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ABSTRACT: Electronic and nuclear spins are complementary
carriers of quantum information: whereas nuclear spins exhibit long
coherence times suitable for information storage, electronic spins
ensure rapid addressing and readout. A key challenge is harvesting
the benefits of both spin degrees of freedom by transferring
coherence between them. In this work, we achieved this goal by
working on a molecular architecture that affords precise control
over the hyperfine multiplets, spin dispersion, and molecular
orientation within a crystalline host. As a model system, we used
heterobimetallic paddlewheel complex [VOPt(SOCPh)4] diluted
in [TiOPt(SOCPh)4]·2THF diamagnetic crystalline host matrix
(nominal concentrations of 1 and 10%). In [VOPt(SOCPh)4],
vanadyl electronic spin S = 1/2 is hyperfinely coupled to the nuclear spin I = 7/2 of 51V. These electronic and nuclear spins were
simultaneously manipulated using sequences of radiofrequency (RF) and microwave (MW) pulses generated by a multifrequency
on-chip setup operating at a cryogenic temperature. First, Electron-Nuclear DOuble Resonance (ENDOR) experiments were
performed to show the readout of the 51V nuclear spin transitions through the electronic spin echo. Further experiments with a
dedicated RF-MW pulse sequence demonstrated that electronic phase coherence can be stored in the nuclear spins and retrieved
(Storage and Retrieval, SR) after a total free precession time that greatly exceeds the electronic phase memory time. This result
demonstrates the possibility of simultaneous manipulation of electronic and nuclear spins and establishes a route for encoding
quantum information on both degrees of freedom of a chemically tunable platform.

1. INTRODUCTION
A key challenge in quantum science and technology (QST) is
expanding the Hilbert space to a qudit (a higher-dimensional
version of a qubit), thereby enhancing the capabilities of
quantum information processing (QIP). This necessarily goes
along with the development of multilevel (and multifrequency)
protocols, and has established, for instance, superconducting
devices like fluxonium1 as one of the most advanced
technologies for quantum computing2 and sensing.3,4 Another
natural choice for implementing and testing multilevel
approaches is given by electronic and nuclear spin degrees of
freedom. Owing to their large magnetic moments, electronic
spins can be addressed by microwave (MW) radiation,
enabling fast manipulation at relatively low power (from μW
up to mW in 3D cavities, and down to pW using state-of-the-
art MW superconducting resonators).5 However, their strong
interaction with the environment results in shortened
coherence times, typically ranging from fractions to hundreds
of μs.6−8 Nuclear spins, in contrast, have a much smaller
magnetic moment and require excitation by radiofrequency
(RF) fields, which demand a substantially higher power
(hundreds of W to kW). Their greater isolation from the

environment makes them more robust and yields significantly
longer coherence times, extending from tens of ms to
seconds.9−11 Both types of spins can be coherently
manipulated using magnetic resonance techniques to generate
a superposition of states,12 which is an essential requirement
for QIP.13

The separate manipulation of nuclear and electronic spins
has found a variety of applications in QST. For instance, RF
pulse sequences similar to those used in NMR spectroscopy
have been exploited to implement the factorization of integer
numbers,14,15 encode Grover’s algorithm into an electrically
detected single-molecule transistor based on TbPc2 (I = 3/
2),16,17 and build a molecular quantum processor.18,19

Likewise, coherent manipulation7,10 and the realization of
adiabatic quantum computing schemes20 have been success-
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fully demonstrated using MW radiation and EPR techniques.
In this context, the transfer of spin coherence between
electronic and nuclear spins would allow for leveraging
advantages of both. Specifically, electronic spins can serve for
fast initialization and/or readout, while the longer coherence
lifetime of nuclear spins provides robust quantum memory.21

The combination of sequences of MW and RF pulses in
Electron-Nuclear DOuble Resonance (ENDOR) techniques
allows the simultaneous manipulation of electronic and nuclear
spins, paving the way for the individual addressing and readout
of the latter through the electronic spin echo. While these
sequences achieve a transfer of population between electronic
and nuclear spins, the coherence transfer among them requires
a so-called Storage and Retrieval (SR) protocol consisting of
more specific, combined MW and RF pulse sequences.

The coherence transfer via this protocol has been
successfully implemented on single nitrogen vacancy (NV)
centers in diamond to encode quantum registers22 and
enhance their sensitivity as quantum sensors.23 Collections of
NV centers in diamond (S = 1, I = 1), coupled to 13C nuclei (I
= 1/2) in their environment, have been widely used for
encoding solid-state quantum registers and memories.24,25

Similar milestone results have been achieved on ensembles of
31P electron donors in Si,26 rare-earth (Nd3+) ions in inorganic
host crystals,27 and 15N atoms in fullerene.28 Furthermore, this
protocol has been realized through the electrical readout of 31P
in Si,29 and also in Mn2+-doped ZnO.30 These samples were
typically measured at temperatures of 4−30 K on commercial
EPR spectrometers equipped with a 3D microwave resonant
cavity, using a dedicated (commercial or custom-made)
resistive coil for the RF excitation. An alternative approach
relies on the use of on-chip (superconducting) microwave
resonators to address electronic spins at low temperature,
eventually down to a few mK.25,31

Molecules carrying electronic or nuclear spins are emerging
as an alternative to solid-state systems in QST,32,33 in
particular for quantum computing34 and quantum sens-
ing.35−37 Unlike spin defects in crystals, molecular architec-
tures designed through a bottom-up approach offer tunable
spin degrees of freedom33 and can be processed in a variety of
ways, e.g., integrated into a nonmagnetic host matrix,38,39

attached to a surface for individual addressing by scanning
probe methods,40−43 or precisely positioned close to a sensing
target.44−47 They afford greater synthetic flexibility in the
choice of nuclear species, enabling rational control of hyperfine
multiplets by varying the ligand field, which can make
electronuclear levels individually addressable. Shortened
electronic coherence times relative to those of solid-state
materials can be mitigated by optimizing the dilution rate or
matrix geometry, and are outweighed by the benefits offered by
molecular systems. Performing SR protocols exploiting these
interactions in carefully engineered architectures would bring
the success of experiments on solid-state systems to a
molecular platform. These experiments largely benefit from
the use of cryogenic temperatures, multifrequency MW/RF
architectures (e.g., hybrid quantum circuits) to efficiently
address molecular ensembles, and accurate alignment of the
latter along static and oscillating (RF and MW) fields.
Embedding molecular spins in a crystalline host matrix yields
predictable, well-defined molecular orientations, reducing
detrimental effects associated with the presence of the solvent.
This approach greatly simplifies the experiment and makes

molecular systems competitive for implementing coherent
manipulation protocols.

In this work, we consider the heterobimetallic paddlewheel
(PW) complex [VOPt(SOCPh)4] (1) as a prototypical
molecular qubit with multiple electronic and nuclear spin
degrees of freedom and sufficiently long coherence times (11
μs in a frozen 1 mM solution in CD2Cl2/toluene-d8 at 10 K).48

Complex 1 contains a vanadyl ion (VO2+, S = 1/2) and a
diamagnetic Pt2+ ion bridged by four nuclear spin-free
monothiobenzoate ligands in a rigid Chinese lantern-like
structure (Figure 1a). In this coordination environment, the

unpaired electron is localized in the dxy orbital of vanadium-
(IV) and has the strongest hyperfine interaction with the I = 7/
2 nucleus of 51V (natural abundance ∼100%). Together with
the much weaker superhyperfine coupling with the I = 1/2
nucleus of 195Pt (natural abundance ∼34%), this creates a well-
recognizable pattern in the EPR spectra of frozen solutions.48

Such an arrangement of electronuclear levels makes PWs an
ideal molecular platform for encoding parallel algorithms with
qudits49,50 or for performing nonconventional protocols for
quantum sensing.51

For our experiments on crystalline samples, we first
developed a synthetic route to a diamagnetic analogue of 1,
[TiOPt(SOCPh)4] (2), representing the first PW of this type
containing a titanyl ion (Figure 1b). A single crystal of
[Ti1−xVxOPt(SOCPh)4]·2THF with x = 0.01 (3·2THF) was
then embedded into a multifrequency setup based on a
superconducting planar MW resonator combined with an RF
copper coil,52 operating at a cryogenic temperature (Figure
1c). Compared with commercial magnetic resonance equip-
ment, superconducting planar MW resonators53,54 are a
scalable and convenient choice for on-chip MW experi-
ments.55,56 Nuclear spins are addressed by a cylindrical
millimeter-sized RF coil placed directly on the surface of the
resonator.36,52,57 Our homemade heterodyne spectrometer,
driven by an Arbitrary Waveform Generator,36,58 generates all
necessary excitations, allowing us to perform both EPR and
ENDOR spectroscopy on small crystals and to monitor both

Figure 1. Molecular structure of the PW dimers in dichloromethane
solvate 1·DCM (a)48 and 2·2THF (b); metals and heteroatoms are
displayed as 50% probability ellipsoids, while carbon atoms are drawn
in ball and stick style; hydrogens and disordered sulfur atoms with
lower occupancy in (b) are omitted for clarity. (c) A superconducting
YBCO coplanar resonator (black) used to deliver the MW pulses to
the molecular spin crystal (purple). A copper coil is used to deliver RF
pulses to the nuclei.
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the in-phase and out-of-phase components of the detected
echo signal. In this way, we characterized the spectroscopic
features of 3·2THF by continuous-wave (CW) EPR, Pulsed
EPR, and Mims-ENDOR sequence.59 Finally, we performed a
multifrequency SR sequence to show the possibility of
transferring coherence between electronic and nuclear spins,
thus experimentally demonstrating that the output spin echo
quadrature signals (corresponding to Sx and Sy) maintain the
selected initialization after the whole protocol. Our results
establish a foundation for joint electronic and nuclear spin
manipulation in molecular spin centers.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Structure of the Pure and VO-Doped
Titanyl Matrix

Significant differences in the chemical properties of vanadium
and titanium account for the scarcity7 of diamagnetic titanyl
analogues of vanadyl-based qubits. While vanadium(IV) forms
the robust and water-stable VO2+ cation, discrete titanyl
complexes bearing a terminal Ti�O bond are rather exotic
due to their high tendency to dimerize and oligomerize with
the formation of Ti−O−Ti bridges or extended (−Ti−O)n
chains.60 With its higher oxophilicity, titanium(IV) is also
more prone to hydrolysis than vanadium(IV), which
complicates the synthesis of the PWs in an aqueous
environment. For instance, the addition of polymeric TiO-
(SO4)·2.3H2O to an aqueous solution of the [Pt(SOCR)4]2−

metalloligand resulted in extensive hydrolysis and a negligibly
low yield of 2 (<5%, identified by elemental analysis and 1H
NMR).

Other readily available titanyl sources are monomeric
K2[TiO(C2O4)2]·2H2O, which may lead to mixed-ligand
species, and dimeric [TiO(acac)2]2,

61 which was successfully
employed in the synthesis of some titanyl phthalocyanine and
porphyrin62 complexes (Hacac = acetylacetone). However,
cleavage of its Ti−O−Ti bridges occurs under high-temper-
ature conditions, which are incompatible with the aqueous
medium needed for the metalloligand formation.

We successfully accessed pure 2 in 56% yield using
[TiCl2(acac)2]

63 as a source of titanium(IV), which forms
chemically available TiO2+ cations in situ (Figure 2a). Partial
alcoholysis of [TiCl2(acac)2] to alkoxide complexes64 in
MeOH was followed by simultaneous hydrolysis and assembly
of the heterobimetallic structure by reaction with under-
stoichiometric aqueous [Pt(SOCPh)4]2− (2.5:1). Compound 2
forms along with a number of byproducts displaying a similar
solubility in organic solvents, including acac− and other
thiobenzoate derivatives (Figure S5). The layering technique
used for the vanadyl48,65 analogue was ineffective for
purification, since the titanyl PW precipitates along with
some of the byproducts on contact with a “bad solvent” (n-
hexane or Et2O). Instead, large crystals of pure 2·2THF (up to
1 mm in size) were grown from an oversaturated THF solution
by repeated heating and cooling cycles.66 Alternatively, the
complex can be purified by short-column chromatography on
silica gel using anhydrous chloroform as eluent. Two additional
solvates were also isolated by recrystallization from toluene
(Supplementary note 1).

Compound 2·2THF crystallizes as square-shaped yellow
blocks belonging to the tetragonal I4̅c2 space group, with half a
titanyl complex in the asymmetric unit. The PWs assemble into
staggered dimers supported by Pt···Pt contacts (Figure 1b),

with the Pt, Ti, and O(oxo) atoms positioned on a 2-fold axis
perpendicular to the tetragonal axis c (Figure 2b). Other
solvates (Supplementary note 1) do not display such a
fortunate arrangement of molecules. The metallophilic Pt···Pt
contact is slightly shorter than found in the vanadyl analogues
(3.08 vs 3.17−3.23 Å),67 while the larger ionic radius of
titanium(IV) vs vanadium(IV) leads to an expanded metal-oxo
separation (1.63 vs 1.58 Å). We note that 1 forms a
monotetrahydrofuran solvate 1·THF (identified by unit cell
check), which is isomorphous to 1·DCM48,65 and contains PW
dimers with a “square” structure supported by two Pt···S
interactions (Figure 1a).68 However, since these dimers
dissociate in organic solutions, as shown by 1H diffusion
ordered spectroscopy (DOSY) (Supplementary note 2, ref 48),
and dimerization is controlled by a shallow energy surface,67

the different structural preferences of Ti and V derivatives are
not critical. Indeed, crystalline phases [Ti1−xVxOPt(SOCPh)4]·
2THF with nominal concentrations x = 0.01 (3·2THF) and
0.10 (4·2THF) isomorphous to the pure titanyl matrix 2·
2THF (Figure 2c) were obtained by cocrystallization of mixed
vanadyl and titanyl PWs from THF. The effective concen-
tration of vanadyl ions was determined by inductively coupled
plasma mass spectrometry (ICP−MS) as x = 0.0068(1) and
0.090(2) for 3·2THF and 4·2THF, respectively.
4·2THF (x = 0.10) already contains magnetically

independent S = 1/2 spins, as shown by the simple
Brillouin-like behavior found in DC magnetic measurements
(Figure S9). Moreover, while crystalline 1·DCM has no
measurable slow magnetic relaxation,48 presumably because of
the sizable intra- and interdimer magnetic coupling, 4·2THF
exhibits a detectable out-of-phase component of the AC
susceptibility, albeit only under a nonzero DC field (H). Its
spin−lattice relaxation time τ(T,H) reaches up to 120 ms at T
= 1.85 K and H = 10 kOe (see Supporting Information,
Figures S10−S13). Much lower doping levels could not be
investigated by DC/AC techniques due to the small spin value
and insufficient sensitivity.
2.2. Magnetic Resonance Results
2.2.1. Single-Frequency Magnetic Resonance. Single-

frequency CW-EPR was preliminarily used to characterize 3·
2THF, which provides an optimal balance between the

Figure 2. (a) Scheme of the synthesis of 2. (b) Packing of 2·2THF
viewed along the c axis, drawn in capped sticks style; the 4-fold axis is
indicated by a red dot. (c) Experimental PXRD patterns of freshly
crystallized samples collected at 298 K (peak intensities were
normalized in counts per second). The black line at the bottom
represents the simulated PXRD pattern of 2·2THF, calculated from its
single-crystal XRD (SXRD) structure collected at 200 K (CCDC
2477890). The peaks marked with asterisks are due to addenda (see
Experimental section).
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electronic phase memory time (Tm) and the intensity of the
spin echo signal. A single crystal was oriented with its
tetragonal c axis aligned with the static magnetic field B0
(Figure 1c) to probe the direction orthogonal to the V−Pt
vector for all molecules (Figures 2b, S14, Supplementary
video).

Scanning the static magnetic field at a fixed probe frequency
(∼7.4 GHz) yielded an eight-line pattern (Figure 3a),

characteristic of the hyperfine interaction between the
electronic (S = 1/2) and nuclear (I = 7/2) 51V spins of
vanadium(IV).48,66,69 The shape of the spectrum confirms no
detectable dimerization or aggregation of vanadyl PWs within
the matrix. Each EPR line has two smaller satellite peaks arising
from the superhyperfine coupling with the I = 1/2 nuclear spin
of 195Pt. This was corroborated by the EasySpin70 fit performed
starting from the spin Hamiltonian parameters found on frozen
solutions (Supplementary note 3).48 The fit, with all other
parameters fixed, gave gx,y = 1.995 and Ax,y = −204.3 MHz; the
negative sign of the hyperfine tensor A was assigned based on
literature works involving VO2+.71−73 A Zeeman diagram
demonstrating the corresponding transitions is shown in
Figure 3b.

The electronic phase memory time of 3·2THF was studied
using Hahn echo sequence at 3 K.74 The echo amplitude decay
shown in Figure 3c was measured for the electronic transition
with the highest absorption (B0 = 255 mT) and was fitted with
a stretched exponential function, eq 1:

= ·A t A t e( ) ( )
t t
T

0

0

m

i
k
jjj y

{
zzz

(1)

where t is the total free precession time (i.e., 2τ), t0 is the
starting time, A(t0) is the amplitude at t0, and β is the
stretching parameter. The fit converged to β = 1.4 and Tm =
2.8 μs, determining the time scale for coherent manipulations
on electronic spins. The stretching parameter value may reflect
the spin diffusion effect caused by the ligand protons and Pt
nuclei near the vanadyl center.75,76

2.2.2. Electron-Nuclear DOuble Resonance (ENDOR).
All ENDOR measurements were performed by means of
Pulsed Mims-ENDOR,59 consisting of three MW π/2 pulses
combined with a single RF π pulse (Figure 4a). The latter

excites a resonant nuclear transition during the electronic free
precession time, causing transfer of polarization to the nuclear
spin, which also affects the amplitude of the electronic spin
echo. This variation in amplitude, recorded as a function of the
RF pulse frequency, is expressed in terms of ENDOR efficiency
(FENDOR), defined by eq 2:

Figure 3. (a) CW-EPR spectrum of 3·2THF measured with a YBCO
coplanar resonator at 3 K (red). The position of the eight absorption
peaks was confirmed by an EasySpin fit (black line). Electronic
transitions are labeled with Roman numerals from low to high field.
The transitions used in this work are indicated with bold text. (b)
Zeeman diagram of the hyperfine electronuclear spin levels of VO2+,
obtained from an EasySpin fit of the CW-EPR spectrum. The spin
levels for molecules containing nonmagnetic Pt isotopes (red) and
195Pt (black) are shown alongside their allowed electronic transitions
(blue and light blue, respectively). (c) Decay of the echo amplitude.
The experimental data (red) are fitted with eq 1 (black).

Figure 4. (a) Mims-ENDOR sequence. The spin echo is monitored at
each RF value (νRF) and plotted as FENDOR. (b) Mims-ENDOR
spectrum taken at 3 K and B0 = 237.7 mT (line I in Figure 3a). (c)
Mims-ENDOR spectrum taken at 3 K and B0 = 255.0 mT (line IV in
Figure 3a). A sketch for the electronic (blue) and nuclear (green)
transitions is shown for (b,c), with calculated nuclear transition
frequencies (black vertical dashed lines) numbered with Arabic
numerals accordingly in each spectrum.
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=F
A A

A2ENDOR
echo
ON

echo
OFF

echo
OFF

(2)

where Aecho
ON and Aecho

OFF are the amplitudes of the spin echo when
the RF pulses are ON or OFF, respectively.12 Peaks in FENDOR
appear when a nuclear resonance is met, allowing for the
location of the nuclear transition positions. For this purpose,
the Davies-ENDOR77 sequence also proved successful and
gave similar results (Figure S18), but at a slightly lower
resolution than Mims-ENDOR.

For B0 fixed at 237.7 mT (line I in Figure 3a), in resonance
with the electronic transition corresponding to mI = −7/2, two
main peaks appear in the Mims-ENDOR spectrum (Figure
4b), as expected from an EPR transition located at the lowest
or the highest resonant magnetic field value,12 which is also
consistent with previously reported ENDOR spectra on
VO2+.73,78 At B0 = 255.0 mT (line IV in Figure 3a), which is
resonant with the electronic transition corresponding to mI =
−1/2, three peaks appear (Figure 4c), with the central one
resulting from two overlaid nuclear transitions close in energy.
The positions of the ENDOR peaks for all nuclear transitions
match well with the energy differences obtained from the
Zeeman diagram of Figure 3b (see also Figure S16, Table S3).
According to additional simulations (Supplementary note 4),
the FENDOR peaks (Figure S17, Table S4) arising from the
superhyperfine splitting with a fraction of magnetic 195Pt are

hidden within the line width of the main 51V peaks in Figure
4b,c. This suggests that, under our experimental conditions,
individual transitions on 195Pt cannot be properly resolved
using the applied MW/RF protocols. Additional Mims-
ENDOR measurements, performed around the 1H resonance
frequency (Figure S15), show the expected behavior also for
this nucleus. Overall, these results show the possibility of
addressing individual 51V nuclear transitions and reading them
out using electronic spin echo.
2.2.3. Storage and Retrieval (SR) of Coherence

between Electronic and Nuclear Spins. SR protocol
consists of a specific set of resonant MW and RF pulses.
Figure 5a outlines the pulse sequence, and Figure 5b illustrates
the evolution (red arrow and circles) of the spin coherence
(represented by the blue or green double arrows) under the
action of the pulses.26,27 Figure 5c gives details on the storage
block.

The SR protocol operates as follows. During the
initialization phase, the first MW π/2 pulse and the following
refocusing MW π pulse generate coherence on the electronic
transition (first blue double arrow). The phase of the first π/2
pulse determines the phase of the output electronic spin
echo.79 Next, in the storage block, two subsequent pulses are
applied to transfer and store the electronic coherence into the
nuclear spins (first linked green and blue double arrows).
Specifically, as shown in Figure 5c, an RF π pulse first inverts
the polarization of the resonant nuclear transitions involving

Figure 5. (a) Sketch of the full multifrequency SR pulse sequence. (b) Sketch of the evolution of coherence (red wavy arrow) during the sequence.
The coherence (double arrow and red circle) generated between the electrons (blue arrows) is transferred to the nuclei (green arrows) and then
retrieved at the end of the sequence. (c) Details of the storage block in (b). Two electronic ms = ± 1/2 levels of 1, and only two of the
corresponding hyperfine-split levels (mI, mI±1) are represented for better clarity. Arrows represent the electronic (blue) and the nuclear (green)
spins at each level. The red wavy arrows represent the coherence between two levels and its evolution under the action of the MW (blue) and RF
(green) π pulses.
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levels mI and mI+1 of the mS = +1/2 manifold. Then, an MW π
pulse inverts the polarization of the mS = ± 1/2 transition at a
fixed mI. After the MW pulse, the coherence involves only the
nuclear mI and mI+1 states in Figure 5c (second green double
arrow in Figure 5b).

At this point, in a different pulse sequence, measuring an
electronic spin echo would yield results similar to those from a
standard ENDOR sequence (i.e., an electronic spin echo
altered by the nuclear polarization transfer, as in Figure S19).
During the nuclear refocus step, an additional RF π pulse can
also be applied at the center of the sequence to maintain the
nuclear coherence. When implementing QIP protocols within
this mixed electronic-nuclear spin approach, this simple pulse
can be replaced with more complex (eventually multi-
frequency) RF pulse sequences.9,49,50

In our experiment, a transfer of coherence (along with its
initial phase) from nuclear back to electronic spins is finally
achieved using a reversed couple of pulses, i.e., an MW π pulse
followed by an RF π pulse (retrieval phase in Figure 5a, second
couple of green and blue double arrows in Figure 5b). The
final refocusing MW π pulse generates an electronic spin echo
used as a readout (last blue double arrow).

Before applying the full SR protocol, we monitored the
amplitude and phase of the electronic spin echo by stepwise
changing the phase of the MW π/2 pulse, θπ/2, of a Hahn echo
sequence (with a fixed interpulse delay τ = 1.8 μs, Figure 6a).79

This provided a reference for the echo quadrature signals
corresponding to the Sx and Sy electronic spin components,
which coherently followed the MW π/2 initialization (Figure
6b). The duration of this purely electronic process is limited by
Tm. In fact, for interpulse delays much longer than Tm, the
echo amplitude drops to zero, and the echo components
cannot be retrieved (see Figure S20).

Then, we tested the full SR sequence on the electronic
transition IV and nuclear transition 1 (Figure 4c) with delays T
= 4 μs, τ1 = τ2 = 1.6 μs (see Figure 6c). Nonsymmetric τ1 and
τ2 can be chosen to avoid the overlap of unwanted echoes with
the measured one. The quadrature signals of the electronic
spin echo (see Figure 6d) match well the behavior of the
reference signal, demonstrating that the spin coherence
survives during the entire protocol (the total free precession
time is ttot = 2τ1 + 2τ2 + T ∼ 10 μs > Tm). Repeating the same
protocol with a longer central delay, T = 10, 30, and 50 μs,
gave similar results (Figures 6e,f, S21). This implies that the
correct behavior of the Sx and Sy electronic spin components is
retrieved after a time ttot much longer than the electronic Tm.
Additional results, obtained by repeating the SR protocol as in
Figure 6f but with all RF pulses turned OFF, showed that the
spin echo components no longer match the behavior of the
reference signal (Figure S20), confirming the key role of the
nuclear spin degrees of freedom in the sequence.

To estimate the efficacy of the SR protocol, we introduced a
fidelity-like parameter, the in-plane f idelity, which quantifies the
deviation of the output echo phase from the input value
(Supplementary note 5). The sustained values of this
parameter across extended storage times confirm that quantum
information can be reliably preserved even over long storage
intervals. Altogether, our findings experimentally support the
potential of joint use of electronic and nuclear states of
molecular systems for QIP.

3. CONCLUSIONS
In this work, we designed a crystalline matrix of the first titanyl
paddlewheel, [TiOPt(SOCPh)4]·2THF, and doped it with
variable molar fractions (0.01, 0.10) of [VOPt(SOCPh)4].
Close molecular similarity leads to homogeneous cocrystalliza-
tion of PWs with the host structure retained across the
examined concentration range. DC/AC magnetic studies
showed independent behavior of S = 1/2 spins at the highest
explored concentration, with the spin-lattice relaxation time
reaching up to 120 ms at T = 1.85 K and H = 10 kOe.

Using a superconducting YBCO coplanar MW resonator,
combined with an RF copper coil and a homemade heterodyne
setup, we performed multifrequency CW-EPR and pulsed
ENDOR spectroscopy on a single crystal of [Ti0.99V0.01OPt-
(SOCPh)4]·2THF oriented to probe all molecules in the
perpendicular direction. Well-resolved CW-EPR spectra
enabled addressing of individual hyperfine lines with MW
pulse sequences. Nuclear spin transitions of 51V were excited
individually through Mims-ENDOR spectroscopy. Finally, the
transfer of phase coherence between electronic and nuclear
spins was tested by performing the SR protocol. Specifically,
the detection of electronic spin echo components, following
multifrequency MW/RF manipulation, demonstrated that

Figure 6. (a) Hahn echo sequence used to obtain the reference
signals for the SR protocol. (b) Echo quadrature signals,
corresponding to the Sx and Sy components of the electronic spin,
measured with the protocol in (a) as a function of the phase of the
first MW π/2 pulse. (c,e) Sketch of the full SR protocol used (see
Figure 5). The delay between the first and the last group of MW
pulses, T, is set to 4 or 10 μs. (d,f) Echo quadrature signals extracted
from the electronic spin echo obtained with the protocol in (c,e) as a
function of θπ/2 for the electronic transition IV (see Figure 3a) and
the nuclear transition 1.
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coherence remains recoverable after a 30 μs free precession
period. These durations are significantly longer than the 2.8 μs
intrinsic electronic Hahn-echo memory time, so the coherence
time increases by more than an order of magnitude compared
to purely electronic storage. Replacing the central refocusing
RF pulse with a pulse train will enable the implementation of
more complex quantum processing algorithms, facilitated by
simplified encoding and readout through electronic spin echo.

The ability to simultaneously control both electronic and
nuclear spin states has already proven crucial for qubit-qudit
coherent manipulation1,22 and quantum sensing.23,80 While
these capabilities have been widely demonstrated in solid-state
platforms,26−28 the next frontier lies in exploiting intrinsic
features of molecular spin centers, which previously relied on
electronic or nuclear spins alone.58,81 In this context, our work
bridges the gap and opens up novel molecular routes for
quantum technologies.

4. EXPERIMENTAL SECTION

4.1. Details on Synthesis
4.1.1. General Methods. All solvents were dried over activated 4

Å molecular sieves except for MeOH (3 Å). DCM, toluene, n-hexane,
and MeOH used for normal operations were not further purified.
Chloroform (containing EtOH as stabilizer) was washed three times
with water, dried over Na2SO4, passed through a short column of
basic alumina, and stored with the addition of amylene. THF was
dried as previously described: first distilled over KOH, then over Na/
benzophenone under a nitrogen atmosphere,82 and stored in a
nitrogen-filled Schlenk vessel. All solvents used for glovebox
operations under nitrogen, including CD2Cl2 (99.8 atom % D),
were degassed by three freeze−pump−thaw cycles. CDCl3 (99.8 atom
% D) was passed through a layer of basic alumina and stored at 4 °C.
The water content in commercial VOSO4·nH2O was determined by
elemental analysis (EA) as n = 3.6. K2PtCl4 was used as received.
NaSOCPh was prepared by reacting HSOCPh (92%, contaminated
with benzoyl disulfide according to 1H NMR) with NaHCO3 in water,
and its purity was checked by 1H NMR in D2O, EA, and IR
spectroscopy. [VOPt(SOCPh)4] (1) was obtained by a known
procedure.48,65 Air-sensitive [TiCl2(acac)2] was prepared following a
literature procedure63 without recrystallization, utilizing standard
Schlenk techniques, and its purity was confirmed by EA and 1H NMR.

EA (CHN) was performed on a ThermoFisher Scientific Flash
2000 analyzer. IR spectra were measured on a Jasco 4700 FT-IR
spectrometer (ATR mode, resolution 1 cm−1). 1H NMR spectra were
acquired at 298 K on ∼10 mM solutions in CD2Cl2 or CDCl3 using a
Bruker Biospin Avance 400 spectrometer. Chemical shifts (δ, ppm)
are referenced to the residual proton resonances of the solvent (1H
CD2Cl2: δ = 5.32; CDCl3: δ = 7.26; 13C CD2Cl2: δ = 54.0; CDCl3: δ
= 77.2)83 or to TMS as an internal standard. 1H DOSY NMR
measurements (Supplementary note 2) were carried out with a
ledbpgp2s sequence (Bruker library) using bipolar gradient pulses.84

The diffusion time (big delta) and the gradient length (small delta)
were tuned to 0.07 s and 900 μs, respectively, using the
monodimensional sequence ledbpgp2s1d (Bruker library). The signal
decay was fitted with a single exponential function using Bruker
Dynamic Center software (version 2.8.3). Diffusion coefficients were
normalized using TMS as an internal reference following the
procedure described by Stalke et al.85 Alternatively, the residual
proton signal of CD2Cl2 was used as a reference for the external
calibration curves (ECCs) developed by Byers et al.86 The absolute
errors on estimated molecular weights were calculated as reported by
Stalke et al., who showed that the uncertainties on ECC’s parameters
largely determine these errors.87 The electronic absorption spectrum
(Figure S7) was collected on a 7.9 × 10−4 M solution in DCM using a
Jasco V-770 UV−vis−NIR spectrometer operating in double-beam
mode (optical path length l = 0.1 cm). The ICP−MS measurements
were conducted with an iCAPTQ spectrometer (Thermo Fisher

Scientific) equipped with an autosampling system for sample
introduction (ESI FAST 2DX) and a microflux (400 μL min−1)
ESI nebulizer (PFA). The analyses were conducted in triple-
quadrupole mode using O2 as the reaction gas. The samples were
digested using HNO3 (65% w/w, Suprapur) and H2O2 (30% w/w)
and diluted using a solution of 2% v/v HNO3 (prepared using
bidistilled water obtained with a Milli-Q IQ 7000 system). Five
analytical measurements were performed for each standard, blank, and
sample. All the samples were measured in duplicate. Sc and Tb
solutions were used as internal standards.
4.1.2. Synthesis of [TiOPt(SOCPh)4] (2). A solution of K2PtCl4

(200.4 mg, 0.4828 mmol) in 5 mL of water was added dropwise to a
solution of NaSOCPh (310.5 mg, 1.935 mmol, 4 equiv) in 20 mL of
water. In the course of 2 h, the color of the reaction mixture changed
from pink to yellow, and some brownish precipitate formed, which
was removed by filtration. [TiCl2(acac)2] (229.0 mg, 0.7224 mmol,
1.5 equiv) was split into three equal portions, and each of them was
treated with a minimal amount of MeOH (1.5−2 mL) before it was
added dropwise to the Pt solution, with an interval of 5 min between
successive portions. The addition of the first portion caused the
immediate precipitation of a yellow powder, which visually thickened,
forming small agglomerates, after the addition of the second portion.
After 30 min, further [TiCl2(acac)2] (150.2 mg, 0.4738 mmol, 1
equiv), split into two equal portions, was added to the reaction
mixture in the same manner. The reaction was allowed to proceed for
2.5 h, after which the precipitate was collected on a G4 filter, washed
extensively with water and 3 mL of MeOH, and dried in a vacuum
oven at 70 °C overnight, yielding 414.6 mg (389.6 mg theoretical
yield) of the raw product. The filtrates, colorless or pale-yellow during
filtration, produce fine precipitates of TiO2/TiO(acac)2/other mixed
species upon standing, and no further product can be collected after
the isolation of the main batch.

Note. The stepwise dosing of prealcoholysed [TiCl2(acac)2] (2.5
equiv, split in five portions) is crucial to maximize the product yield;
the addition of 1−1.5 equiv split into portions of 0.5 equiv each
reduces the yield by 12−20%.

Purification procedure A. The precipitate from the filter was
collected with 20 mL of THF, and the solvent was evaporated. The
solid, consisting of yellow 2 and more-soluble brown byproducts, was
washed with ice-cold THF (3 × 1.5 mL) and dried in vacuo, giving
282.9 mg of crude product. Stepwise crystallization from 2 mL of
THF was carried out in the glovebox by cycling heating to 60 °C and
cooling to room temperature over 2 weeks, with THF changed five
times. The resulting yellow crystalline product was dried in vacuo
(240.5 mg, 0.2679 mmol, 56%). EA for 2·1.25THF (897.80): C
44.15, H 3.37%; found C 43.94, H 3.68%. The content of THF
decreases with grinding or long-term storage.

Purification procedure B. 309.2 mg of the raw product (obtained
using 1.5 equiv of [TiCl2(acac)2]) was subjected to fast chromatog-
raphy on a short silica column (SiO2 chromagel 60 Å, 35−70 μm,
column ⌀ = 1.5 cm, column length = 10 cm), using pure CHCl3 as
eluent. Evaporation of the solvent with subsequent recrystallization
from THF gave 180.4 mg (0.2051 mmol, 42%) of the pure product.
EA for 2·THF (879.77): C 43.69, H 3.21%; found C 43.27, H 3.54%.

1H NMR (400 MHz, CDCl3): δ 8.34 (dd, J = 8.5, 1.2 Hz, 8H, o-
C6H5), 7.64−7.51 (m, 4H, p-C6H5), 7.49−7.33 (m, 8H, m-C6H5). IR
(Figure S6, νm̃ax, cm−1): 1556 m, 1502 s, 1456 m, 1430 m, 1367 w br,
1326 w, 1299 w, 1211 s, 1172 s, 1064 m, 1040 w, 999 w, 958 s, 946 s,
911 m, 862 m, 850 m, 843 m, 820 m, 810 w, 795 w, 771 m, 722 m,
694 m sh, 683 s, 646 m, 615 w, 605 w, 599 w, 580 m, 572 m, 555 w
br, 533 m, 504 s, 494 m sh, 447 w 438 w.

When 2 was recrystallized from toluene in the same way as 1 in ref
67, two solvatomorphic modifications were identified: needle-like 2·
0.5tol, formed in minor amounts above the solution level, and thick
plates of 2·0.75tol (main) under the mother liquor (Supplementary
note 1). The mother liquor was decanted, the crystalline product was
washed with n-hexane (6 × 1 mL) and dried in a vacuum. After
thorough drying, EA finds a reduced toluene content. For 2·0.5tol
(853.73): C 44.32, H 2.83%; found C 44.47, H 2.95%. 1H NMR
(Figure S2, 400 MHz, CD2Cl2): δ 8.30 (dd, J = 8.5, 1.2 Hz, 8H, o-
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C6H5), 7.69−7.52 (m, 4H, p-C6H5), 7.53−7.35 (m, 8H, m-C6H5). 13C
NMR (Figure S3, 101 MHz, CD2Cl2): δ 215.77, 138.65, 134.92,
129.63, 129.11, 128.72.
4.1.3. Solid Dilution Experiments. The crystallizations were

performed in a nitrogen-filled glovebox to avoid trace moisture.
Solutions were handled avoiding the use of metallic tools.

[Ti0.99V0.01OPt(SOCPh)4]·2THF (3·2THF): to 2 (0.04949 mmol)
dissolved in 4 mL of DCM, a 1.53 mM DCM solution of 1 (0.325
mL, 0.497 × 10−3 mmol, nominal 1.00 mol % V) was added. After
evaporation to dryness, 0.7 mL of THF was added, and the crystals
were grown by repeated heating and cooling cycles. 0.68(1) mol % of
V (ICP−MS).

[Ti0.9V0.1OPt(SOCPh)4]·2THF (4·2THF): 2 (0.0640 mmol) and
1 (0.00702 mmol, nominal 9.88 mol % V) were dissolved in 4 mL of
DCM. After evaporation to dryness, 1 mL of THF was added, and the
prominently green crystals were grown by repeated heating and
cooling cycles. 9.0(2) mol % of V (ICP−MS).
4.1.4. X-ray Crystallography. A Bruker-Nonius X8APEX

diffractometer, equipped with a Mo−Kα generator, an area detector,
and a Kryoflex cryostat, was used to collect SXRD data at 200 K on 2·
2THF, and at room temperature on 2·0.5tol and 2·0.75tol (Table S2).
Crystals were immersed in one of the components of an epoxy resin
or in NVH oil (Jena Bioscience) and mounted on a MiTeGen
Microloop or on the flame-sealed tip of a glass capillary. APEX2 v1.0-
22 software was used to collect frames, while data reduction was
performed with SAINT v7.06A program and was followed by scaling
and multiscan absorption correction using SADABS v2.10.88 The
structures were solved and refined following standard procedures
available in WINGX v2020.2 suite89 (SIR92 software90 for direct
methods and SHELXL-2018/3 program91 for full matrix least-squares
refinement on Fo

2). Unless otherwise noted, all non-hydrogen atoms
were treated anisotropically. Isotropic displacement parameters for H
atoms were constrained to U = 1.5Ueq(C) for methyl groups and U =
1.2Ueq(C) for the other H atoms.

In 2·2THF, the disordered S atoms bonded to Pt1 were refined
using a split-atom model (0.75:0.25) with anisotropic displacement
parameters (ADPs) restrained to be similar in the two positions
(SIMU). The THF molecule was refined with 0.75 occupancy and a
common isotropic displacement parameter fixed to 0.12 Å2, and
restrained to approach 2-fold symmetry with similar C−C distances
(SADI). PLATON V-14112392 software found that the unit cell
contains four solvent-accessible voids (175 Å3 each) centered at (0, 0,
1/4) and symmetry equivalent positions. These voids host the largest
electron density residual (1.14 eÅ−3) and presumably contain
disordered and unresolved solvent molecules. Considering the very
low R-indices reached in the refinement, we made no attempt to
model this electron density or to remove its contribution from the
data using the SQUEEZE93 routine. The unit cell contains 8 PW units
and 12 resolvable THF molecules. Assuming that each solvent-
accessible void hosts one additional THF molecule, the THF content
in the unit cell increases to 16 molecules, and the chemical formula is
2·2THF, in agreement with analytical evidence. The compound is
isomorphous to the published THF solvates of [Ni(H2O)Pt-
(SOCPh)4]

94 (CCDC 842003) and [Zn(H2O)Pt(SOCPh)4]
(CCDC 1530244).95 Their room-temperature crystal structures
contain 1.09 and 2 resolvable THF molecules per PW, respectively,
and solvent-accessible voids. The crystalline Ni compound before
desolvation was analyzed as [Ni(H2O)Pt(SOCPh)4]·2THF; the Zn
compound showed lower THF content and was analyzed as a
monotetrahydrofuran solvate. Details on the structure refinement of
2·0.5tol and 2·0.75tol are available in the Supporting Information.

PXRD was carried out at room temperature (298 K) with a
Malvern-Panalytical Empirean MultiCore X-ray powder diffractom-
eter, equipped with an Empirean tube Cu LFF High Resolution (λ =
1.54056 Å) at 40 kV and 40 mA, and with a capillary spinner sample
stage rotating during the measurement (to reduce the impact of
preferred orientation of the crystallites). Each sample for PXRD
analysis was prepared from freshly crystallized material stored in the
mother liquor. Crystals were ground under the solution and filled into
a Kapton capillary, which was then sealed with epoxy glue, following

the method of Von Dreele.96 Data collection was performed in the
range 2θ = 3−50° in steps of 0.013°. In Figure 2c, the 2θ-shift of
calculated peak positions for 2·2THF (+0.10° at 2θ = 6.48°; +0.30° at
2θ = 30.1°) is due to low-temperature lattice contraction. The peaks
marked with asterisks are due to the Teflon membrane used to pack
the sample inside the Kapton capillary. Powder patterns were
simulated with Mercury 2025.2.097 using a full-width-at-half-
maximum of 0.1° in 2θ.
4.1.5. Multifrequency EPR/ENDOR Setup. A superconducting

Yttrium Barium Copper Oxide (YBCO) coplanar resonator with a
resonant frequency of ∼7.4 GHz was used to deliver the MW pulses
addressing the electronic spins, as detailed in refs 36 and 52. A single
crystal of 3·2THF with a typical size of 0.5 × 0.5 × 0.1 mm was placed
at the center of the resonator to maximize its coupling with BMW, as in
Figures 1c and S14b. A cylindrical copper broadband RF coil,
terminated with a 50 Ω resistive impedance matching load, was placed
on top of the resonator and used to deliver the RF pulses in the 0−
150 MHz frequency range. The resonator was kept at 3 K using a
Quantum Design Physical Properties Measurement System (QD
PPMS), and all experiments reported in this work were carried out at
this temperature. Both MW and RF pulses were generated at room
temperature and synchronized using different channels of an Arbitrary
Waveform Generator. The channel used for RF pulses was first
amplified with a 100 W RF power amplifier and then routed toward
the RF coil, while the generation of the MW pulses and the detection
of the amplitude and phase of the electronic spin echo were
performed with a homemade heterodyne setup.36

The duration of the MW pulses was calibrated in preliminary
experiments by optimizing the echo obtained in a two-MW pulse
experiment, as previously reported in refs 36 and 52. The RF pulses
were calibrated using the ENDOR sequence shown in Figure 4a and
by determining the RF pulse duration having the strongest effect on
the spin echo amplitude (Figure S23).
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