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Abstract: Enlarging the quantum coherence times and gain-
ing control over quantum effects in real systems are funda-
mental for developing of quantum technologies. Molecular
electron spin qubits are particularly promising candidates for
the realization of quantum information processing due to their
modularity and tunability, but there is a constant search for
tools to increase their quantum coherence times. Here we
present how mechanochemical dilution of active spin qubits
in the diamagnetic zirconium-MOF matrix, in synergy with
controlled encapsulation of fullerene guest, results in a sig-
nificant increase in relaxation times and better qubit perfor-
mances of the moderately porous MOF qubit array candidate.
10% diluted copper(II)-porphyrins as potential molecular spin
qubits were incorporated in polymorphic PCN-223 and MOF-
525. Spin properties of this hybrid molecular spin qubit frame-
works were studied by continuous-wave and pulse electron spin
resonance/electron paramagnetic resonance (ESR/EPR) spec-
troscopy, showing that both spin-lattice and phase memory
electron spin relaxation times, T1 and Tm, respectively, in-
creased by the encapsulation of fullerene molecules into the
MOF matrix. Specifically, PCN-223 with a larger filling of
fullerene shows better performance in both relaxation times
compared with the previously surpassing MOF-525 molecular
spin qubit framework.

Introduction
A fundamental step towards the development of quantum
technologies is building a qubit, a quantum bit that can
exist in a coherent superposition state, unlike the classical
bit that can possess only two states, 0 and 1.1 Among dif-
ferent ways of qubit realization, electron spin in molecular
magnetic compounds, where the spin originates from the or-
ganic radical, transition metal ion or lanthanide, is particu-
larly promising technology due to the facile manipulation of
the electron quantum states by an electromagnetic irradia-
tion.2,3 The main prerequisite for building a quantum device
is the entanglement of qubits to achieve a state that is not
the simple product of individual qubits. The inclusion of
molecular spin qubits into the specifically tailored environ-
ment enables the study of the effect of spatial separation and
interactions within the framework on the qubit performance
unraveling the role of phonon environment and spin-spin in-
teractions on the operating speed of the qubit (spin-lattice
relaxation time rate, 1/T1) and on the time limit in which the
computation must be performed (phase-memory relaxation
time, Tm).4 A lot of effort is put into suppressing various
origins of spin decoherence, such as due to the framework

noise and interaction with nearby nuclei.5 To fully realize
the potential of molecular spins for quantum information
processing, it is necessary to build structurally well-defined
arrays of spatially resolved molecular spins, hence combining
improved spin coherence properties with optical or electrical
access to their quantum states.6–8

Metal-organic frameworks (MOFs)9,10 assert as an ideal
platform for controllable spatial resolution of qubit sites.4,11

These coordination polymers combine the coordination pref-
erences of the metal cation nodes with different geometry
of organic linkers to form a plethora of diverse topologies
characterized by permanent porosity, different nature of the
interior walls, and approachable metal nodes, not only on
the surface but also in the interior of MOF particles. The
modularity and tunability of MOFs, particularly MOFs of
the fourth generation, made them one of the most investi-
gated material classes today, with many potential applica-
tion areas.12,13 In terms of quantum technologies, the vari-
able topologies, periodicity, chemical diversity, and high in-
ternal ordering of MOFs provide an ideal and tunable plat-
form for spatial resolution and manipulation of molecular
spins, leading towards an emerging class of 3D-qubit array
materials.4 Building such a MOF platform with long coher-
ence time is a demanding task as the spin carriers need to be
sufficiently separated from each other, and MOFs inherently
carry the magnetic noise of the ligands and guest molecules
in the matrix, which leads to rapid decoherence of qubits and
usually shorter qubit lifetimes than required for quantum in-
formation processing (QIP) or quantum sensing.14,15 These
issues are, however, amendable, and it has been reported
that diluting the copper(II)-porphyrin building blocks in
highly porous and activated MOFs results in spin coherence
detectable up to liquid-nitrogen temperatures, making these
materials attractive from the perspective of quantum infor-
mation science.4 Therefore, understanding quantum system
interactions with its respective environment plays a key step
in controlling decoherence processes expressed in terms of T1

and Tm, (an approximation of spin-spin relaxation time T2)
relaxation times.16

A promising class of MOFs for quantum com-
puting are porphyrinic zirconium carboxylate MOFs
built from tetratopic porphyrinic ligand, tetrakis(4-
carboxyphenyl)porphyrin (TCPP), and hexanuclear or oc-
tanuclear oxozirconium(IV) clusters.17,18 Zirconium car-
boxylate MOFs19 are widely researched due to their re-
sistance to water and corrosive atmospheres,20,21 and
framework-stability upon linker removal, leading to in-
creased porosity of the material and larger distancing be-
tween the spin carriers.22,23 Despite zirconium(IV) clusters
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and resulting MOFs being diamagnetic, the spin active
atom or group can be coordinated in the porphyrin center
and efficiently separated by the coordination of the metal-
loporphyrin with binding carboxylate groups in the MOF
structure.24 Porphyrin MOFs are rare zirconium MOFs
displaying more than one topology.25 For some of the six
known topologies, a polymorphic transition is also possible,
for example in the case of MOF-525 and PCN-223 (Fig. 1).26

Freedman group, in their recent proof-of-concept work, ex-
ploited cobalt(II) porphyrin molecular magnets diluted in
a highly porous hexa-coordinated (on the zirconium clus-
ter) PCN-224 MOF18 matrix for accomplishing a porous
array of clocklike qubits, in order to tackle the issue with
magnetic noise of the nuclear-spins rich MOF carrier.27

The same group showed how the incorporation of spin-
active copper(II) porphyrins into the PCN-224 results in
porous molecular spin-based qubits with detectable coher-
ence among the highly-concentrated spins in the framework
up to 80 K (Fig. 1).4,28 In this context copper(II) por-
phyrins, where the copper bears S = 1/2 electronic spin,
became attractive and extensively studied model systems for
spintronic applications while the coherence parameters in
terms of T1 and Tm were investigated using pulse ESR spec-
troscopy in addition to continuous wave (CW)–ESR.24,29,30

Not only the molecular spin-based qubits with high porosity
and missing linkers, such as PCN-224, are suitable molec-
ular spin qubit candidates. In our recent work, we showed
how mechanochemistry31 provides a controllable pathway
to the synthesis of phase-pure twelve-coordinated PCN-223
and MOF-525 polymorphs.26 By introducing paramagnetic
centers (Cu(II), Fe(III), and Mn(II)) in the porphyrin linker,
a superhyperfine splitting was observed in CW–ESR, spec-
tra of the more porous MOF-525 polymorph, whereas the
same feature was less pronounced in PCN-223 where the
nearest distance between the paramagnetic centers is 1.07
nm.26 The observed phenomenon denoted these materials
as potential candidates for applications in spintronics.

Here presented study is focused on the modulation of
copper(II)-porphyrin qubit properties in the MOF-525 and
PCN-223 polymorphic pair by dilution of the spin carriers
in the MOF structure. We are particularly interested to see
how the controllable mechanochemical incorporation32 of a
strong electron-acceptor guest such as C60 fullerene within
the voids and channels of formed molecular spin based qubit
will be reflected on the coherence of the spin arrays in the
robust non-activated MOF samples. The results show that
the introduction of fullerene changes not only the electron
structure of the hybrids, but also that the selectivity of
framework formation turns exclusively towards hard-to-
obtain PCN-223 polymorph, with the fullerene residing in
triangular channels along the crystallographic c axis. For
the purpose of this study we prepared two fulleretic molec-
ular spin based qubit PCN-223 frameworks with different
amount of fullerene. The analyses of CW–ESR spectra un-
ravel magneto-structural characteristics of copper-porphyrin
qubit environment including the local symmetry of the cop-
per center in terms of g and hyperfine A tensors for both
diluted-spin molecular spin based qubit. Beside direct
measuring of spin-relaxation times, other pulsed ESR ex-
periments were performed, such as HYSCORE and Rabi
oscillations, in order to gain the relevant information about
the interactions with far distant and remote nuclei. The in-
troduction of fullerene to the voids of molecular spin based
qubit significantly increases the spin-spin coherence, pro-

Figure 1. Porphyrinic Zr-MOFs considered for spintronics ap-
plication; six-coordinated PCN-224 with low population of link-
ers allowed for dense Cu(II) spin-arrays (orange-green polyhedra
in the center of porphyrin moiety).4 MOF-525 and PCN-223 in-
volved in this study are twelve-coordinated, with a dense popula-
tion of mixed TCPP linkers involving 10 percent of Cu(II)-TCPP.
Introduction of fullerene steers the formation exclusively towards
PCN-223 framework, with the fullerene populating the voids of
the MOF.

moting the least successful molecular spin based qubit to
the one with the longest Tm.

Results and discussion
Synthesis and CW/pulse ESR studies of 12-connected por-
pyhrinic zirconium MOF polymorphs, Cu-MOF-525 (cubic,
ftw), Cu-PCN-223 (hexagonal, shp) and their composites,
are presented. Copper(II) ratio in the porphyrin centers of
the synthesized MOFs was diluted to 10% copper(II) as the
copper(II)–copper(II) interactions cause line broadening in
CW–ESR and destroy electron spin coherence in pulse ESR.

Synthesis
Synthesis and controlled topology transformation of
metallated and metal-free MOF-525 and PCN-223 by
mechanochemistry has been recently reported by our
group.26 Diluted Cu0.1-MOF-525 and Cu0.1-PCN-223
frameworks were synthesized in the same manner by mixing
the desired ratio of CuTCPP and TCPP ligands. Here,
whereas the mechanochemical formation could not com-
pletely control the distribution of the CuTCPP in the
framework, the ESR analyses showed efficient separation of
copper centers in the formed multivariate MOFs (please see
section CW–ESR spectroscopy below). Controlled amount
of fullerene C60 (20 and 100%) was successfully encapsu-
lated into Cu0.1-PCN-223 using the one-pot LAG MOF
formation.32 Noteworthy, even with the reaction condi-
tions26 that would previously exclusively afford the cubic
ftw -Cu0.1-MOF-525 polymorph, the presence of C60 in re-
action mixture driven the formation exclusively towards
hexagonal shp-C60@Cu0.1-PCN-223 with different amount
of fullerene in the channels. The washing of the crude milling
product was almost colorless, indicating, together with the
FTIR and PXRD analyses, that the guest was included in
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the framework in its entirety. Based on these results, C60

thus acted as a template providing the C60@Cu0.1-PCN-223
hybrid, and fulleretic hybrid of MOF-525 was not yielded in
any of the attempts despite this kinetic phase being much
more common in conventional mechanochemical synthesis.26

Tentatively, the arrangement of the linkers and channel size
of PCN-223 polymorph is more suitable for encapsulation
of C60. Similar effect of C60 template on tuning the cavity
size of multi-porphyrin macrocycles has been reported pre-
viously.33

Synthesized MOFs and MOF composites are phase-pure
and highly crystalline, and no fullerene is visible in prod-
ucts after mild toluene and DMF washing (Fig. 2). The
disappearance of C60 peaks in the PXRD patterns confirms
the absence of C60 crystals on the surface of MOF com-
posites. PXRD data also provide a qualitative measure
of the reach of encapsulation of C60 within the PCN-223
framework. The intensity of the low angle peak, 2θ = 4.80,
decreases due to the modified electron density in the MOF
cage as a result of loading C60 in the channels of PCN-223
framework,32,34 which is also corroborated here by DFT.
Calculated PXRD data closely matched the experimentally
observed PXRD data, supporting the reduction of the low-
angle peak intensity, which is the effect of guest inclusion
into the cage(Fig. 2).

Figure 2. PXRD data for Cu0.1-PCN-223 and the C60@Cu0.1-
PCN-223 composites vs PXRD data for PCN-223 simulated from
the single crystal diffraction data (Cambridge Crystallographic
Data Centre (CCDC) code: TUTWUC).

DFT study
The system size allows a comprehensive DFT study
(DFT/PAW/PBE-D, see SI for computational details) of
the stability and dynamics of the PCN-223 framework with
C60 molecules inside. The PCN-223 framework is rather
spacious, and after full optimization, no significant change
in the C–C bond parameters of the C60 fullerene itself could
be observed. The calculations also reveal a lack of signif-
icant affinity of the fullerene molecules toward the MOF
framework, and the C60 molecules tend to stay in the mid-
dle of the voids. Unlike the fullerene situated in the ZIF-8
framework where fullerenes are locked and immobilized in
the respective voids,32 fullerenes can freely move along the
1D channel of PCN-223. Within the channel, molecules
appear to be well isolated from other parallel channels,
although the distance between the closest molecules from

the neighboring channels is roughly 6 Å. At the same time,
the distance among the C60 molecules within a single chan-
nel is 8 Å, which undermines the possibility of significant
electronic interaction between them. High-density fillings
would be required to provide significant intermolecular in-
teraction among the fullerenes within the channel. Further
investigation of the system using the DFTB/MD method
reveals that molecules can freely rotate on-site (Fig. 3(a)).
Fig. 3(a) shows the time-averaged trajectory of the carbon
cage atoms along the 100 picosecond trajectory while the
vibrational density of states are shown in Fig. 3(b). The
time-averaging smooths out continuous molecular motion
along with the principal components of rotations. Within
the channel, such a rotation would undoubtedly lead to a
sizeable disorder. The aforementioned dense packing might
partially prevent such intense rotations.

Figure 3. (a) Superposition of time-averaged snapshots for
C60 within a 100 ps time-window of C60@PCN-223 dynamics at
DFTB level of theory. (b) MD recovered the total and projected
vibrational density of states for C60@PCN-223 and C60, where
asterisks mark the most profound contribution by C60 in the to-
tal VDOS.

FTIR-ATR spectroscopy
FTIR-ATR data of Cu0.1-MOF-525, Cu0.1-PCN-223, and
(20% and 100%), C60@Cu0.1-PCN-223 are consistent with
their counterparts in the literature.26 The formation of a
new vibrational peak at 526 cm−1 with a slight shift in the
spectrum of (20% and 100%) C60@Cu0.1-PCN-223 is clearly
assigned to the most dominant vibration signal of pristine
C60, at 523 cm−1, proving the incorporation of C60 into the
framework while the other vibration peaks of pristine C60

overlap with the framework features (Fig. S1).

NMR spectroscopy
The results of solid-state NMR spectroscopy are presented

in Fig. 4 while peaks assignment was performed from the
analysis of CPMAS and HETCOR spectra (Fig. S2, Fig. S3).
In specific, 1H and 13C MAS recorded for 1.0C60@Cu1.0-
PCN-223 indicates the NMR signal corresponding to for-
mamide additive implying that the solvent is still present
within the pores of the network. The signal of 13C nuclei of
C60 in the C60@Cu0.1-PCN-223, appearing at ca. 138 ppm,
is narrow, suggesting that fullerene is quite mobile inside the
MOF channels. Any stronger anisotropic interaction with
proximal paramagnetic copper centers is thus motionally av-
eraged out. In the sodalite zeolitic-imidazolate-framework-8,
fullerene was completely immobilized in the discrete voids
of the framework, and its inclusion led to stiffening of the
framework and increased resistance towards the radiation.32

The 13C MAS NMR spectra of C60@Cu0.1-PCN-223 in the
region between 125 ppm and 135 ppm and at about 145
ppm, where the signals of the linkers appear, indicates that
the incorporation of C60 into the pores of PCN-223 leads to
a similar stiffening effect.
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Figure 4. 1H and 13C MAS NMR spectra recorded for
1.0C60@Cu0.1-PCN-223 sample at 300 K. The signals from
dimethylformamide (DMF) solvent, TCPP ligand and fullerene
(C60) are indicated on the spectra.

CW–ESR spectroscopy
CW–ESR spectra of various MOFs recorded at 40 K show-
ing axial symmetry are presented in Fig. 5. It can be no-
ticed that both Cu0.1-MOF-525 and Cu0.1-PCN-223 exhibit
typical CW–ESR spectra of the diluted copper porphyrin
monomers (Fig. 5a).29,35 The strong hyperfine coupling of
the unpaired electron spin with the copper nuclear magnetic
moment (I = 3/2) results in four lines from which three are
resolved in the low-field part of the spectrum. In compar-
ison with the previously reported ESR spectra, which did
not reflect the interaction with four nitrogen atoms from
the porphyrin macrocycle in the first derivation of the ab-
sorption ESR spectra due to the high copper concentration
(100% Cu),26 here presented data exhibit strong modula-
tion of the high-field part of the spectrum (Fig. 5a). This
superhyperfine interaction in the ESR spectra of a sample
with lower concentration of copper ions (10% Cu) provides
evidence of the capability of mechanochemical procedures
to dilute metal ions in the molecular framework in a largely
controllable manner.

The experimental spectra were simulated using EasySpin
software36 assuming axial symmetry of g tensor and A hy-
perfine tensor while all four nitrogen atoms in the porphyrin
ring were assumed to be equivalent.37 In specific, the tensor
components g∥ and A∥ correspond to the orientation per-
pendicular to the porphyrin plane while g⊥ and A⊥ rep-
resent planar, plane orientation.4 In the interaction of the
copper electron spin (S = 1/2) with the copper nucleus
spin (ICu = 3/2) the same hyperfine coupling for natural-
abundance mixture of copper isotopes (63Cu and 65Cu) was
assumed.35 Therefore, the following spin-Hamiltonian for
copper electron spin was used:

HCu = µBBgS + SACuICu + SANIN (1)

where B is external magnetic field while the constant µB

Figure 5. Experimental (black) and simulated CW–ESR spec-
tra (red) of various MOFs recorded at 40 K: (a) Cu0.1-
MOF-525 and Cu0.1-PCN-223, (b) 1.0C60@Cu1.0-PCN-223 and
1.0C60@Cu0.1-PCN-223. Asterisk in the figure indicates the
fullerene signal at g ≈ 2.003 while "+" denotes truncation of the
fullerene peak. Parameters of the simulated spectra are reported
in Table S1.

is Bohr magneton. The parameters obtained from the sim-
ulations are given in Table S1 and are consistent with the
data reported in the literature.4,38 In specific, the spectra
exhibit g∥>g⊥>ge indicative of the dx2−y2 copper electron
spin ground state. No essential difference of g-tensor values
in Cu0.1-PCN-223 and Cu0.1-MOF-525 indicates no differ-
ence in their respective orbital angular momentum contribu-
tions. Similarly, hyperfine/superhyperfine tensor differences
are within the experimental variability of data. In addition,
the tetrahedral distortion of the square planar copper geom-
etry39 estimated from the ratio f = g∥/A

Cu
∥ indicates per-

fect planar geometry which pertains upon the incorporation
of fullerene (Table S2). Interestingly, the incorporation of
fullerene was successful in PCN-223 but following the same
procedure not in MOF-525 and the corresponding CW–ESR
spectra of 1.0C60@Cu1.0-PCN-223 and 1.0C60@Cu0.1-PCN-
223 are presented in Fig. 5b. Fullerene has a weak ESR sig-
nal at gC60 ≈ 2.002 due to defects in fullerene structure.32

This signal is even visible when the structure was loaded
with 100% of Cu although the superhyperfine lines could
not be resolved due to strong spin-spin interactions between
copper cations (Fig. 5b). Due to this fact, the simulation
of the experimental spectra was done in terms of a mixture
of spin species by combining the spin-Hamiltonian of cop-
per given by Eq. 1 and spin-Hamiltonian of fullerene while
assuming SC60 = 1/2:

HC60 = µBBgC60SC60 . (2)

The simulation parameters36 and the corresponding spec-
tra are given in Table S1 and Fig. 5b. The obtained data
are in accordance with the NMR and DFT studies and the
literature stating that encapsulated fullerene is free stand-
ing inside the cage and, thus, not affecting the coupling of
copper electron spin with the nuclei in the vicinity, albeit
affecting dynamics of organic linkers.32

Pulse ESR spectroscopy
Two-pulse echo detected field-swept ESR spectra of various
MOFs were recorded at 80 K in order to assign the spectral
positions for relaxation time measurements in pulsed ESR
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experiments (Fig. 6a). Two Cu(II) magnetic field resonances
were chosen, which correspond to two principle g-tensor val-
ues g∥ = 2.2 and g⊥ = 2.06.4

Spin-lattice relaxation time
The electron spin-lattice relaxation times, T1, of four
MOF-samples: Cu0.1-PCN-223, 0.2C60@Cu0.1-PCN-223,
1.0C60@Cu0.1-PCN-223 as well as of Cu0.1-MOF-525 were
measured across temperature range of 5–80 K. The short-
est T1 was detected for Cu0.1-PCN-223 which upon loading
of the fullerene molecules into the structure presented much
longer T1 values (Fig. 6b). This phenomenon can be noticed
in the whole temperature range studied. In specific, the
longest T1 of ca. 6.7 (5.3) ms was measured at 5 K and g∥ po-
sition for 0.2C60@Cu0.1-PCN-223 (1.0C60@Cu0.1-PCN-223)
as compared with the empty Cu0.1-PCN-223 which exhibited
T1 of ca. 3.5 ms. Upon heating of the samples to 80 K, T1

values decreased by three orders of magnitude and converged
to the similar T1 values in the range of 5 µs (Fig. 6b). For
all the samples studied T1 measured at g∥ was longer than
the one at g⊥ position by a factor of two at lowest tempera-
tures studied (Fig. S4). Interestingly, at lowest temperatures
studied T1 values of MOF-525 were similar to the values of
PCN-223 loaded with fullerene while approached the similar
values of other MOFs upon heating up the sample (Fig. S4).

In order to understand the experimental data, three main
processes of the spin-lattice relaxation rate, 1/T1, could be
assumed to transfer the spin excitation energy to the acous-
tic phonons of a crystal lattice: direct one-phonon process,
two-phonon Raman and Orbach-Aminov process.40 In this
context, assuming the Debye type of phonon spectrum, ex-
perimental 1/T1 values were simulated according to equa-
tion40–42

1/T1 = aT + b
T 9

θ7
J8 + c

1

e∆/T − 1
, (3)

as shown in Fig. 6b while the best-fit parameters are given
in Table S3. The first term describes the one-phonon process
and it is important at lowest temperatures studied, when
the phonons with high energy are still not excited. The
second term is related to the two-phonon Raman process
with J8 denoting the transport integral, which was solved
numerically, while θ is Debye temperature. The last term
describes Orbach process that is going over excited electronic
state of energy ∆.40,43,44 The observation that for all the
compounds studied T1 measured at the spectral position of
g∥ was longer than the one measured at g⊥ can be accounted
for the enhanced influence of the direct process at the later
than the former principal g-tensor axis being perpendicular
to the porphyrin plane.

The phenomenon that MOF containing fullerene in the
structure exhibited the largest T1 value points to the dif-
ferent vibrational environment of copper porphyrins in the
PCN lattice (Fig. 6b). This observation is in line with
the recent report on the inclusion of fullerene in zeolitic-
imidazolate framework32 and here presented findings from
FTIR-ATR and SS-NMR, showing that fullerene content
affects vibrational properties of three-dimensional MOF
framework Figs. S1 and 4. In the presence of fullerene,
the vibrational spectrum of the framework is changed in
such a way that less low-energy phonons satisfying resonant
condition for the direct one-phonon process are accessible
for the energy exchange between the spin system and the
lattice. Therefore, electron spin relaxation is slowed down,
as reflected in increased T1.

Phase-memory relaxation time
The temperature dependence of the electron-spin phase-
memory relaxation times, Tm, of various MOFs is presented
in Fig. 6c for g∥ spectral position. At 5 K, the longest Tm

value around 800 ns was detected in 1.0C60@Cu0.1-PCN-223.
It can be seen that Tm is affected by the content of fullerene
in the structure giving rise to the shortest Tm in Cu0.1-PCN-
223 (540 ns) whereas Cu0.1-MOF-525 featured Tm of 600 ns
(Fig. 6c). Upon increasing the temperature above 5 K, Tm

exhibited no temperature dependence up to ca. 30 K. Here,
spectral diffusion as a temperature independent process can
be assumed. Further heating of the samples revealed gradual
decrease of Tm according to the Arrhenius type of thermally
activated processes with the larger activation energy when
the fullerene is present in the MOF structure (Fig. 6c). Since
even at 80 K Tm was at least one order of magnitude smaller
than T1 for all the samples studied, it can be concluded that
Tm is not T1 limited.

HYSCORE
It should be mentioned that two-pulse electron spin-echo
decay curves for various MOFs presented strong modula-
tion depths in the coherence time decays reflecting specific
nuclear spin environment affecting the copper electron spin
relaxation (Fig. S5). The phenomenon appeared irrespective
of the presence/absence of fullerene. Due to the fact that
in the two-pulse echo experiments also the multiples of the
nuclear frequencies could contribute in the modulation spec-
tra, 2D-HYSCORE experiment was performed (Fig. 7a). In
the (+,+) and (–,–) quadrants one can note the signals from
the weakly coupled nuclei appearing on the diagonal at ca.
0.84, 3.7 and 14.4 MHz. The later peak can be assigned
unambiguously to the X-band proton Larmor frequency and
corresponds to the hyperfine interaction with the remote hy-
drogen (1H) nuclei. However, the diagonal peak appearing
at 3.7 MHz could be of various origin. In specific, the in-
teraction with distant 14N nuclei, which due to the nuclear
spin I = 1 exhibit non-spherical charge distribution, requires
quadrupolar interaction to be taken into account. As a sup-
port for this reasoning the low-frequency peak at 0.84 MHz
can be noticed and assigned to the remote weakly coupled
14N nucleus close to the cancellation limit when the hyper-
fine and nuclear Zeeman terms match in one of the electron
spin manifolds giving rise to the 14N quadrupolar transi-
tions.45,46 It has been reported that around 4 MHz a double
quantum (DQ) transition of the remote nitrogen can be de-
tected.46–49 Furthermore, when the interactions of electron
spin with more than one 14N takes place, the combination
frequency of 3.33 MHz and 9.38 MHz could be observed50

but also DQ frequency of 14N which exhibits 2DQ peak at
ca. 9 MHz at the anti-diagonal in (–,+) and (+,–) quadrants
could be noticed.47 However, Larmor frequency of 13C nu-
cleus appearing at 3.7 MHz at X-band was assigned in the
HYSCORE spectra of copper porphyrin nanorings despite
the very low abundance of this isotope.29 As a support for
this reasoning, in the 13C enriched sample the splitting of
6 MHz was assigned to 13C hyperfine coupling,51 the simi-
lar splitting that could be measured between [0.84,6.3] MHz
and [6,3.84] MHz cross peaks in Fig. 7a. Therefore, since
at X-band frequency the contributions of 14N and 13C nu-
clei are not well separated they should be both considered
while unambiguous assignment would require HYSCORE
measurement at higher frequency like Q-band. It is interest-
ing to note that the modulation patterns/HYSCORE data
are not different for Cu0.1-PCN-223 with and without loaded
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Figure 6. (a) Two-pulse echo detected field-swept ESR spectrum of Cu0.1-PCN-223 recorded at T = 80 K. The tensor values g∥ =

2.2 and g⊥ = 2.06 labeled by arrows indicate the magnetic field spectral positions at which spin dynamics was undertaken. (b)
Temperature dependence of the electron spin-lattice relaxation rate, 1/T1, in Cu0.1-PCN-223 (black), 0.2C60@Cu0.1-PCN-223 (blue)
and 1.0C60@Cu0.1-PCN-223 (red) measured at g∥ spectral position. Full lines denote simulations of the experimental data according
to the Eq. 3 with the parameters given in Table S3. In the inset to the figure magnetization recovery curves are given in the inversion
recovery experiment detected at 5 K. (c) Temperature dependence of the electron-spin phase-memory relaxation time, Tm, in various
MOFs at g∥ spectral position. The best fits according to Arrhenius equation (full line) are indicated. In the temperature interval from
40–80 K the activation energies are: 35±5 K (Cu0.1-PCN-223, black), 48±5 K (0.2C60@Cu0.1-PCN-223, blue), 67±8 K (1.0C60@Cu0.1-
PCN-223, red) and 37±4 K (Cu0.1-MOF-525, green).

fullerene in the structure. Relying on the experimental ev-
idence from NMR measurements showing signals from for-
mamide additives in the context of this study the origin of
the observed modulation pattern could be assigned to re-
mote nitrogen nuclei from the solvent (more than 0.4 nm
away from the copper electron spin) apart from the directly
coordinated ones which affect CW–ESR spectra (Fig. 5).

Rabi oscillations
Since paramagnetic MOFs are considered as potential
qubits,52 the nutation experiments were performed at dif-
ferent microwave powers at 20 K as shown in Fig. 7b.
Rabi oscillations could be detected for all MOFs studied
and exhibited similar behavior. After Fourier transforma-
tion of the time domain data (Fig. 7c) the peak centered
at ca. 13.5 MHz, independent of the microwave power, is
assigned to originate from coherent electron-proton oscilla-
tions. Its intensity reaches the maximum when the Larmor
frequency of proton spins matches electron nutation fre-
quency.30 The nutation frequency peak shifts from 9.2 to
16.4 MHz with increasing microwave magnetic field. Linear
dependence of the Rabi frequency on the microwave field
can be observed (Fig. 7d).

Conclusion
In summary, this study shows how the multivariate metal-
organic framework hybrids can be exploited for efficient
spatial isolation and controllable manipulation of the molec-
ular spin qubit performance. Mechanochemical processing
accomplished through a robust one-pot ball-milling pro-
cedure allowed for control over the ratio of active spin
copper(II) carriers in the MOF matrix and simultaneous in-
troduction of the controllable amount of fullerene C60 guest
into the pore-channels of porphyrinic zirconium MOFs with
twelve-coordinated oxocluster nodes. The use of C60 leads
to topological selectivity by governing the formation to-
wards PCN-223 phase, even from reactions that exclusively
yield cubic MOF-525 polymorph. Here presented exper-
imental evidence points to the possibility of fine-tuning
the electron spin relaxation times via fullerene content in
the MOF cavity, where a significant increase in T1 and
Tm is detected in MOF fulleretic hybrids, with coherence
times depending on the ratio of the fullerene guest. In

this way, even the non-activated and densely coordinated
zirconium-porphyrin frameworks become viable molecular
spin qubit matrices, where the inferior and least porous
Cu0.1-PCN-223 candidate becomes the best qubit performer
after the fullerene inclusion. Using similar solid-state strate-
gies, we aim to test how altering the spin carrier species
and including fullerene and endometallofullerene deriva-
tives in more porous zirconium-porphyrinic MOFs, such as
twelve-coordinated MOF-525 and already well-established
six-coordinated framework PCN-224, will affect their spin-
tronics properties.
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Figure 7. (a) 2D-HYSCORE performed at 5 K and g∥ spectral position for 1.0C60@Cu0.1-PCN-223 plotted after data processing. (b)
Rabi oscillations recorded for 1.0C60@Cu0.1-PCN-223 at 20 K and g∥ spectral position applying various microwave attenuation. c) Fast
Fourier transform (FFT) of the Rabi oscillations with asterisk denoting Larmor frequency of proton spins. (d) Linear dependence of the
Rabi frequency, νR, as a function of the oscillating microwave field, B1.
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