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ABSTRACT: Sulfur-rich molecular complexes of dithiolene-like ligands are
appealing candidates as molecular spin qubits because spin coherence properties
are enhanced in hydrogen-free environments. Herein, we employ the hydrogen-
free mononegative 1,3,2-dithiazole-4-thione-5-thiolate (dttt−) ligand as an
alternative to common dinegative dithiolate ligands. We report the first synthesis
and structural characterization of its Cu2+, Ni2+, and Pt2+ neutral complexes. The
XPS analysis of thermal deposition of [Cu(dttt)2] in UHV conditions indicates
that films of intact molecules can be deposited on surfaces by sublimation. Thanks
to a combined approach employing DC magnetometry and DFT calculations, we
highlighted AF exchange interactions of 108 cm−1 and 36 cm−1 attributed to the
two different polymorph phases. These couplings are exclusively mediated by S···S VdW interactions, which are facilitated by the
absence of counterions and made particularly efficient by the diffuse electron density on S atoms. Furthermore, the spin dynamics of
solid-state magnetically diluted samples was investigated. The longest observed Tm is 2.3 μs at 30 K, which significantly diverges
from the predicted Tm > 100 μs. These results point to the diluting matrix severely affecting the coherence lifetime of Cu2+ species
via different factors, such as the contributions of neighboring 14N nuclei and the formation of radical impurities in a non-completely
controllable way. However, the ease of processing [Cu(dttt)2] via thermal sublimation can allow dispersion in matrices better suited
for coherent spin manipulation of isolated molecules and the realization of AF-coupled VdW structures on surfaces.
KEYWORDS: molecular qubits, coherent spins, electron-spin resonance, magnetometry, UHV deposition, XPS spectroscopy,
DFT calculations

■ INTRODUCTION
Electron-spin-based quantum bits, or qubits, are promising
platforms for implementing quantum technologies.1−3 For
instance, they offer the possibility of using multiple electronic
and nuclear energy levels to embed logical qubits within a
single object, namely, qudits, which is not trivial with other
architectures.4−6 These additional levels can be used to encode
quantum error correction algorithms and improve perform-
ances.7,8 The molecular approach allows for finely tuning the
chemical and physical properties of the systems thanks to a
targeted design.9,10 The rational chemical design also allows
engineering qubit−qubit interactions used to operate quantum
logic gates.11−13

In contrast, spin defects in inorganic lattices1 are superior in
coherence times when hosted in nuclear spin-free matrices
such as 28Si enriched crystals.14−16 However, long coherence
times (Tm) approaching the millisecond have also been
observed for specifically tailored molecular complexes. This
required removing the most active nuclear spins not only from
the first-coordination sphere of the central ion but also from
the ligand scaffold and the matrix.17−22

Sulfur-rich vanadium(IV) and copper(II) complexes based
on dithiolene ligands are currently state-of-the-art in the
molecular-spin qubits scenario.17,18,23 One of the main
drawbacks of employing dithiolene complexes is that they
are not neutral. This feature compels to use of deuterated
counterions to avoid the decoherence induced by hydrogen
nuclear spins of protic cations24−26 and makes the realization
of nanostructures on surfaces by vacuum methods very
difficult. On the contrary, neutral and sublimable molecular
qubits27,28 are particularly appealing for deposition on solid
surfaces. This is a prerequisite for single spin addressing and
manipulation through microwave pulses coupled with electric
detection in STM-based nanojunctions.29−33
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Dithiolene-based complexes can be electrochemically
oxidized to achieve neutral derivatives.34,35 However, such an
approach can hardly be employed to obtain the corresponding
crystals of diamagnetic metal complexes hosting paramagnetic
impurities, as requested for pulsed EPR investigations of the
spin dynamics. To solve this issue, we propose here an unusual
mononegatively charged sulfur-rich ligand, i.e., the hydrogen-
free ligand 1,3,2-dithiazole-4-thione-5-thiolate, dttt− hereafter
(Figure 1),36 to obtain the new copper(II) complex [Cu-
(dttt)2] (1) as a potential molecular qubit. [Cu(dttt)2]
perfectly fulfills three of the essential requirements stated
above for a “good” qubit: (i) the presence of a nuclear spin-
depleted environment with only weakly coupled 14N magnetic
nuclei; (ii) the neutrality of the resulting metal complex; and
(iii) good thermal stability, which is mandatory for physical
vapor deposition experiments. Furthermore, we employed the
dttt− ligand to synthesize two new diamagnetic complexes, i.e.,
[Ni(dttt)2] (2) and [Pt(dttt)2] (3), to be used as diamagnetic
host matrices. To our knowledge, this work is the second
report on this ligand36 and the first one on the corresponding
M2+ complexes.
Here, we report on the structural investigation of the

[Cu(dttt)2] compound in the bulk phase and as a thin-film
deposit obtained by thermal sublimation. We employed a
combined experimental and theoretical approach to investigate
and rationalize the static magnetic properties of the pure
phases and the spin dynamics of diamagnetically diluted
samples. The concentrated [Cu(dttt)2] compound is charac-
terized by antiferromagnetic (AF) exchange interactions of the
order of 100 cm−1 along the one-dimensional network of
sulfur−sulfur van der Waals (VdW) interactions, in excellent
agreement with DFT predictions.

■ RESULTS AND DISCUSSION

Synthetic Strategy

The synthesis of the 1,3,2-dithiazole-4-thione-5-thiolate ligand,
as a tetrabutylammonium (TBA) salt, was performed by the
multistep procedure reported in Figure 1 under strict moisture-
and oxygen-free conditions. The few literature reports
employed gaseous chlorine to obtain the precursor (1,3,2-
dithiazolium-4,5-dichloride) and, finally, the 1,3,2-dithiazolium
hydrochloride salt.36−38 However, in our approach, the
dangerous chemical Cl2 can be avoided as the closing of the
heterocycle and the double bond formation is favored by the
larger conjugation achieved.39 Detailed experimental proce-
dures are reported in the Supporting Information (SI) together
with the spectroscopic characterization.

Metal complexes of dttt− can be easily obtained by reacting
stoichiometric amounts of the ligand and the metal-salt
precursor in a polar solvent (e.g., MeOH, CH3CN, acetone,
and pyridine).
We found that metal complexes of M2+ = Cu2+, Ni2+, and

Pt2+ ions (compounds 1 = [Cu(dttt)2], 2 = [Ni(dttt)2], and 3
= [Pt(dttt)2]) are highly insoluble in organic solvents and not
stable in organic and inorganic acids. As highlighted in the
following sections, the poor solubility of this class of
compounds can be correlated to their high density and strong
intermolecular interactions. It follows that obtaining micro-
crystalline powders and single crystals suitable for structure
determination is particularly challenging since products readily
precipitate from polar solvents where TBAdttt is soluble.
Nevertheless, microcrystalline powders of 1 and 2 containing
good quality single crystals were obtained by very slow
diffusion (≈2 weeks) of a MeOH solution of metal chloride
salts within a pyridine solution of the ligand (see Section S1.1
of the SI). The same strategy was employed to obtain a
crystalline 0.2% doped sample of 1 in 2, i.e., 20.2%. It was
impossible to obtain single crystals of 3 using this or similar
strategies.
Conversely, nanocrystalline or amorphous powders were

obtained by employing different techniques, e.g., by reacting
the ligand and metal salts in MeOH (see Section S1.1 of the
SI). We mostly used this faster synthetic method since it led to
very pure products with high yields. For clarity, we will refer to
the set of M2+ complexes by the faster reaction in MeOH as
1*, 2*, 2*0.2%, 2*0.07%, 3*, and 3*0.1%.
The obtained compounds were characterized by FT-IR

spectroscopy (Figure S1) and elemental analysis, while the
copper concentration in doped samples was confirmed by ICP-
AES analysis. In addition, the thermal stability of 1 was
investigated by thermogravimetric analysis (TGA). The
obtained results (Figure S2) show remarkable stability up to
250 °C.
Surface Deposition and XPS Analysis

A 20 nm thick deposit of 1 (1-Film hereafter) was obtained by
thermal sublimation in UHV conditions on a pristine Kapton
film, according to the procedure reported in Methods. The
chemical composition of 1-Film was probed by X-ray
photoelectron spectroscopy (XPS) and compared with a
reference bulk sample of 1 (1-Bulk hereafter, see Methods).
Figure 2 shows the two most significant regions of interest of
the XPS spectra collected on 1-Film and 1-Bulk, i.e., the Cu 2p
(left column) and S 2p (right column) core-level regions. The
N 1s region is reported in Figure S3 of the SI, while the C 1s
region was omitted due to contamination by air exposure. The

Figure 1. Optimized synthesis and resonance structures of TBAdttt. Only one of the symmetric resonance hybrids is reported.
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comparison between the spectral features of the two samples
confirms that 1 can be deposited by thermal sublimation.
The Cu 2p XPS region (Figure 2a,c) shows two main peaks

at 932.2 and 952.0 eV ascribed to the Cu 2p3/2 and Cu 2p1/2
spin−orbit components, respectively.40 The fitted peak
positions are in close agreement with those observed for the
CuS4 coordination environment and indicate the +2 oxidation
state of the metal ion.41 The peaks at 940.5 and 943.4 eV are
attributed to shake-up components characteristic of the
presence of Cu2+ ions.42 In the S 2p region (Figure 2b,d),
the spectra reveal two equally intense contributions matching
the stoichiometry of different S species of the ligand (i.e., S−N

and S−Cu moieties, in Table S1). Each of them is
characterized by two spin-orbit coupled components, i.e., S
2p3/2 (S−N: 163.5 eV and S−Cu: 160.9 eV) and S 2p1/2 (S−
N: 164.6 eV and S−Cu: 162.0 eV). The S−Cu contributions
fall at lower energy with respect to the S−N ones due to the
negative charge localized on the sulfur atoms (vide inf ra).43,44

Additional weak signals are found at higher BE. These
impurities amount to less than 8% of the total S 2p signal
and can be ascribed to oxidized S species arising from air
exposure.45−47 The core-level XPS N 1s region is reported in
Figure S3. The region is characterized by two components at
397.8 eV and 400.2 eV ascribed to the N−S moiety and shake-
up components, respectively.48−50 In 1-Film, the latter is not
detectable because it overlaps with the Kapton nitrogen atom
signal at 397.9 eV due to the inhomogeneous coverage of the
substrate.51,52 The semiquantitative elemental analysis of the
XPS data on the two samples shows remarkable agreement
between the expected and the experimental S/Cu ratios and
pinpoints the molecular integrity preservation after sublimation
(see Table S1I).
Structural Characterization

Crystalline samples of 1 and 2 suitable for single-crystal X-ray
diffraction were obtained following the above-described
synthesis. We observed that these systems are characterized
by polymorphism even within the same batch.
Two distinct phases of 1 were successfully isolated as needle-

and plate-shaped single crystals. The needle-shaped ones
turned out to diffract best: they belong to the C2/c space
group (n. 15, see Table S2 of the SI) with four molecules per
unit cell (Figure S4). The asymmetric unit is formed by half
Cu2+ ion, sitting on the inversion center, and one ligand
molecule (Figure 3a). The ligand presents C1−C2 mean
distance of 1.43 Å and C1−S1 and C2−S2 mean distances of
1.70 Å and 1.69 Å, respectively. Such bond lengths are in close
agreement with those of dinegatively charged dithiolate copper
complexes, e.g., with 1,3-dithiole-2-thione-4,5-dithiolate (dtt2−)
and maleonitriledithiolate (mnt2−) ligands.17,53,54 It follows
that the character of the C1−C2 bond is close to a C�C

Figure 2. Cu 2p and S 2p regions of XPS spectra of 1-Film on Kapton
(a, b) and 1-Bulk (c, d). The additional minor contributions at 940.2
and 942.2 eV in panels (a and c) account for the non-monochromatic
X-ray source used for the experiments.

Figure 3. (a) Molecular structure of 1. Atoms are reported as thermal ellipsoids at a 50% probability level. (b) View along with the perpendicular to
the crystallographic direction [11̅0] of 1 (C2/c). Other molecules are omitted for clarity. (c) View along with the perpendicular to the crystallographic
direction [1̅01] of 1 (C2/c). Other molecules are omitted for clarity. (d) Molecular structure of 2. Color code: C = gray; N = blue; S = yellow; Cu = orange;
and Ni = aquamarine. Short intermolecular contacts and magnetic exchange pathways are indicated by d and J, respectively.
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double bond, while C−S bonds are pretty similar to single σ-
bonds. Thus, the two symmetric resonance hybrids (Figure 1),
with two negative charges on S atoms and a positive charge in
the dithiazole unit, are the most representative ones.
The Cu−S average distance (2.30 Å) and the pseudo-planar

geometry, with a slight displacement of the ligands planes of
0.61 Å (Figure S5), are in line with previously reported
dithiolate complexes.35,53,55

The flat molecular units form high-density crystals and tend
to pile on parallel planes forming chain-like structures. The
shortest Cu−Cu distance (4.15 Å) is observed between
symmetry-related but magnetically nonequivalent molecules
along the c crystallographic axis (Figure S4). The donor S
atoms of neighboring molecules occupy the axial position of a
strongly elongated octahedron (Figure S6) with the Cu···S′
distance d1 = 3.32 Å (cyan dashed lines in Figure 3b). The
peculiar stacking properties of these molecules result in a high
density, similar to porphyrazine-based systems.56

It is further possible to identify a chain-like structure
between molecular units lying on the same crystallographic
plane, which can interact through S···S VdW interactions. Iso-
oriented molecules form chains along the b crystallographic
axis. Here, the mean Cu−Cu distance is 8.44 Å, larger than
that observed in the chains along the c-axis. The shortest S···S
distance among adjacent units is between S3···S2′ atoms, i.e.,
d2 = 3.37 Å (blue dashed lines in Figure 3c), with coordinated
S atoms having S1···S2′ contact at 3.89 Å (green dashed lines
in Figure 3c). Secondary VdW interactions exist between S3···
S3′ atoms of neighboring units placed at d3 = 3.60 Å and S4···
N1′ at d3′ = 2.95 Å (red dashed lines in Figure 2c). These
interactions lead to a 2D planar structure.
A second family of crystals, plate-shaped and smaller than

needle-shaped ones, was also identified in the same batch.
Because of their poor crystallinity, we could not obtain an X-
ray structure of this polymorph suitable for deposition in the
CCDC. However, it was possible to determine its space group
and general features (Figures S7 and S8 and Table S2), which
will be discussed briefly below. These crystals belong to the
P21/n space group (n. 14), with two molecules per unit cell
and the asymmetric unit comprising half of the molecule.
These features provide two families of magnetically non-
equivalent units reported by the C2 screw axes. Thus, the
molecular structure does not evidence any significant variations
compared to the polymorph described above. Unlike the
previous case, however, molecular units grow on stacked planes
forming a 1D chain of iso-oriented molecules. The shortest
Cu···Cu′ distance between neighboring units of one chain is
3.87 Å, and the smallest intermolecular Cu···S′ distance is d1 =
3.34 Å (Figures S8a,S8b ). Secondary 1D chains are present
even in this case, but the units are not coplanar. As highlighted
in Figure S8b, two sets of short S−S distances can be
identified, i.e., d2 = 3.51 Å and d3 = 3.58 Å. Finally, we note
that the two phases also occur in microcrystalline samples, as
evident by comparing simulated and experimental PXRD
patterns collected on 1 (Figure S10).
In analogy with the second phase of 1, the best quality

crystals of 2 present a plate-like shape. 2 crystallizes in the P21/
n space group (No. 14, see Table S2) with two molecules per
unit cell (Figure S9) and is isomorphous with the P21/n phase
of 1. The general features are also preserved: half Ni ion and a
ligand molecule form the asymmetric unit. Molecular units of 2
present a flat and regular square-planar coordination geometry
with an average Ni−S distance of 2.165 Å (Figure 3d).

Even microcrystalline powders of 2 present at least two
distinct phases, as highlighted by comparing the experimental
PXRD pattern to the one simulated from the P21/n structure
(Figure S11). It was not possible to isolate crystals of the
second phase suitable for X-ray structural determination, but
the similarities among PXRD patterns of 1* and 2* (Figure
S12) suggest that the second phase structure of 2 resembles
that of 1 when crystallizing in the C2/c space group.
Magnetism
The observed organization of molecular units in 1 might lead
to strong intermolecular magnetic interactions, which
prompted us to use direct current (DC) magnetometry to
investigate its static magnetic properties. The measurements
were performed on the microcrystalline powder sample of 1,
which contains the two different polymorphs. The χT vs T plot
reported in Figure S14 reveals that χT approaches zero as the
temperature decreases. This behavior highlights the presence
of intermolecular antiferromagnetic (AF) exchange interac-
tions. Similar considerations can be drawn by considering that
the measured high-field M value at T = 2 K (Figure S15) is far
below the value of 1 μB expected for an ensemble of uncoupled
S = 1/2 centers.57 Additionally, the M vs BT−1 curves
measured at T = 2, 4, and 8 K are not superimposable (Figure
S15).
The plot of χ vs T is more informative, revealing a broad

maximum at about 35 K (Figure 4). In the low-temperature

range (2−10 K), the χ vs T curve shows the typical diverging
tail due to paramagnetic impurities within an AF-coupled
matrix. This contribution can be associated with defects within
the crystal lattice (e.g., chain truncation).
The absence of a transition to magnetic order suggests that

the AF interaction is mainly confined in a 1D structure, where
only short-range order can occur. We modeled the
experimental χ vs T curve using the Bonner−Fisher model
developed for chains of isotropically coupled S = 1/2
centers57,58 and considering the presence of two crystalline
phases

Figure 4. Temperature dependence of the magnetic susceptibility (χ)
of 1. The best-fit obtained using the Bonner−Fisher model (eq S1) is
reported as a continuous line. The three contributions χCurie, χ1BF, and
χ2BF in eq 1 are reported as dashed lines. The asterisk highlights an
anomaly due to residual O2 impurity within the measurement
chamber.
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= + +a a b a b(1 ) (1 )(1 )Curie
1
BF

2
BF

(1)

Here, the first term aχCurie accounts for the contribution of an S
= 1/2 Curie’s paramagnet, and the terms (1 − a)bχ1BF and (1 −
a)(1 − b)χ2

BF account for the temperature-dependent
susceptibility of AF 1D spin chains (see eq S1) in the two
crystalline forms. The a and b parameters are scale factors
introduced to weigh the different contributions to the total
χ(T). All the χ terms were computed by keeping the g value
fixed to 2.054, obtained by averaging the principal values of the
g-tensor extracted from the CW−EPR spectra (vide inf ra). The
best-fit values of isotropic exchange constants (Ĥ = J∑Si·Si+1)
are J =108(6) cm−1 and J′ = 36(1) cm−1. Here, J and J′ refer to
the coupling in the two crystalline phases contributing similarly
to the susceptibility (b = 0.49(3)), in agreement with the
PXRD pattern in Figure S10 of the SI. The extracted value of a
= 1.11(1) × 10−2 indicates a very small abundance of the
paramagnetic impurity.
Based on the structural features presented before, different

pathways for magnetic interactions can be identified in both
crystallographic phases: (i) intermolecular Cu···S−Cu short
contacts (J1 in Figures 3b and S8 for the C2/c and P21/n
systems, respectively); (ii) intermolecular Cu−S···S−Cu
contacts (J2 in Figures 3c and S8); (iii) intermolecular Cu−
S···S(dithiazole) contact (J3 in Figures 3c and S8).
To solve this ambiguity and identify the pathway responsible

for the extremely efficient coupling, we performed DFT
calculations. We started from experimental crystallographic
data within the broken symmetry approach (see Methods) on
both structures obtained for 1. Although path (i) presents the
shortest Cu−Cu distance, only small ferromagnetic couplings
were calculated, −3.6 and −1.3 cm−1 for the C2/c and P21/n
structures, respectively. AF interactions of the same order of
magnitude were also found for path (iii), with values of 2 cm−1

(C2/c) and 1 cm−1 (P21/n). On the other hand, stronger AF
interactions were computed for path (ii), with values of 82.1
and 32.7 cm−1 for the C2/c and P21/n structures, respectively.
These values are in good agreement with the experimental

results and allow us to attribute the best-fit parameters J = 108
cm−1 and J′ = 36 cm−1 to the crystal phases C2/c and P21/n,
respectively. The magnitude of the two couplings is remarkably
large for intermolecular interactions mediated by VdW forces.
This finding can be rationalized considering that the SOMO of
1 is a dx

2
−y

2 orbital with antibonding character and electron
density partially delocalized on the sulfur ligands. Indeed, the
computed Löwdin spin density on each sulfur atom is 0.12
unpaired electrons (see Figure 5a). In the case of the short
contact described as (ii), interacting molecules are coplanar
and parallel, with the Cu−S···S−Cu atoms lying almost on a
straight line. Such a conformation maximizes the overlap
among the dx

2
−y

2 magnetic orbitals of 1 through the sulfur
atoms, which interact through the diffuse 3px/y components
(see Figure 5b). The unrestricted corresponding orbitals
(UCO) for the broken symmetry solution clearly show a
delocalization of one unpaired electron from one copper ion to
the other, corresponding to another dx

2
−y

2 orbital, which
implies an AF interaction (see Figure S17). The variation in
computed J magnitude from 82.1 to 32.7 cm−1 arises from the
more pronounced deviation from coplanarity in the P21/n
structure compared to C2/c. Such a deviation leads to different
distances among the S2 atoms, from 3.89 Å in the C2/c
structure to 4.24 Å in P21/n one.

dx
2
−y

2

It is worth stressing that the absence of counterions favors
this close arrangement of the molecular units inside the crystal.
Interestingly, a comparable VdW-mediated AF interaction, J ≈
100 cm−1, was reported for a neutral tetrathiafulvalenedithio-
late copper(II) complex obtained by electrocrystallization.35

EPR Spectroscopy and Spin Dynamics
Continuous wave electron paramagnetic resonance (CW−
EPR) spectroscopy was also used to probe the static magnetic
properties of 1. X-band (νMW ≈ 9.4 GHz) CW−EPR spectra of
a powder sample of 1 at variable temperatures are reported in
Figure 6a. The observed spectrum is typical of a square-planar
Cu2+ ion, with axial anisotropy of the electron g factor and g∥ >
g⊥> ge. The temperature dependence of the spectral intensity
was analyzed by double integration of the experimental spectra.
The results show a maximum at 30 K, in accordance with
magnetic data (Figure S18). The experimental spectra were
simulated using an anisotropic Zeeman spin Hamiltonian for
an S = 1/2 (see Figure S19 and Section S.7.1). The best-
simulation parameters (Table S3, Figure S20) quantitatively
confirmed a marked variation in the line broadening as T
decreases, even highlighting a correspondence between the
minimum of linewidth and the maximum of integral values.
The observed line broadening could hint at the occurrence of
3D ordering at low T. Such a transition is not detectable in the
magnetic measurements, where the low susceptibility of the
chain is overwhelmed by the paramagnetic impurities (Figure
4).
We also successfully recorded an EPR signal at T = 30 K

(i.e., in correspondence to the χ maximum) on 1-Film (Figure
S21 of SI). Here, the signal intensity is markedly reduced by
the low number of spins (≈ 3.4 × 1014 spins, according to the
molecular density of 1 in the C2/c phase), close to the
sensitivity limit.59 The similarity of the spectra, though
significantly broader in 1-Film, confirm that the molecular
integrity and magnetic properties are maintained even on the
surface.
X-band CW-EPR experiments on solid magnetic dilutions

20.2% and 2*0.2% (see PXRD patterns in Figure S12) were
performed (see Methods). The comparison of the two spectra

Figure 5. Graphical representation of calculation outcomes on dimer
models of 1 for the most efficient exchange coupling pathway. (a)
Computed atomic Löwdin spin density. (b) DFT computed spin-up
magnetic orbital (isosurface value set to 0.03 e−/ao3). Color code: C =
gray; N = blue; S = yellow; and Cu = orange.
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(Figure S22) revealed a better-resolved structure for 2*0.2%,
whose spectrum at T = 30 K is reported in Figure 6b. It reveals
the typical hyperfine features of CuS4 systems in a distorted
square-planar geometry,60 where the splitting of the lines is due
to the two I = 3/2 Cu isotopes (63Cu, I = 3/2, natural
abundance, NA = 69.17%; 65Cu, I = 3/2, NA = 30.83%). Q-
band (νMW ≈ 34 GHz) CW (Figure 6b) and echo-detected
field swept (EDFS) EPR spectra (Figure S23) were then
recorded. These show a better-resolved spectral structure in
agreement with the X-band data. Experimental spectra were
simulated61 by employing the following spin Hamiltonian

= · · + · · + + · ·B g S I A S I I A SH ( )Cu N N N
S B (2)

where μB is the Bohr magneton, B is the applied magnetic field,
I and S are the nuclear and electron-spin operators for the
Cu2+ ion, respectively, ACu is the hyperfine coupling tensor,
and AN is the hyperfine coupling tensor accounting for the
interaction between the metal ion and the two equivalent 14N
nuclear spins. The set of best parameters extracted from our
computer simulation of X- and Q-band spectra is reported in
Tables 1 and S4. The relatively small gz and CuAz values

compared to oxo-Cu complexes62 are indicative of the
delocalization from the dx

2
−y

2 orbital of copper onto the sulfur
p-orbital.63 This concurs with the small distortion of the first-
coordination sphere discussed above (see the Structural
Characterization section ) to the slight rhombicity of the Cu
magnetic tensors. Moreover, the gz/CuAz ratio agrees with that
observed in other CuS4 systems with a square-planar geometry
and axial symmetry (see Figure S24).60,64

In order to map the degree of delocalization of the wave
function, HYSCORE experiments were performed at X-band
and different magnetic field settings to determine the hyperfine
coupling interaction with the two distal 14N nuclei (Figure S27,
Table S6). The HYSCORE spectrum of 2*0.2% collected at a
magnetic field corresponding to the mI = −3/2 EPR transition
(306.7 mT) is reported in Figure 6c. The spectrum is
characterized by a series of cross-peaks in both quadrants
(Figure S27b), assigned to the hyperfine interaction of the
unpaired electron with two equivalent 14N nuclei (I = 1). The
most intense cross-peaks are centered at about (2.8, 5.6) MHz
and (5.6, 2.8) MHz. An equivalent pair of cross-peaks is
observed as a mirror image in the (+, −) quadrant. These
peaks are assigned to the double-quantum (dq) nuclear
frequencies (ΔmI = 2) arising from the hyperfine interaction
of the unpaired electron with a single 14N nucleus. In addition,
lower intensity cross-peaks are observed in both quadrants at
approximately |(2,8, 11.2)|, |(11.2, 2.8)| MHz and in the (+,+)
quadrant at (5.6, 11.2) and (11.2, 5.6) MHz. These transitions
correspond to combinations of the form (νβ

dq, 2να
dq) and

(2νβ
dq, να

dq), which can only be observed if two equivalent I =
1 nuclei (i.e., two equivalent 14N nuclei) are coupled to the
electron spin. This assignment is corroborated by computer
simulations performed at different magnetic field settings,
which provide the full nitrogen hyperfine and quadrupole
tensors (see Section S.7.3).
The spin Hamiltonian parameters were also computed by

DFT on the X-ray-derived geometry of the isolated molecule.
The agreement with the simulated g-tensor and Cu hyperfine
coupling constants (see Table 1) is excellent. Discrepancies are
found for the nitrogen hyperfine coupling tensor. Although the
largest computed hyperfine component (−2.01 MHz) is
consistent with the absolute value determined from HYS-
CORE (3 MHz), the isotropic contact contribution (−0.42
MHz) is significantly smaller compared to the experimental
one (2.7 MHz). The significant role played by intermolecular

Figure 6. (a) X-band CW-EPR spectra collected at different temperatures on a powder sample of 1. Spectra are rescaled by considering the mw
power and receiver gain levels. (b) Plot of experimental and simulated X- and Q-band spectra of 20.2%. Simulated spectra are reported as solid red
lines. The asterisk around 1.21 T highlights the presence of paramagnetic impurities dispersed within the batch. (c) X-band HYSCORE spectrum
collected on 2*0.2% at 306.7 mT. Simulated curves are reported as red traces.

Table 1. Best-Fit Parameters Extracted from the X- and Q-
Band CW Spectra Simulations of 2*0.2%a

computed experimental

gx 2.0266 2.0213(3)
gy 2.0291 2.0246(6)
gz 2.1025 2.1015(1)
CuAx

b −83 112(2)
CuAy

b −84 115(2)
CuAz

b −531 496(3)
NAx

b −0.08 3.0(5)
NAy

b 0.85 2.6(5)
NAz

b −2.01 2.6(5)

aValues of NAx, NAy, and NAz were extracted from X-band HYSCORE
experiments on the same sample by adopting an axial approximation.
Spectra simulations were performed assuming the same reference
frame for g, ACu, and AN. The computed tensors are consistently
almost collinear, with largest Euler angle ≃ 10° (reference frame: z
perpendicular to the CuS4 plane and x along the Cu-N direction).
bHyperfine tensor components are given in MHz, and only their
absolute value is experimentally determined.
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interactions due to the close packing might reduce the
accuracy of the isolated molecule model employed in our
calculations.
Inversion recovery and echo decay experiments were

performed at Q-band frequency and B = 1.20 T (correspond-
ing to the maximum in the EDFS spectrum) to obtain
information on the temperature dependence of the spin-lattice
relaxation time T1 and the coherence time Tm, respectively.
The obtained echo traces (Figure S28) are fitted with a
stretched exponential model,65 and the extracted Tm and T1
values are reported in Figure 7a (values are reported in Table

S7) as a function of temperature. The temperature dependence
of T1 follows the trend expected for an S = 1/2 system.21,66,67

Below T = 10 K, T1 is only weakly temperature dependent,
suggesting a dominant direct relaxation process. Above 10 K,
the temperature dependence T is markedly increased, leading
to a fast drop in relaxation times. This behavior can be
correlated to the activation of some vibrational modes that lead
to a second-order (Raman) relaxation process. The exper-
imental results are indeed perfectly reproduced through the fit
implemented with the model in eq 3.68

= +T a ae
(e 1)

e
(e 1)

E k T

E k T

k T

k T1
1

dir

( / )

( / ) Ram

( / )

( / ) 2

B

B

B

B (3)

where the first term models the direct process (here, ΔE = 1.1
cm−1 is fixed to the Zeeman splitting), and the second
accounts for the Raman process promoted by an optical mode
of frequency ℏω = 54(10) cm−1. The two terms are rescaled by
two weight constants adir = 2.9(5) × 10−8 Hz and aRam =
3.0(8) × 10−5 Hz, respectively. All the extracted values are
comparable to those observed in other rigid heterocyclic Cu2+
complexes.21 The Tm values show an almost temperature-
independent trend up to 100 K. The highest value of Tm = 2.32
μs is observed at 30 K, which gradually decreases below 1 μs at
the highest measured temperature. This is analogous to what
has been previously observed in other solid dilutions of Cu2+
complexes.21,69,70

The measured Tm value deserves some comment. The loss
of phase memory in solid samples stems from stochastic
processes producing relaxation in the spin system. All the
relaxation mechanisms are due to the time fluctuations of the
magnetic parameters, such as the hyperfine or electron−
electron dipolar interactions. The time modulations of dipolar
interactions result from the motions of the paramagnet in the
solid matrix (modifying the dipolar tensors) and from the
flipping of the spins (reversing the sign of the dipolar
interaction).71

In the present case, a source of dephasing can be the
presence of hyperfine interactions with 14N (I = 1) nuclei.
Their effect on Tm can be estimated by an analytical model
which makes use of the experimentally determined hyperfine
coupling constants (Table 1).22,67,72 Neglecting the hyperfine
interaction with neighboring molecules (see Methods), the
resulting Tm value obtained by this model is 324 μs. This value
exceeds the experimentally measured Tm by ca. two orders of
magnitude. The experimental Tm values are also significantly
shorter than those observed for [Cu(mnt)2]2−,17 for which the
Cu−N hyperfine dipolar coupling was considered irrelevant,
while they are comparable to those reported for porphyrin and
porphyrazine ligands exhibiting Cu−N coupling constants of
about 50 MHz.21,67 This inconsistency suggests that other
sources of decoherence are present.
We, therefore, consider the effect of the electron−electron

dipolar interaction, which depends on the distances between
electron spins and, consequently, on their local concentration.
Spin flips due to stochastic T1 or T2 relaxation processes are
intrinsically present and produce the spin diffusion phenom-
enon. However, spin flips can also be artificially produced by
the microwave pulses themselves, and their effect, in this case,
is called instantaneous diffusion.73 An estimate of the “true”
Tm* (spin diffusion) can thus be obtained if the contribution
of instantaneous diffusion to the spin dephasing rate, 1/Tm, is
assessed. To achieve this, we measured coherence times as a
function of the refocusing pulse turning angle, θ, by varying the
applied microwave power (see Figure 7b and Section
S.7.5).71,74 The so-determined phase memory times (Tm*)
for 2*0.2% are only about two times longer than the Tm values
obtained via standard echo decay measurements (Figure S29),
indicating a weak effect of instantaneous diffusion. By
considering the crystallographic structure of 2 and the 0.2%
Cu doping level, a concentration of ≈ 7.6 × 1018 spins/cm3 is
derived. Assuming a random distribution (consistent with the
small instantaneous diffusion effect), a mean spin−spin
distance of ∼5 nm is extracted, corresponding to a dipolar
coupling frequency of 0.4 MHz and an upper Tm limit of ∼ 2.5
μs. The modest increase in Tm by suppressing spin−spin

Figure 7. (a) Temperature dependence of T1 and Tm on solid doped
samples 2*0.2% and 3*0.1% extracted from Q-band inversion recovery
and Hahn-echo experiments at B = 1.20 T. The fit of the T1 trend is
reported as a solid line. Error bars are within the size of the symbols.
(b) Dephasing rate values 1/Tm of 2*0.2% and 2*0.07% at 30 K as a
function of ⟨sin2 θ⟩ determined at 345.1 mT and X-band frequency.
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instantaneous diffusion suggests that additional decoherence
mechanisms are active.
To increase the mean spin−spin distance and reduce spin

flip-induced decoherence, we hence extended the investigation
to a 0.07% doped sample, 2*0.07% (PXRD reported in Figure
S12 of the SI). However, we find that increasing the Cu
dilution makes the contribution of the paramagnetic impurities
more relevant, further complicating the EPR spectrum and Tm
determination. The dominant paramagnetic impurity formed
during the synthesis was characterized by recording T1-filtered
spectra (see Section S7.2.2, Figures S25−S26, and Table S5).
Tm measured as a function of the refocusing pulse angle is
reported in Figure 7b, while the temperature dependence is
reported in Figure S29. The results indicate that no
improvement is achieved by increasing the dilution.
Changing the diamagnetic host from Ni to Pt in 3*0.1% to

avoid spurious EPR silent S = 1 species formed by the axial
coordination of the Ni ions did not improve the coherence
properties (see Figure 7). In addition, the investigation of
more crystalline 20.2% revealed similar Tm values (Figure S23),
suggesting that the amorphous character of 2*0.2% is irrelevant.
This thorough analysis shows that several factors intrinsically
linked to the nature of the diluting matrix, such as the
contributions of neighboring 14N nuclei and the formation of
radical impurities, limit the coherence lifetime of diluted Cu2+
species in this system. Nevertheless, the possibility of coherent
manipulation of spins in 2*0.2% is demonstrated by the
detection of the linear dependence of Rabi oscillation
frequencies (ΩR) on the B1 microwave field (Figure 8 and
Methods)

Furthermore, the thermal stability and sublimation proper-
ties of 1 can be exploited to obtain isolated Cu2+ sites in
different matrixes or on a surface, thus circumventing the
matrix limitations.

■ CONCLUSIONS
In summary, by employing the almost unexplored hydrogen-
free dttt− ligand, we successfully synthesized and characterized
for the first time three neutral M2+ complexes and validated
their suitability for surface deposition experiments through
thermal sublimation in UHV conditions by XPS, hence
identifying a promising new example of a processable qubit.
Thanks to the diffuse electron density on the sulfur atoms

and the absence of the counterion, the concentrated phase of
the copper derivative exhibits AF exchange interactions
reaching 100 cm−1 between VdW interacting molecules.
DFT calculations allowed the identification of the exchange
pathway and the rationalization of the significant differences
between the investigated polymorphs. By combining the
peculiar magnetic properties of 1 with its excellent
processability by the vapor phase, the system can be employed
for different applications based on nanostructured surfaces, e.g.,
for developing spintronic devices based on AF-coupled 2D
molecular materials. In this respect, new experiments aimed at
investigating the patterning and magnetic properties of 1 once
deposited on surfaces are currently on the way.
On the other hand, the availability of the diamagnetic Ni and

Pt analogues allowed us to investigate the coherent spin
dynamics of diluted samples. The predicted Tm should exceed
100 μs and outperform the dithiolene complex (P(d5-
Ph)4)[Cu(mnt)2], which holds the record Tm for molecular
spin qubits in the crystalline phase.17 However, the same
factors that favor strong exchange coupling interactions in such
planar and conjugated structures (stacking and VdW
interactions) reduce the solubility of this family of compounds
almost to zero. Therefore, fine control of the homogeneity of
solid dilutions is prohibitive and poorly reproducible. As a
result, the obtained doped samples are characterized by
coherence properties that do not reach the expected values
of hundreds of μs. Additional contributions to decoherence
might arise from the nuclear nitrogens bath and radical
impurities present in the diamagnetic hosts. Nonetheless, the
ease of processability via thermal sublimation might be used to
disperse 1 in more suitable matrices. The flat structure makes 1
an ideal candidate for single-spin experiments of coherent
manipulation through combined EPR-STM approaches.30−32

■ METHODS

Film Preparation
The film preparation of 1 on Kapton was carried out under UHV
conditions (≈7 × 10−8 mbar) in a custom sublimation chamber. 1
powders were heated by the Joule effect in a quartz crucible using a
tungsten filament, and a thermocouple in direct contact with the
crucible was used to monitor the temperature. The powders were
preliminarily degassed at 150 °C in UHV for 24 h. During deposition,
the crucible was heated up to the sublimation temperature of about
200 °C. Before starting the deposition, the 20 nm thick deposit was
calibrated by monitoring the molecular flux by a quartz microbalance
(QCM). The QCM and the Kapton substrate were positioned at
about 5 cm from the quartz crucible. The Kapton substrate was
employed as pristine, and its surface was not treated with chemicals.

XPS Analysis
X-ray photoelectron spectroscopy (XPS) was carried out in a UHV
chamber with a base pressure lower than 10−9 mbar. The chamber
was equipped with nonmonochromatized Al Kα radiation (hυ =
1486.6 eV) and a hemispherical electron/ion energy analyzer (VSW
mounting a 16-channel detector). During operation, the X-ray source
was set at 12 kV and 11 mA, and photoelectrons were collected

Figure 8. Rabi oscillations at different attenuation values of pulses
collected from nutation experiments on 2*0.2%. In the top right corner,
Fourier transform (FT) of nutation experiments. In the bottom right
corner, the FT maxima coordinate (ΩR) plotted as a function of the
B1 relative intensity. A dashed line is added to highlight the linear
trend.
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normally to the sample surface, maintaining the angle between the
analyzer and X-ray source fixed at 54.5°. XPS spectra were acquired by
a fixed analyzer transmission mode with a pass energy of 44.0 eV. The
components of the XPS spectra were analyzed by the CasaXPS
software. A Shirley function was used to fit the background, and the
components were fitted by a combination of Gaussian and Lorentzian
functions (60:40). All spectra were calibrated according to the
adventitious carbon signal at 284.5 eV, as reported in the literature.75

The semiquantitative elemental analysis was performed by employing
the cross-section values extracted from the literature76 and removing
the carbon contribution that was affected by air contamination during
sample manipulation.

Single-Crystal X-ray Characterizations
Single-crystal X-ray diffraction experiments were performed on a
Bruker Kappa APEX-II DUO diffractometer using both Cu Kα (λ =
1.542 Å) and Mo Kα radiations (λ = 0.7107 Å). The crystal was kept
at 100.0 K during data collection. The structures were solved
employing the Olex2 software package77 by the intrinsic phasing
method (SHELXT).78 The refinement was carried out using a full
matrix least-squares minimization method (SHELXL package).79 All
non-H atoms were refined with anisotropic displacement parameters.
The graphical material was prepared using Mercury CSD 2022.2.0
(copyright CCDC, http://www.ccdc.cam.ac.uk/mercury/).80 A sum-
mary of the crystallographic data and the structure refinement for
compounds 1 and 2 are reported in Table S2.

Complete crystallographic data for the solved structures have been
deposited in the Cambridge Crystallographic Data Centre with
CCDC numbers 2220029 (1) and 2220030 (2), respectively.

Magnetic Measurements
Direct current magnetic measurements were performed in the T range
2−300 K (B = 0.1 T) or in the B range 0−5 T (T = 2, 4, 8 K) using a
quantum design magnetic properties measuring system (QD-MPMS)
equipped with a superconductive quantum interference device
(SQUID). Magnetization data were corrected for the sample holders
previously measured using the same conditions and for the
diamagnetic contributions as deduced by using Pascal’s constant
tables.81

Theoretical Calculations Details
All the calculations were performed with the ORCA 5.0.2 quantum
chemistry package.82 The X-ray structure of 1 and 2 were employed
without any further geometry optimization. The intermolecular
exchange interaction was computed in dimer models. The models
were made using two molecular units extracted from the crystal
structure. The PBE0 hybrid exchange-correlation functional was
chosen.83 The basis set def2-TZVPP was employed for all atoms.84

The broken symmetry (BS) approach was used to extract the
magnetic-coupling constants.85 Single-point calculations on both the
triplet and the broken symmetry state were performed. Hence, within
the Heisenberg Hamiltonian HHDVV = J S1·S2, the value of the
exchange constant was computed within the following formula

=J E E S S( )/(2 )HS BS 1 2

where HS is the triplet (S = 1) and BS is the broken symmetry state.
The use of Yamaguchi’s expression provides the same results (J = 81.8
cm−1 and J′ = 32.7 cm−1).86

The calculation of single-ion spin Hamiltonian parameters, i.e., g-
tensor and hyperfine coupling, was performed at the DFT level of
theory with the PBE0 functional on the single-molecule X-ray
structure of 1. The Aug-cc-pVTZ-J basis set has been employed.87

The RIJCOSX approximation was applied with the default grid
integration accuracy as implemented in ORCA.88

The coherence times at the single-molecule level have been
estimated using the calculated and experimental values of the
hyperfine coupling constants. The nitrogen’s nuclei contributions to
the coherence time have been computed on the basis of previous
works.22,67,89 Within this approach, Tm = Δ/(En)2, where En is the
nuclear contribution to the echo linewidth and Δ is the value of the

gap between the two qubit states (33.3 GHz here). En can be
computed within the following formula

= +
E

I I( ) ( 1)
3n

k

k k k2
2

(4)

where ωk is the difference between the interaction of the electronic
spin with the kth active nuclear spin when the electronic spin is in two
different states.
Electron Paramagnetic Resonance Spectroscopy
CW X-band EPR spectra of all samples were recorded on a Bruker
Elexsys E500 spectrometer equipped with an SHQ cavity (ν = 9.43
GHz). Low-temperature measurements were obtained using an
Oxford Instruments ESR900 continuous-flow helium cryostat. Thick
film measurements were performed using a goniometer equipped with
a plastic crystal holder. The residual signal of the crystal holder was
collected in the same experimental conditions and subtracted from
that of the molecular film.

Pulse EPR measurements at X- (9.73 GHz) and Q-band
(33.8GHz) frequencies were collected on a Bruker ElexSys E580
spectrometer equipped with dielectric ring resonators (EN 4118X-
MD4 and EN 5107D2) housed in an Oxford Instruments cryostat CF
935.

Tm measurements were performed using a two-pulse Hahn spin
echo sequence, π /2−τ−π−τ−echo, and varying the interpulse delay τ
from an initial value of 120 ns with time increments of 8 ns for 821
points; the π/2 and π lengths were set to 16 and 32 ns, respectively.
Tm measurements employing different turning angles were imple-
mented by adjusting the microwave attenuation without changing the
pulse timings.

T1 measurements were performed through the inversion recovery
pulse sequence, π−T−π /2−τ−π−τ−echo, where the interpulse delay
T has an initial value of 1000 ns, π/2 and π have a length of 16 and 32
ns, respectively, and τ is fixed to 400 ns. The time increments of T
and the shot repetition rate were adjusted at each temperature.

Rabi oscillations were collected using the pulse sequence, πRABI−
T−π /2−τ−π−τ−echo, where the πRABI pulse was incremented from
2 to 3196 ns in steps of 4 ns (800 points), π/2 and π had a length 16
and 32 ns, respectively, and τ was fixed at 400 ns. Experiments were
performed at T = 80 K, while the microwave amplifier attenuation was
varied in steps of 3 dB, from 0 to 9 dB. The experimental time traces
were baseline corrected with a zeroth order polynomial and Fourier
transformed to yield the characteristic Rabi frequency.

X-band hyperfine sublevel correlation (HYSCORE) experiments
were performed with the pulse sequence π/2−τ−π/2−t1−π-−t2−π/
2−τ−echo, applying a four-step phase cycle for deleting unwanted
echoes.90 Pulse lengths of tπ/2 = 16 ns and tπ = 16 ns and a shot
repetition rate of 0.5 kHz were used. The increment of the time
intervals t1 and t2 was 20 ns, starting from 100 ns with a data matrix of
170 × 170; the pulse delay τ value was set to 140 ns. The time traces
of HYSCORE spectra were baseline-corrected with a third-order
polynomial, apodized with a hamming window, and zero-filled to
2048 points. After the 2D Fourier transformation, the absolute-value
spectra were calculated.

All the EPR spectra were simulated by using the Easyspin package
(version 6.0.0 dev 26).61
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The Supporting Information is available free of charge at
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Additional information about synthesis, materials, and
methods; UV−vis, TGA, FT-IR, XPS, and PXRD
results; additional information about the crystallographic
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JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00121
JACS Au 2023, 3, 1250−1262

1258

http://www.ccdc.cam.ac.uk/mercury/
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00121/suppl_file/au3c00121_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00121?goto=supporting-info
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


additional information about EPR spectra simulations;
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