Engineering of Molecular Graphenoids[END_REF] which supports [10]CPP⊃(C59N)2⊂ [10]CPP as a promising candidate to build qubit circuits. Temperature dependent measurements show that T1 rapidly increases as the system is cooled (Figure S13).

At -83°C T1 is already 2.89(6) ms, over 20 times longer than that of N@C60. On further cooling it becomes so long that it can no longer be reliably determined with our pulsed EPR spectrometer, approaching the range of seconds.

The ability to prepare the initial electronic spin state in the arbitrary superposition of electron mS levels is here demonstrated by the observation of many Rabi oscillations extending over several μs time scale (Figure S14). We note one more time, that C59N • ⊂ [10]CPP signal also in this aspect show very similar performance as highly diluted and expensive N@C60 in frozen CS2. [START_REF] Morton | Measuring Errors in Single-Qubit Rotations by Pulsed Electron Paramagnetic Resonance[END_REF] These experiments thus establish C59N • ⊂ [10]CPP centers as a platform where coherent manipulation of the electron spin state (qubit) with a resonant microwave pulse can easily be achieved.

We note that the concept of entrapping spin-active fullerene molecules may not be limited just to the C59N case presented in this study. For example, recent studies of Ln2@C79N [START_REF] Dey | Attaining Record-High Magnetic Exchange, Magnetic Anisotropy and Blocking Barriers in Dilanthanofullerenes[END_REF] demonstrated enormous ferromagnetic exchange between Ln and a azafullerene radical. When such single molecule magnets (SMM) are hosted by [10]-cycloparaphenylene rings, the interaction between individual SMM moments can be tailored thus enabling bottom-up design of SMM lattices and tuning of the interactions between SMM entities.

It has previously been proposed that dipolar interactions between neighboring fullerenes could be used to control their coupling in qubit networks. [START_REF] Harneit | Fullerene-Based Electron-Spin Quantum Computer[END_REF] In our current case, we estimate this interqubit coupling to be ~10MHz (see Supplementary Text), and this could be locally controlled by designing inter-fullerene spacing and C59N • orientation via the host [10]CPP chemistry. Furthermore, careful temperature control of the annealing should allow tuning of the relative ratio of C59N • to trimer/tetramer spin species. While the C59N • ⊂[10]CPP spin species could clearly play the role of a qubit, the other trimer/tetramer spin species could be explored for coupling between individual qubits. Manipulation of these species by an external bias (microwave heating and/or light irradiation) may pave the wave towards high output functional devices. Additional design flexibility is offered both by recent advances in the synthesis of CPPs as well as developed upscale production methods. Combined with the ease of access to macroscopic amounts of the parent diamagnetic (C59N)2 via conventional chemistry routes, these constitute key factors towards realization of extended circuits based on [10]CPP nanorings and spin-active azafullerene cages. Collectively, the addressed properties seem to challenge the long-standing materials problems of molecular spin entities as candidates for the quantum circuits of qubits.

Materials and Methods

Preparation of the [10]CPP⊃(C59N)2⊂[10]CPP powder samples

In previous studies on the complexation of (C59N)2 and [10]CPP towards the formation of the [10]CPP⊃(C59N)2⊂ [10]CPP complex in 1-chloronaphthalene, we described the cooperative complexation mechanism furnishing the desired 2:1 complex in solution. [START_REF] Rio | Electronic Communication between Two [10]Cycloparaphenylenes and Bis(Azafullerene) (C59 N)2 Induced by Cooperative Complexation[END_REF] In this current study, we have prepared the [10]CPP⊃(C59N)2⊂ [10]CPP complex by mixing the individual components in a 2:1 molar ratio in 1-chloronaphthalene. 8.0 mg (1.0 eq, 5.5μmol) of (C59N)2 were dissolved in 0.9mL 1-chloronaphthalene, while 8.4 mg [10]CPP (2.0 eq, 11μmol) were dissolved in 1.7mL 1-chloronaphthalene. Then, the two solutions were mixed in a 4mL glass vial and stirred at rt for 3 d. After that period the mixture was let to settle overnight in a refrigerator. Then a layer of cold hexane (1mL) was carefully placed on top of the 1chloronaphthalene layer and refrigerated for another 24h. Finally, the solid residual was mildly centrifuged (5 min, 1600 rpm), washed once with cold hexane and dried under vacuum.

Comparison of solid state 1 H MAS and [START_REF] Harneit | N@C60 Quantum Bit Engineering[END_REF] C CP MAS NMR spectra measured on reference [10]CPP and (C59N)2 powders with our product [10]CPP⊃(C59N)2⊂ [10]CPP powders clearly shows shifts of peaks in the latter case, which unambiguously confirm the interaction between the azafullerene and [10]CPP (see Figure S3 and associated discussion). Thermogravimetric analysis, FT-IR and Raman spectroscopy data for the samples are given Supplementary in 

Nuclear magnetic resonance

Measurements were performed with a Bruker Advance III 500 MHz high-resolution solid-state NMR spectrometer equipped with 11.74 T Bruker Ultrashield superconducting magnet.

Powders were packed into rotors with a diameter of 2.5 mm and two tiny Teflon inserts for better filling and rotation. Magic angle spinning experiments at rotation frequencies of 35 kHz and 15 kHz were employed in 1 H and [START_REF] Harneit | N@C60 Quantum Bit Engineering[END_REF] C NMR measurements, respectively. The 1 H and [START_REF] Harneit | N@C60 Quantum Bit Engineering[END_REF] C Larmor frequencies were 500 MHz and 125.8 MHz and the chemical shift referencing is reported against the adamantane reference. For the 1 H MAS NMR experiments 32 signals were accumulated using echo pulse sequence with a π/2 pulse-length of 2.5 µs, interpulse delay of 10 µs and repetition time of 1 s. For the [START_REF] Harneit | N@C60 Quantum Bit Engineering[END_REF] C MAS NMR experiments 4096 signals were accumulated using echo pulse sequence with a π/2 pulse-length of 2.5 µs, interpulse delay of 10 µs and repetition time of 8 s. All experiments were performed at room temperature.

Thermogravimetric Analysis

TGA analysis was performed via a TA Q500 instrument operated by a personal computer. The samples were analysed at nitrogen atmosphere with a temperature ramp of 10 °C/min.

Fourier-Transform Infra-Red Spectroscopy and Raman spectroscopy

FT IR spectra were recorded on Bruker Equinox 55 FTIR spectrometer equipped with a Pike Miracle Ge ATR accessory at room temperature. Micro-Raman scattering measurements were performed at room temperature in the backscattering geometry using a RENISHAW inVia Raman microscope equipped with a CCD camera and a Leica microscope. A He/Ne laser (633 nm) and 2400 lines/mm grating were used, providing a spectral resolution of ± 1 cm -1 .

Measurements were taken with 10s seconds of exposure times and laser power ~0.3 mW/cm 2 to prevent overheating. The laser spot was focused on the sample surface using a long working distance 50x (L50) objective.

Electron paramagnetic resonance

Around 5-10 mg of [10]CPP⊃(C59N)2⊂ [10]CPP powder was sealed under the dynamic vacuum in a 4 mm diameter silica tube (Wilmad Lab Glass). High-temperature experiments were performed on a home-built X-band EPR spectrometer equipped with a Varian E-101 microwave bridge and a Varian TEM104 dual cavity resonator. The high-temperature unit allows for continuous-wave (cw) EPR experiments up to 350 °C without compromising the quality of the resonator. The temperature stability is better than ±2 K. Pulsed X-band EPR experiments were performed on the same samples but on the Bruker E580 spectrometer. Here, the field-swept spectra were recorded by measuring the Hahn-echo intensity (the pulse sequence τp(π/2)τ - For the measurements of the Rabi oscillations, we used a nutation experiment with the echo detection. A nutation microwave pulse that coherently drives the electron magnetization was varied from the initial pulse length of 16 ns to the maximum of 2000 ns. The microwave field B1 was varied by using different microwave attenuations and calibrated by measuring the pulse length of π/2 pulse. In all cases appropriate phase cycling was applied to compensate for the pulse errors.

Density Functional Theory (DFT) Calculations

DFT calculations were performed using the AIMPRO code [START_REF] Briddon | LDA Calculations Using a Basis of Gaussian Orbitals[END_REF][START_REF] Rayson | Rapid Filtration Algorithm to Construct a Minimal Basis on the Fly from a Primitive Gaussian Basis[END_REF][START_REF] Briddon | Accurate Kohn-Sham DFT with the Speed of Tight Binding: Current Techniques and Future Directions in Materials Modelling[END_REF] under the local density approximation (LDA). The spin-polarised and -averaged charge density was fitted to plane waves with energy cut-off of 150 Ha for C and 175 Ha for N, while Kohn-Sham wave functions were constructed using localized Cartesian Gaussian orbital functions (38 for C, 40 for N, l ≤ 2). Relativistic pseudopotentials were used, [START_REF] Hartwigsen | Relativistic Separable Dual-Space Gaussian Pseudopotentials from H to Rn[END_REF] with a finite electron Fermi temperature of kT=0.04eV. Large hexagonal supercells (26.46⨉26.46Å for C59N and C60, 26.46⨉37.04Å for 2C59N, 26.46⨉47.63Å for 3C59N, 26.46⨉58.21Å for 4C59N, and 46.46⨉79.38Å for 6C59N) ensured >20Å vacuum between neighboring systems, with a single k-point. All atomic positions were independently optimized to convergence in position of 10 -5 Ha and energy 10 -7 Ha. Energy differences in Figure 4 are calculated from cells featuring six independent C59N. Hyperfine coupling parameters are calculated after all-electron wavefunction core reconstruction, 36 with both LDA and generalized gradient approximation tested for comparison (see Table S1).

Figure 1 .

 1 Figure 1. Formation of C59N radicals from stable dimers (C59N)2 by heating. (a) Schematic structure of [10]CPP⊃(C59N)2⊂[10]CPP non-magnetic unit, which yields C59N • ⊂[10]CPP radical species upon breaking the C-C bond. (b) The evolution of X-band EPR spectra of asprepared [10]CPP⊃(C59N)2⊂[10]CPP powder upon heating the sample from room temperature to 290 °C.

Figure 2 .

 2 Figure 2. EPR signal intensities of C59N species upon heating and cooling. (a) Temperature dependence of the X-band EPR signal intensity for the g = 2.0022 spectra in a sample that initially already contained some of the g = 2.0022 signal. In the inset we show a characteristic spectrum measured at 180 °C together with a fit to the Lorentzian lineshape (thin red line). (b) Temperature dependences of normalised X-band EPR signal intensities for C59N•Ì[10]CPP radical signal (violet spheres are representing the heating and blue spheres the cooling) and compared to the C59N• measured for the pristine (C59N)2 powder (grey spheres are representing the heating and black spheres the cooling). Arrows indicate temperature protocol used in these experiments.

Figure 3 .

 3 Figure 3. EPR signal intensities measured at room temperature. (a) The evolution of the room temperature C59N • ⊂[10]CPP radical signal over time span of 158 days and (b) the time dependence of the corresponding EPR signal relative intensity (normalised to 1 for t = 0). The solid line in (b) is a guide to the eye.

Figure 4 .

 4 Figure 4. Schematic showing the bonding breaking and reformation processes going from linear chains of (C59N)2 (black) to tetramers (blue) and trimers (green). Unpaired electron probability isosurfaces are shown (cutoff 0.002e/Å 3 ). From top to bottom the structures are (a) 3 (C59N)2, (b) (C59N)2 + C59N-C59N + (C59N)2, (c) (C59N)4 •• + (C59N)2, (d) (C59N)3 • + C59N • + (C59N)2 (e) 2 (C59N)3 • .

Figure S2 ,

 S2 Figure S2, S7 and associated discussion.

  τp(π)τ -echo with τp(π/2) = 16 ns and τ = 200 ns). For the spin-spin memory time (TM) and ESEEM experiments interpulse delay time τ of the Hahn-echo pulse sequence systematically increased from its initial value of 200 ns. The spin-lattice relaxation time was measured using inversion-recovery technique and a Hahn-echo readout, τp(π) -Tτp(π/2)ττp(π)τ -echo.
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