
Enlarging Quantum Coherence of Vanadyl Spin Qubits in Zirconium
Porphyrinic MOFs
Lucija Vujevic,́ Gregor Talajic,́ Fraser MacMillan, Alexey A. Popov, Marina Kveder, Bahar Karadeniz,*
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ABSTRACT: The intrinsic quantum−mechanical properties of
electron spin along with the structural and chemical tunability of
metal−organic frameworks (MOFs) that can control the position
of the active spin carrier make molecular spin qubits embedded in
porous coordination frameworks an ideal platform for investigating
quantum coherence. These molecular spin qubits still exhibit
relatively short relaxation times, but several recently developed
strategies hold promise for extending coherence. We recently
demonstrated that diluting the copper(II)-porphyrin qubits,
combined with the inclusion of fullerene C60 guests, can
significantly prolong the relaxation times to liquid nitrogen
temperature. Here, we present how the exchange of copper(II)-
with the vanadyl-porphyrin spin qubits allows for a more diluted
qubit framework and results in a stable system with one of the longest coherence times observed in the nonactivated MOF qubit
frameworks. The fullerene inclusion proved beneficial for both the electron spin−lattice and the phase-memory times. Figures of
merit Tm ∼1 μs were observed in the temperature range 5−180 K, while the coherence was detected up to 240 K and still was not
T1-limited. The detected linear dependence of the Rabi frequency on the microwave field confirmed that the tested vanadyl
frameworks are viable qubit candidates.

■ INTRODUCTION
The search for viable quantum bits or qubits, the basic units of
quantum computers, is one of the main goals in materials
science today. Different physical realizations of qubit
candidates, such as the polarization state of a photon, trapped
atoms, superconducting circuits, quantum dots, Bose−Einstein
condensates, nuclear spins, and electron spins, have distinct
merits and drawbacks.1−9 Molecular complexes that exploit
electron spin can yield highly reproducible qubits, which can
be designed using coordination-chemistry tools and chemical
modifications.1,3 However, one of the main disadvantages of
molecular spin qubits is relatively short relaxation times
compared to other qubit candidates.10 The lifetime of qubit
superposition is determined by the spin−spin relaxation time
T2, experimentally measured as a phase-memory time Tm. For
transition metal ions at higher temperatures (liquid nitrogen
regime), the Tm time is limited by the spin−lattice relaxation
time T1.1,3 In recent decades, intensive research has been
conducted to improve coherence and understand which factors
influence the relaxation processes in molecular-based qubits,
and the standard strategies include the careful choice of
transition metal or rare-earth ions, ligands, solvents, and qubit
spatial division in the long-order structure.4,11−18

Metal−organic frameworks (MOFs)19−21 are a particularly
interesting class of materials for qubit stabilization because of
their modularity, stability, and tunable porous structures,
where qubits can be controllably separated in three dimensions
in the framework based on ligand geometry and metal-node
coordination preferences. Among these, zirconium-porphyrinic
MOFs have already been proven as an excellent platform for
the formation of three-dimensional spin-qubit frameworks.
Zirconium(IV)−carboxylate bonds provide unprecedented
stability in various conditions, regardless of large pores, while
porphyrin spacers isolate and separate coordinated para-
magnetic centers within well-defined frameworks.22 Freedman
and co-workers first demonstrated cobalt(II)-tetrakis(4-
carboxyphenyl)porphyrin (cobalt(II)-TCPP) qubits in the
PCN-224 framework, achieving Tm ∼2 μs up to 15 K.23

Subsequently, the same group reported how copper(II)-TCPP
qubits in PCN-224 exhibit a detectable coherence of 0.16 μs
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up to 80 K.24 However, although PCN-224 provides an
important platform for these advances, its low connectivity to
the zirconia cluster (6-connected) and very large pores may
reflect in lower chemical and thermodynamic stability.25−27

Our group has reported a method to improve the
performance of molecular spin qubits in a robust and
moderately porous, twelve-coordinated PCN-22325,28 matrix
by mechanochemical qubit dilution and inclusion of fullerene
guests in the MOF voids.29 The C60 fullerenes acted as a
template, directing the mechanochemical formation exclusively
to the hexagonal PCN-223 fulleretic composites. They reside
in the trigonal channels of the PCN-223 (Figure 1), near the

porphyrin core.29 The introduction of fullerenes extends the
coherence time Tm by removing the nuclear spin-bearing
solvent from the pores and influencing the spin−lattice time
T1. In the maximum, 10% dilution of copper(II) porphyrin
qubits (Cu-TCPP), the best performing fulleretic PCN-223
composite showed a phase-memory coherence of Tm = 0.8 μs
at 5 K and detectable coherence of Tm = 0.2 μs up to 80 K.
While this strategy is shown to strongly affect coherence
among the copper-TCPP molecular qubits in the framework,
achieving longer coherence times at higher temperature, and a
comprehensive understanding of the nature of vibrations and
spin−phonon coupling in framework qubit materials remains a
challenging task.30

Here, we present a series of spin-active PCN-223 MOFs and
composites achieved by exchanging the copper-TCPP qubits
with oxovanadium(IV)-TCPP, allowing a direct comparison of
their performance and yielding key insights into the role of
metal centers in determining qubit performance.31 The vanadyl
ion (oxovanadium(IV), VO2+) is known for its stable and high
coherence in the liquid nitrogen regime and it can be
incorporated into a wide range of molecular scaf-
folds,10,16,23,30−38 which allows fine-tuning of their magnetic
and electronic properties.39 We study the effects of both pore
content modification and high-spin dilution on the electron
spin dynamics of targeted qubit frameworks. The exchange of
copper with vanadyl enabled high-spin dilution to 5% vanadyl-
TCPPs, which construct the Zr-MOF framework with a
diamagnetic zinc−TCPP diluent. The incorporation of full-
erene into the MOF pores was examined as a strategy to
further extend the relaxation times. The resulting fulleretic

composite materials were characterized by powder X-ray
diffraction (PXRD) and Fourier-transform infrared (FTIR)
spectroscopy to clarify their structures and connectivity.
Electron spin resonance (ESR) has proven to be an ideal
experimental technique for characterizing, manipulating, and
controlling electron spin qubits. Continuous-wave (CW) ESR
spectroscopy was used to gain insight into the local magnetic
properties of the vanadium(IV) center described by the spin-
Hamiltonian parameters. Hyperfine sublevel correlation spec-
troscopy (HYSCORE) was performed to probe the weaker
superhyperfine interactions between the electron spin and
nearby nuclei from the porphyrin ring. Pulsed ESR was used to
obtain electron spin−lattice (T1) and phase-memory (Tm)
relaxation times. Nutation experiments and the detection of
Rabi oscillation tested the potential of these framework qubits
for quantum information processing. Investigated vanadyl-zinc
PCN-223 MOFs and their fulleretic composites were
compared for their qubit performance to copper(II) analogs,29

as well as to other similar VO spin qubits.10,16,32

■ EXPERIMENTAL SECTION
Synthesis: All solvents and reagents obtained from commercial
sources were used without further purification. Pyrrole, methyl 4-
formylbenzoate, p-nitrobenzaldehyde, propionic acid, pyridine, and
acetic anhydride were purchased from Merck. Methanol (MeOH),
chloroform (CH3Cl), and dimethylformamide (DMF) were pur-
chased from Lachner. Zinc chloride, vanadyl acetylacetonate (VO-
(acac)2), diethylformamide (DEF), and sodium acetate (NaOAc)
w e r e s u p p l i e d f r o m S i g m a - A l d r i c h . Z r 1 2 - a c e t a t e
( Z r 6 O 4 ( O H ) 4 ( C H 3 C O O ) 1 2 ) 2 ) a n d Z r 6 - m e t h a c r y l a t e
(Zr6O4(OH)4(C2H3COO)12) clusters were synthesized according to
t h e l i t e r a t u r e m e t h o d s . 4 0 , 4 1 5 , 1 0 , 1 5 , 2 0 - T e t r a k i s ( 4 -
methoxycarbonylphenyl)porphyrin (TPPCOOMe) was prepared
according to the literature.42 FTIR and PXRD data were in
accordance with previously published data for these compounds.
Vanadyl-tetra(4-carboxyphenyl)porphine (VO-TCPP) was synthe-
sized according to the literature methods.10

The C60@(VO)0.1-PCN-223 Zr6-methacrylate cluster (20.2 mg,
0.012 mmol), VOTCPP (2.43 mg, 0.0026 mmol), ZnTCPP (20 mg,
0.0236 mmol), NaOAc (7.5 mg), C60 (18 mg, excess), and DMF (45
μL) were placed into a Teflon jar (14 mL) with two zirconia balls (1.6
g each). The reaction mixture was milled using an IST-500 (InSolido
Technologies, Croatia) mixer mill at 30 Hz for 90 min. The resulting
black powder was washed with toluene (5 × 5 mL) and DMF (3 × 4
mL).

C60@(VO)0.05-PCN-223 was prepared similarly to that described
for C60@(VO)0.1-PCN-223 by reacting 1.136 mg of VOTCPP
(0.0012 mmol). The resulting black powder was washed with toluene
(5 × 5 mL) and DMF (3 × 4 mL).

The (VO)0.1-PCN-223 Zr12-acetate cluster (19.95 mg, 0.006
mmol), VOTCPP (2.43 mg, 0.0026 mmol), ZnTCPP (20 mg,
0.0234 mmol), NaOAc (6 mg), and DEF (30 μL) were placed into a
Teflon jar (14 mL) with two zirconia balls (1.6 g each). The reaction
mixture was milled using an IST-500 (InSolido Technologies,
Croatia) mixer mill at 30 Hz for 90 min. The resulting dark purple
powder was washed with DMF (3 × 4 mL).

(VO)0.05-PCN-223 was prepared similarly to that described for
C60@(VO)0.1-PCN-223 by reacting 1.136 mg of VOTCPP (0.0012
mmol). The resulting dark purple powder was washed with DMF (3
× 4 mL).

PXRD: Powder X-ray diffraction measurements were performed on
a Panalytical Aeris Research tabletop diffractometer equipped with Cu
Kα radiation (40 kV, 7.5 mA) in Bragg−Brentano geometry.

FTIR-ATR: Fourier-transform infrared attenuated total reflectance
spectra were recorded on a PerkinElmer Spectrum Two spectrometer
equipped with a diamond ATR cell. Data were collected over the

Figure 1. Twelve-coordinated hexagonal Zr-PCN-223 framework
with 10% or 5% spin-active VO-TCPP building the framework and
fullerene within the channels of the formed MOF.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.5c04870
Inorg. Chem. 2026, 65, 7603−7612

7604

https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c04870?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c04870?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c04870?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c04870?fig=fig1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c04870?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4400−400 cm−1 range with a resolution of 4 cm−1 and processed
using Spectrum software (version 10.5.3.738, 2016).

CW ESR: Continuous-wave ESR experiments were performed
using an X-band FT/CW Bruker ELEXSYS 580 spectrometer with an
Oxford Instruments temperature unit. Experiments were carried out
with a modulation amplitude of 0.1 mT at 100 kHz modulation
frequency using a microwave power of 0.2012 mW.

Magnetization decay rates were recorded in the temperature range
5−220 K using a π/2 pulse of 16 ns. Two-pulse echo-detected field-
swept ESR spectra were recorded at T = 80 K using the pulse
sequence π/2−τ−π−τ−echo, with τ = 200 ns to select a spectral
position for the relaxation-time experiments.

HYSCORE experiments were performed using the sequence π/
2−τ−π/2−t1−π−t2−π/2−τ−echo, τ = 100 ns. The time intervals t1
and t2 with starting values of 200 ns were varied in 150 steps of 16
ns.43

Spin−lattice relaxation times, T1, were recorded using an inversion
recovery (IR) pulse sequence with an echo detection sequence, π−
t−π/2−τ−π−echo, where τ = 200 ns and variable t starts from the
initial value of 400 ns.43 T1 relaxation time was determined from a fit
of the echo recovery amplitude to the biexponential function:

I I k e k eT T
0 1

/
2

/a b1 1= + + (1)

wherein the longer component T1a > T1b was taken as an
approximation of T1.44

To get a better agreement of fit for spin−lattice relaxation rate
given by eq 2 with experimental data, the fit included weights of
experimental points calculated as inverse values of squared
experimental errors, (1/Err2).45

Saturation recovery experiments were performed using a picket-
fence sequence of eight microwave pulses of 16 ns, followed with a
two-pulse echo sequence π/2−τ−π−τ−echo with π = 32 ns and τ =
200 ns.

The phase-memory time, Tm, was obtained using a two-pulse
electron-spin−echo decay sequence, π/2−τ−π−τ−echo, with τ = 200
ns and shots repetition time was adjusted to accommodate complete
spin−lattice relaxation. Tm was determined by fitting the echo signal
to the monoexponential decay function:43

I I k em
T

0
/ m= + (2)

Measurements of echo-detected Rabi oscillations were obtained
with the following pulse sequence tp−T−π/2−τ−π−τ−echo. Here,
the nutation pulse length tp was varied and τ = 200 ns and T = 1000
ns. The time duration of the nutation pulse, tp, was increased from 12
to 32 ns and was adjusted by choosing the proper microwave power
attenuation (0 dB−11 dB) to achieve maximal spin−echo signal (β =
π/2)43 while the field strength was calculated from δt and β.46,47

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization
(VO)n-PCN-223 MOFs and C60@(VO)x-PCN-223 (x: 0.05
and 0.1) composites were synthesized mechanochemically in
accordance with our previously reported procedures,28,29 with
detailed experimental information provided in the Supporting
Information, Section 1.1.

The crystallinity and phase purity of the spin-diluted PCN-
223 derivatives, with 10% and 5% VO-TCPP, with and without
fullerene incorporation, were first examined by PXRD. The
diffraction patterns of all samples (Figure 2) matched well with
the simulated pattern of PCN-223 (Cambridge Crystallo-
graphic Data Centre (CCDC) code: TUTWUC) after the
mechanochemical vanadyl dilution and fullerene loading.
Significant changes in low-angle peak (4.8 Å) intensities
were observed upon fullerene incorporation, which can be
attributed to changes in the electron density of the pore
content.29,48 FTIR spectroscopy data shown in Figure S1 are

consistent with those reported for the PCN-223 compounds
and fulleretic composites.28,29,48

CW ESR Experiments
The CW ESR lines of VO ions are more pronounced in
(VO)1.0-PCN-223 than in VO-TCPP (Figures S2−S4) due to
more separate spins and reduced spin−spin interactions.
However, the quantum coherence of these samples, which
contained only vanadyl ions in TCPP, was too short to be
detected by pulse ESR. Experimental and simulated CW ESR
spectra of MOFs with diluted spins, 10% VO and 5% VO,
recorded at 80 K are shown in Figure 3 (left side). It can be
noticed that both samples, (VO)0.1-PCN-223 and (VO)0.05-
PCN-223, show a similar spectrum with 8 major lines as a
consequence of the strong hyperfine coupling of the unpaired
electron spin S = 1/2 with the vanadium 51V nuclear magnetic
spin I = 7/2 (natural abundance 99.75%).49 The experimental
spectra were simulated using EasySpin software,50 assuming
axial symmetry of the g tensor and A hyperfine tensor.
Therefore, the following spin-Hamiltonian for vanadyl electron
spin was used:

H Bg AIS SB= + (3)

where B is the external magnetic field while the constant μB is
Bohr magneton. The parameters obtained from the simulations
are given in Table 1 and are consistent with the data reported
in the literature.10,31 From Table 1, it can be noticed that the
width of the Lorentzian line used for the simulation decreases
as the VO concentration decreases, as expected due to reduced
spin−spin interactions.

The CW ESR spectra of MOFs with incorporated fullerene
C60@(VO)0.1-PCN-223 and C60@(VO)0.05-PCN-223 are
presented also in Figure 3 (right side). Off-the-shelf fullerene

Figure 2. PXRD data for prepared (VO)x-PCN-223 MOFs and the
C60@(VO)x-PCN-223 (x: 0.05 and 0.1) composites vs simulated
pattern for PCN-223 (CCDC: TUTWUC).
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shows ESR signal at gFR ≈2.002 due to defects, fullerene
radicals (FR) in the structure.48,51,52 Because of the presence of
these fullerene radicals, the simulation of the experimental
spectra was done in terms of a mixture of spin species by
combining the spin-Hamiltonian of vanadyl given by eq 1 and
the spin-Hamiltonian of FR while assuming SFR = 1/2: HFR =
μBBgFRSFR, with the intensity ratio ≈50:1. Superhyperfine lines
due to the interaction of vanadyl electron spin with four
nitrogen nuclear spins from the porphyrin core are not
resolved, as observed earlier for vanadyl porphyrins,10,53−56

contrary to the well-resolved lines for the copper(II) qubits.29

The origin of this difference lies in different orbitals occupied
by unpaired electrons; vanadyl unpaired spin is in nonbonding
ionic dxy orbitals, while copper spin is in the dx y2 2 orbital,
causing significantly different ligand−metal covalency.31

Pulse ESR Experiments

Two-pulse echo-detected field-swept (EDFS) ESR spectra of
the samples with and without encapsulated fullerene are almost
identical, as can be seen in Figure 4. The fullerene radical (FR)
line can be detected only at low temperatures. Namely, EDFS
intensity is proportional to the number of spins and it is very
weak due to FR low concentration.51 From double integration
of CW ESR spectra, it can be concluded that the number of FR
is around 200 times lower than that of VO spins in

Figure 3. Experimental and simulated CW ESR spectra of MOFs with 10% and 5% VO at 80 K. Parameters used for the simulation are given in
Table 1. Symbol “+” denotes truncation of the fullerene radicals (FR) peak with gFR ≈2.002. g = 2.016 labeled the spectral position at which pulse
experiments were performed.

Table 1. Spin Hamiltonian Parameters Derived according to Eq 1 Using the EasySpin Software Package50 for the Simulation of
CW ESR Spectra of the Investigated Samples at 80 K

compound (VO)0.1-PCN-223 C60@(VO)0.1-PCN-223 (VO)0.05-PCN-223 C60@(VO)0.05PCN-223

g∥ 1.9652 1.9620 1.9645 1.9620
g⊥ 1.9827 1.9830 1.9827 1.9835
A∥

V, MHz 469.6 478.0 471.5 479.0
A⊥

V, MHz 158.0 163.0 161.0 165.0
ΓL

a, mT 1.2 1.2 1.0 1.0
gFR - 2.00236 - 2.00236
Wa, mT - 0.3 - 0.3

aLorentzian line width of the CW ESR spectra.

Figure 4. Two-pulse echo detected field-swept ESR spectrum of
(VO)0.05-PCN-223 (black line) and C60@(VO)0.05-PCN-223 (red
line) recorded at T = 10 K. The relaxation measurements, as well as
HYSCORE, were performed at the central line with g = 2.016, which

corresponds to the |MS, IS⟩ transition , ,1
2

1
2

1
2

1
2

+ .32,57

The line of fullerene radicals (FR), shown enlarged in the inset, has
very low intensity due to their low concentration.
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C60@(VO)0.05-PCN-223 sample. The relaxation time experi-
ments for all MOF samples as well as HYSCORE were
performed at the magnetic field of the central VO line with g =
2.016. This “powder-like position” corresponds to the |MS, IS⟩
transition , ,1

2
1
2

1
2

1
2

+ , where all molecules are

excited due to the negligible angular dependency of the
magnetic field.32,57

■ HYSCORE
HYSCORE experiments provide detailed information on the
hyperfine interactions between the vanadyl unpaired electron
and nearby nuclei in the porphyrin core and possible in solvent
molecules. Namely, strong hyperfine coupling between the
unpaired electron spin and 51V nuclear spin with values A∥
≈470 MHz and A⊥ ≈160 MHz (Table 1) obtained from CW
ESR experiments is not detectable in HYSCORE experiments.
HYSCORE shows weaker interactions, i.e., superhyperfine
interactions between the electron and the nuclei such as 14N,
13C, and 1H. The HYSCORE spectrum for the (VO)0.05-PCN-
223 sample is given in Figure 5a. The obtained spectrum is
typical for vanadyl porphyrins.10 The spectrum shows cross
peaks, the correlations between nuclear transitions, in both (+,
+) and (−,+) quadrants due to the superhyperfine interactions,
and also the nuclear quadrupole interaction of the 14N nuclei.
All cross peaks related to stronger coupling with 14N are shown

in the (−,+) quadrant.58 The most prominent cross peaks “1”
and “2” are correlated to double-quantum (dq, ΔMI = 2) and
single-quantum (sq, ΔMI = 1) 14N transitions, respectively.
The modulations “3” and “4”, which relate to the weaker
superhyperfine couplings with porphyrin 13C and 1H nuclei,
respectively, are located close to their Larmor frequencies and
are shown in the (+,+) quadrant.10,58 The simulated
HYSCORE spectrum with the spin-Hamiltonian parameters
used for the simulation is given in Figure 5b. The obtained
hyperfine and nuclear quadrupole splitting parameters for 14N
are in agreement with previously reported values for similar
vanadyl porphyrin and phthalocyanine systems.10 For 13C and
1H nuclei, their Larmor frequencies, 3.7 and 14.7 MHz, were
used, respectively, while their quadrupole moments are zero.
The fact that we obtained very similar HYSCORE spectra of all
samples, independent of VO concentration (5% or 10%) and
the presence or absence of fullerene in MOFs, Figures S5−S7
in the Supporting Information, and similar to others reported
for VO-porphyrins,10,58 confirms that HYSCORE shows
superhyperfine interactions between unpaired electron and
nuclei from the porphyrin core.
Spin−Lattice Relaxation Time, T1
The temperature dependence of the electron spin−lattice
relaxation rate, 1/T1, for four investigated PCN-223 samples
with 10% and 5% VO ions, with and without incorporated
fullerene in MOF-channels, is shown in Figure 6 and Table S1.

The spin echo was detected from the lowest experimental
temperature, 5 K, up to 240 K. It can be seen that T1 time
increases as the VO concentration decreases from 10% to 5%,
as was expected due to reduced spin−spin interactions. The
same effect as for copper qubits29 was observed here for
vanadyl qubits�encapsulating fullerenes leads to prolongation
of the T1 relaxation time. For example, the value T1 ≈11 ms
was observed for C60@(VO)0.05-PCN-223 at 7 K, which is
almost triple the value for the same sample but without
fullerene in the pores, (VO)0.05-PCN-223, T1 ≈4 ms. The
longest T1 = 14 ms value detected for C60@(VO)0.05-PCN-223
at 5.3 K is the same as the value detected at 4.3 K for
crystalline dispersion of VOPc in TiOPc in a stoichiometric
ratio 1:1000.16 It is the same order of magnitude as T1

Figure 5. (a) HYSCORE spectrum recorded at 10 K at the g = 2.016
position (the highest peak) for the sample (VO)0.05-PCN-223. (b)
The simulated HYSCORE spectrum obtained using EasySpin50

function saffron and sequence HYSCORE for interacting electron
spin S = 1/2 with the following nuclei: 13C nucleus with A = [0 3.7]
MHz, Q = 0; 1H nucleus with A = [0 14.7] MHz, Q = 0 and 14N
nucleus with A = [−6.8−6.8−7.8] MHz and Q = [5 0] MHz. Here, A
and Q denote the hyperfine and nuclear quadrupole coupling tensors,
respectively. The magnetic field value was used from the experiment
345.7 mT and τ = 100 ns.

Figure 6. Temperature dependence of the electron spin−lattice
relaxation rate 1/T1 of various MOFs. Full lines are best-fits of eq 4 to
experimental data (squares) with the fitting parameters given in Table
2.
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d e t e c t e d f o r 5 % V O c r y s t a l l i n e d i s p e r s i o n
[(Ph)4P]2[(VO)0.05MoO0.95(dmit)2] (dmit = 1,3-dithiole-2-
thione-4,5-dithiolate) and the deuterated version of the
compound reported by the same group.32 The most similar
VO qubits 5% diluted in MOF (VO)0.05TiO0.95(TCPP-Zn2-
bpy) has T1 ≈0.4 ms at 5 K.10

To better understand the spin−lattice relaxation and the
influence of fullerene encapsulation, the underlying spin−
phonon coupling mechanisms must be considered. As the
choice of the pulse sequence, due to spectral diffusion effects at
high spin concentrations, can affect T1 values, we also
performed saturation recovery experiments at a few selected
temperatures.59−62 The saturation recovery measurements
were performed using an eight-picket-fence sequence for a
more concentrated C60@(VO)0.1-PCN-223 sample.24,63 From
the obtained values given in Table S2, one can see a weak
effect of spectral diffusion, and therefore, T1 values obtained
from inversion recovery experiments can be approximated as
real values. The experimental data of the spin−lattice
relaxation rate, 1/T1, were fitted using the known phenom-
enological expression for vanadyl qubits:10,16,32,36,64

T aT bT1/ n
1 = + (4)

where the first term denotes a direct one-phonon process while
the second term represents a two-phonon Raman process. The
best-fit parameters are listed in Table 2.

The obtained values of parameters a and b, as well as
parameter n ≈3, are in agreement with the values obtained for
vanadyl qubits.10,16,64,65 For the sample (VO)0.05-PCN-223, a
fixed value of n = 3.3 was taken to obtain reasonable fits. The
lower values of parameter a observed upon fullerene
encapsulation could indicate a slowing of the direct process.
On the other hand, fullerene encapsulation does not
significantly affect the parameter b or the Raman process.
Therefore, from these experiments, we can conclude that
fullerene encapsulation increases the spin−lattice relaxation
time by slowing down the direct process. This is also in
agreement with the fact that the T1-increase upon fullerene
encapsulating is the most pronounced at low temperatures,
where the direct relaxation process is dominant.
Phase-Memory Relaxation Time, Tm
For vanadyl qubits reported in the literature, the thermal
variation of the “observed” or “effective” spin−spin relaxation
time, T2, called the phase-memory time, Tm, shows an almost
temperature-independent behavior below ∼100 K.10,16,31 A
similar behavior was observed for the investigated qubits, on
the lin−lin scale in Figure S8 and Table S1 in the Supporting
Information and in the log−log scale in Figure 7. As expected,
phase-memory time increases with spin dilution due to
reduced spin−spin interaction. For the best performing
framework, C60@(VO)0.05-PCN-223, the phase-memory time
has a nearly constant value of Tm ≈1 μs over 5−180 K, then
decreases to 0.2 μs at 220 K and further 0.07 μs at 240 K. The

similar 5% VO qubits, diluted in MOF (VO)0.05TiO0.95(TCPP-
Zn2-bpy), showed a Tm time of around 0.5 μs in the 5−100 K
range.10 For comparison, other vanadyl qubit materials, such as
for the molecular dispersion of VOPc in TiOPc at a
stoichiometric ratio of 1:1000, demonstrate a value of 2.04−
3.41 μs observed in a similar temperature range (4.3−150
K).16 The values of Tm from 1.6 to 8.7 μs in the range 4.5−100
K are detected for 5% VO crystalline dispersion
[(Ph)4P]2[(VO)0.05MoO0.95(dmit)2] and the deuterated com-
pound.32 The results show that encapsulation of fullerenes in
the (VO)0.1-PCN-223 matrix enlarges Tm relaxation time due
to partial replacement of the nuclear spin-active solvent
(DMF) in pores with almost nuclear-spin-free fullerene
molecules, containing only 13C isotopes with around 1%
having nuclear spin I = 1/2. The same effect was observed
earlier for encapsulating fullerene in PCN-223 with embedded
copper qubits.29 After fullerene inclusion, the upper limit at
which the coherence of the vanadyl qubit is experimentally
detected increases from 200 to 240 K.
Rabi Oscillations
To prove that the detected coherence times allow coherent
manipulation between the spin states,23,57,66 the nutation
experiments at different microwave powers were performed.
Rabi oscillations were clearly observed at a liquid nitrogen
temperature of 78 K, as shown in Figure 8a. The Rabi
frequency νR, which describes the interaction between the
qubit and the applied microwave field, shows linear depend-
ence on the applied microwave field B1, Figure 8b,c. Detected
linear Rabi oscillations for other samples are shown in Figures
S9−S11 given in the SI.

Table 2. Best-Fit Parameters Obtained by Fitting Eq 4 to the Experimental Spin−Lattice Relaxation Rate Data for Different
MOF Samples

compound (VO)0.1-PCN-223 C60@(VO)0.1-PCN-223 (VO)0.05-PCN-223 C60@(VO)0.05-PCN-223

a, 1/(Kμs) (6.6 ± 0.4) 10−5 (3.8 ± 0.6) 10−5 (3.2 ± 0.1) 10−5 (1.22 ± 0.03) 10−5

b, 1/(Knμs) (7 ± 5)· 10−9 (7 ± 5) 10−9 (4 ± 1) 10−9 (5 ± 2)·10−9

n, − 3.3 ± 0.2 3.3 ± 0.3 3.30a 3.3 ± 0.1
aFixed value used for fitting.

Figure 7. Comparison of the temperature dependence of the electron-
spin phase-memory relaxation time, Tm, and spin−lattice relaxation
time T1 in all investigated PCN-223 with VO, presented in a log−log
graph.
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The Comparison of Vanadyl- and Copper-TCPP Qubits
Embedded in PCN-223
The comparison of both relaxation times T1 and Tm for 10%
vanadyl- and 10% copper-TCPP qubits hosted in a PCN-223
matrix can be seen in Figure 9. Copper qubits have longer T1

below 30 K, as well as Tm below 70 K, compared to the values
for vanadyl qubits. However, vanadyl qubits perform better at
higher temperatures and maintain coherence up to 240 K, still
not being T1-limited, which makes them better candidates for
potential spintronic applications.

The differences between the studied vanadyl and copper
qubits may be due to two main reasons. First, vanadium has
one of the smallest spin−orbit couplings among the transition
metals.31,35 This could be best seen from the small difference
of vanadium g-values (Table 1) from the free electron values g
= 2.0023, as this deviation reflects the magnitude of spin−orbit

coupling.31 Larger spin−orbit coupling is associated with
reducing T1 time, resulting in Tm becoming T1-limited at
higher temperatures.31,67 It is worth noting that the small
spin−orbit coupling is the main reason organic radicals and
defects exhibit long coherence times.31 Second, metal−ligand
covalency affects the spin−phonon coupling as the non-
bonding orbital in vanadyl interacts less strongly with phonons
than the antibonding orbital in copper, resulting in longer T1
time.31,67,68 Namely, copper(II)-TCPP has more covalent
ligand−metal bonds compared to vanadyl-TCPP ions.31

Vanadyl unpaired spin is located in a nonbonding ionic dxy
orbital, while copper spin is in an antibonding dx y2 2 orbital.
This electron spin location is reflected in the previously
mentioned observation and nonobservation of superhyperfine
interaction with four nitrogen nuclei from the porphyrin core
for copper and vanadyl qubits in CW ESR experiments,
respectively (Figure 3 in this work, cf. Figure 5 in ref 29). It
should be noted, however, that ref 68 reported the opposite
effect�for the investigated six-coordinate V(IV) complex, the
coherence disappears beyond 100 K, whereas in the four-
coordinate Cu(II) dithiocatecholate complexes, the spin echo
persists until room temperature, but here, direct comparison is
not justified because of different ligand fields around
copper(II) and vanadyl centers.31,68 Overall, the replacement
of copper(II) with vanadyl proved particularly beneficial, as the
weaker spin−orbit coupling and spin−phonon coupling of the
vanadyl center effectively reduce spin−lattice relaxation
pathways and quantum decoherence at higher temperatures.

■ CONCLUSIONS
We investigated here the quantum coherence properties of
vanadyl-TCPP spin qubits embedded in the moderately
porous, 12-coordinated zirconium porphyrinic PCN-223
MOF. Dilution of VO qubits to 10% and 5% with the
diamagnetic zinc−TCPP directly influences relaxation pro-
cesses and extends coherence times. Furthermore, the
incorporation of fullerene guests into the MOF pores affected
both spin−lattice and phase-memory relaxation times, T1 and
Tm. In addition to the observation of longer relaxation times,
we detected prolongation of coherence time for the sample
with incorporated fullerene up to 240 K. Notably, at higher
dilution, vanadyl centers in PCN-223 yielded exceptionally
stable qubits, with phase-memory times extending to Tm ≈1 μs
in the nonactivated PCN-223 frameworks. The coherence time
is not T1-limited at 240 K; therefore, there may be room to
detect coherence at even higher temperatures. This study
demonstrates that the rational design of porphyrin MOFs�
through controlled spin dilution and targeted guest inclu-
sion�enables fine-tuning of spin dynamics and environmental
interactions. These insights establish that even a moderately
porous MOF, such as PCN-223, can serve as a versatile
platform for exploring spin coherence in solid-state molecular
systems and pave the way for the predictive design of next-
generation framework-based quantum devices.

■ ASSOCIATED CONTENT
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Additional FTIR and ESR data and results (PDF)

Figure 8. (a) Rabi oscillations recorded for C60@(VO)0.05-PCN-223
at 78 K applying different microwave power attenuation. (b) Fast
Fourier transform (FFT) of the Rabi oscillations. An asterisk labels
the Larmor frequency of proton spins ≈14.5 MHz while arrows label
Rabi frequencies. (c) Linear dependence of the Rabi frequency, νR, vs
the oscillating microwave field, B1, calculated according to refs 46 and
47.

Figure 9. Comparison of temperature dependence of the electron-
spin phase-memory relaxation time, Tm, and spin−lattice relaxation
time T1 for 10% copper and 10% vanadyl qubits.
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M.; Muratovic,́ S.; Loncǎric,́ I.; Etter, M.; Dinnebier, R. E.; Barisǐc,́ D.;
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