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We report here the synthesis of a new meso—-meso (m-m) singly linked vanadyl—porphyrin dimer that

crystallizes in two different pseudo-polymorphs. The single crystal continuous-wave electron

paramagnetic resonance investigation evidences a small but crucial isotropic exchange interaction, J,
between the two tilted, and thus distinguishable, spin centers of the order of 1072 cm™ The

experimental and DFT studies evidence a correlation between J values and porphyrin plane tilting angle
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Accepted 13th November 2022 and distortion. Pulsed EPR analysis shows that the two vanadyl dimers maintain the coherence time of
the monomer. With the obtained spin Hamiltonian parameters, we identify suitable transitions that could

DOI: 10.1035/d25c04969d be used as computational basis states. Our results, coupled with the evaporability of porphyrin systems,
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Introduction

A qubit is a quantum object suitable to define a superposition
state in which the information is encoded.' For a physical
system to act as a qubit, its coherence time T, (i.e., the lifetime
of its superposition state) must be long enough to allow
manipulability.> For this reason, electron or nuclear spins,
either as solid-state systems® or quantum dots,* are appealing
platforms for encoding qubits.»* More recently, electron spin-
based molecular qubits gained interest in this field because of
the chemical tunability of their properties.®” In these systems,
magnetic exchange interaction between spin centers, either
dipolar or isotropic, is crucial to establish the entanglement
condition needed for implementing quantum logic gates.
However, for this aim, the interqubit interaction should be
finely tuned to avoid a strong-exchange regime®® thus main-
taining the individual addressability of each qubit.

Various molecular systems have been investigated and
proposed as multi-qubit platforms.®** Here, addressability has
been achieved through two different molecular design
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establish this class of dimers as extremely promising for quantum information processing applications.

strategies: (i) inclusion of paramagnetic centers with different
electronic and magnetic properties (e.g., two different Landé
factors, g);>'**** (ii) inclusion of the same paramagnetic moiety
characterized by significant magnetic anisotropy and different
orientation in space." Most of these systems were also designed
to minimize the hyperfine interactions detrimental to Th,.

In the quest for molecular systems acting as potential qubits,
our groups mainly focused on VYO metal complexes, which
show good coherence times and can be operated as a nuclear
qubit with an electronic spin ancilla.>'® More recently, dinu-
clear V'VO-based complexes with weakly coupled electron spins
were proposed as an electron-mediated nuclear quantum
simulator."”'®* However, these complexes were of no use as
quantum logic gates since the two VYO ions were iso-oriented
and thus not singly addressable. To harness the potential of
VO dimers as potential quantum gates, it is crucial to intro-
duce a tilting angle between two interacting spins.

Singly-linked porphyrin dimers are appealing candidates to
solve this issue since the two macrocycle units adopt a tilted
geometry imparting different orientations to the two spin
centers."”® Furthermore, their marked thermal stability and
excellent deposition properties on various metal and semi-
conducting surfaces**> make them interesting for engi-
neering prototypical devices. However, little is still known about
the magnetic interactions in paramagnetic porphyrin
dimers.**** Osuka and coworkers investigated the isotropic
exchange interaction in meso-meso (m-m) singly linked, m-f B-m
doubly linked, and B-B m-m B-P triply linked Cu™ and Ag"
porphyrin dimers.** They found that the magnitude of the
antiferromagnetic superexchange interaction between the spins
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increases by three orders of magnitude for - linked systems,
compared to m-m linked systems, because of the larger conju-
gation between the two quasi coplanar porphyrin rings. In
agreement with this, an ELDOR-detected NMR study revealed
very weak exchange interactions compatible with a dipolar
origin in m-m singly linked Cu™ complexes vs. a significant
exchange interaction for the triply linked analog.”® A very recent
report on triply linked vanadyl dimers*® suggests two orders of
magnitude reduction of the exchange interaction compared to
Cu" dimers,? as expected for the different symmetry of the
magnetic orbital.

Following these results, we decided to synthesize and
investigate a novel m-m linked bis vanadyl 5,10,15-triphe-
nylporphyrin ([VO(TrPP)],) to combine the interesting magnetic
properties of porphyrins with the good coherence times char-
acteristic of their vanadyl complexes.**'® Since porphyrin units
in m-m linked porphyrin dimers are tilted to each other, they
might also be singly addressable by exploiting the large
anisotropy of hyperfine coupling in vanadyl complexes.
Angular-dependent continuous-wave electron paramagnetic
resonance (CW EPR) measurements were performed on
oriented single crystals along with CW and pulsed X- (ca. 9 GHz)
and Q-band (ca. 34 GHz) EPR experiments on frozen solutions.
Our experimental investigation indicates that [VO(TrPP)],
maintains a coherence time comparable to its monomer
building block while showing an exchange interaction compa-
rable to that of triply linked species.* The presence of a non-
negligible magnetic exchange is a counterintuitive result that
we rationalized by DFT calculations. The latter suggest that
optimal coupling between distinguishable vanadyl qubits can
be achieved. Combined with the evaporability of porphyrin
systems, these results establish this class of dimers as extremely
promising for quantum information processing applications.

Results and discussion
Synthesis

Compound [VO(TrPP)] was synthesized by a slight modification
of a previously reported procedure.’ The reaction of the free
H,TrPP ligand with the vanadyl precursor [VO(acac),] (acac =
acetylacetonate) was conducted in phenol (PhOH) as reported in

a)

L
0’ o [VO(acac),]

PhOH
() B

O
A
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Scheme 1a. The dimer [VO(TtPP)], was then obtained by per-
forming an oxidative coupling reaction on [VO(TrPP)], in
analogy to literature reports for other metal derivatives.”
Among the different strategies reported in the literature to
obtain m-m linked metal porphyrin complexes,***® the use of
(bis(trifluoroacetoxy)iodo)benzene (PIFA) as an oxidative
coupling reagent recently turned out to be a good alternative to
commonly used Ag" hexafluorophosphate (AgPFg),2* Sc™ triflate
(Sc(OTf);),° and Au™ chloride/Ag" triflate (AuCl,/AgOT)
mixtures.** Indeed, the PIFA reactant is cheaper and, being
metal-free, it does not interfere in the magnetic characterization
of the final product. Previous studies showed that PIFA leads to
highly selective reactions characterized by almost quantitative
yields in the case of the reaction of Zn" and Ni" porphyrin
dimers.>” The reaction reported in Scheme 1b was then con-
ducted in dry CH,Cl, under an inert atmosphere by adding
PIFA. The exact stoichiometric amount of PIFA added during
the reaction turned out to be crucial for the efficiency and
overall yield of the reaction. The use of 2 eq. of PIFA and 40’
reaction time at room temperature gave the desired porphyrin
dimer in almost quantitative yields.

Structural characterization

Details of the X-ray diffractometry characterization on single
crystals of [VO(TrPP)] and [VO(TtPP)], are reported in the ESL.T
Needle-shaped X-ray quality crystals of the monomeric unit
[VO(TtPP)] (Fig. S1f) were grown by slow evaporation of
a CH,Cl,/CH;CN (98 : 2) solution. This system crystallizes in the
P2,/c space group (no. 14) with two pairs of centrosymmetrically
related molecules per unit cell (Fig. S1 and Table S1t). The
asymmetric unit is a single [VO(TrPP)] molecular complex, in
which V"V presents a square pyramidal coordination geometry
comprising the four porphyrin N atoms and the apical O atom
of the V=0 moiety. To better characterize the porphyrin plane
distortion modes, the normal-coordinate structure decomposi-
tion (NSD) tool was used.*>** As evidenced in Fig. S1,} the
porphyrin ring assumes a distorted ruffle shape,**** B,,. This
ruffle shape distortion differs from the planar structure of some
m- and P substituted vanadyl-porphyrin complexes.'***” On
the other hand, the distance of the V atom from the plane
individuated by the four N atoms, 0.51 A, is the same as that

Scheme1l Sketch of the reaction strategies to obtain [VO(TrPP)] (a) and [VO(TrPP)], (b). (a) in PhOH, 165 °C, Ny, 12 h; (b) anhydrous CH,Cl,, —78 °
C to room temperature, N, 40 min. The ellipsoids on the porphyrin rings highlight the carbons where oxidative coupling reactions are possible in

B (orange) and m (blue) positions.
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observed in tetraphenyl derivatives.”® The mean V-N and V-O
distances of 2.06 A and 1.58 A are comparable with those
observed in similar vanadyl complexes, while the shortest
intermolecular VO-VO distance is 9.42 A. This is about 1.2 A
shorter than in the tetraphenyl analogous, as expected for the
reduced hindering. The dimeric compound [VO(TtPP)], is
highly soluble in various solvents, including acetonitrile, ethers,
and toluene. Single crystals of [VO(TrPP)], suitable for X-ray
measurements were obtained using two strategies involving
toluene as crystallization solvent. Prism-shaped red to violet
crystals were grown by very slow evaporation (~1 month) of
a toluene solution dispersed in Sephadex® gel. In this case, the
dimer (hereafter, m-[VO(TtPP)],, Fig. 1b) crystallizes in the
monoclinic C2/c space group (no. 15), with three crystallization
toluene molecules per dimer molecule. The molecular structure
is composed by two [VO(TrPP)] units, symmetry-related by the
C, axis (Fig. 1a). The asymmetric unit is thus composed of half
a dimer unit, one disordered toluene molecule, and half of
a disordered toluene molecule lying in a special position
(Fig. 1b and S37). The dihedral angle 6, formed by the planes
passing through C1-C2-C2’ and C2-C2'-C3’ (see Fig. 1a) at the
porphyrin ring, is about 69° (Fig. 1b). The molecular structure
presents an intrinsic disorder of the vanadyl moieties below and
above the porphyrin planes, not observed for [VO(TrPP)], with
occupancy factors of 85 : 15 (Fig. S21). The 01-V1-V1'-01' tilting
angle, 6, is ca. 64° (red dashed line in Fig. 1b). The intra-
molecular VO-VO distance is of 8.37 A, while the minimum
intermolecular VO-VO distance of 9.70 A is found between
parallel molecules on adjacent layers (Fig. S3 left, ESIt). The
porphyrin molecules in m-[VO(TrPP)], are not aligned to any
crystallographic axes.

As a second crystallization strategy, X-ray quality crystals of
[VO(TrPP)], were grown by very slow evaporation of a toluene/
acetone (95 : 5) solution. These crystals were similar in shape,
size, and color to those grown in toluene, but the system crys-
tallized in the acentric orthorhombic Ccc2 (no. 37) space group
without cocrystallized solvent molecules (hereafter o-
[VO(TrPP)],, Fig. 1c and S4%). Even in this case, the asymmetric
unit is composed of one vanadyl-porphyrin unit, and the dimer

View Article Online
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is generated by the C, axis parallel to ¢ and perpendicular to the
C2-C2’ meso-bridging bond. The structure presents solvent-
accessible voids of about 302 A® along the ¢ crystallographic
direction (Fig. S5, ESI). The absence of significative residual
electron density suggests an intrinsic porous nature of the
material. The molecules are oriented with the C2-C2’ bridging
bond direction along the crystallographic b axis (Fig. S4, ESIT).
An intrinsic disorder in the VO center is also observed in this
case, with estimated occupancy factors of 75 : 25. The tilting of
the two porphyrin moieties is higher in o-[VO(TtPP)],, as indi-
cated by both # and 6 angles, of about 77° and 72°, respectively.
On the other hand, the first coordination sphere does not
present any major difference with respect to m-[VO(TrPP)],, and
the intramolecular VO-VO distance (8.37 A) is also comparable.
The closest intermolecular contact for the o-[VO(TrPP)], is
instead shorter than in the previous case, with an average
distance of 7.78 A considering the VO disorder (Fig. S3, right,
ESIf). The shorter distance can be related to the absence of
crystallization solvent molecules in o-[VO(TrPP)],.

The dominant distortion mode in both porphyrin dimers is
the saddle distortion B,,, also found in other A;B type
porphyrins.***° The average dihedral angle among the pyrrole
planes is 7.41° for o{VO(TrPP)],, while it is 4.36° for m-
[VO(TtPP)],, indicating a larger deviation from planarity and
a higher degree of distortion in the solvent-free crystal structure
0-[VO(TrPP)], than in m-[VO(TtPP)],.

The observation of tilting angles significantly different from
90° is not unprecedented in linked porphyrins. At least two re-
ported structures of pentacoordinated Zn"-porphyrin dimers,
including bulky #-Bu groups on peripheral positions, are char-
acterized by a dihedral angle of about 72°.*»** The dihedral
angle, however, cannot be directly correlated to the coordina-
tion number of the central ion since at least one previous result
reports a pentacoordinated Zn" system showing a dihedral
angle of about 90°.*

EPR experiments

We investigated the electronic structure and magnetic interac-
tions in both [VO(TrPP)] and [VO(TrPP)], compounds by using

Fig.1 (a) Molecular structure of [VO(TrPP)], with labeled atoms. The local xyz (not shown for clarity's sake) and x'y'z’ reference frames are those
diagonalizing g- and A-tensors of the two vanadyl moieties. Primed labels indicate atoms related to non-primed ones by the C, symmetry axis
bisecting the m—m bond. (b and c) View along the m—m bond of the m-[VO(TrPP)], and o-[VO(TrPP)], molecules. The dihedral angle, 6, between
the porphyrin planes and the torsion angle, ¢, between the vanadyl moieties’ directions are highlighted by red dashed lines; atoms in (b and c) are
represented as thermal ellipsoids at 50% probability level. Color code: C = gray; N = blue; V = green; O = red. Only the majority configuration of

the V=0 groups is reported. H-atoms are omitted for clarity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) X-band (v = 9.40 GHz) CW-EPR spectra of [VO(TrPP)] and [VO(TrPP)]; in frozen toluene solution (T = 30 K) together with their best

simulations obtained using spin Hamiltonian parameters reported in Table 1. (b) Q-band (v = 33.8 GHz) ESE-EPR spectra of [VO(TrPP)] and
[VO(TrPP)]; in frozen — toluene/CH,Cl, 1: 1 solution (T = 5 K). The arrows indicate the magnetic field settings at which pulse EPR experiments
were performed. The asterisk indicates the signal of background impurities. (c) Temperature dependence of T; (open symbols) and T, (full
symbols) for [VO(TrPP)] (circles) and [VO(TrPP)], (triangles) measured at 1214 mT at Q-band frequency in a 0.5 mM frozen dg-toluene solution.
Error bars are within the size of the symbols. The continuous lines represent the best fit curves obtained using model and parameters reported in

the text and ESL}

EPR spectroscopy. The low temperature (T = 30 K) CW-EPR X-
band spectrum of a frozen 1 mM solution of the monomer
[VO(TrPP)] is shown in Fig. 2a (black trace), while the Q-band (v
= 33.8 GHz) Electron Spin Echo (ESE) detected EPR spectrum,
corresponding to the absorption spectrum, is shown in Fig. 2b
(black trace). Both spectra show the characteristic EPR powder
pattern due to the anisotropic hyperfine coupling of the electron
spin to the I = 7/2 nuclear spin of >'V. Spectral simulations,
shown in Fig. 2a and b, were performed based on the following
Hamiltonian:**

Hyocrwey = upB-g-S + S-A-T 1)
assuming collinear and axial g and A4 tensors, indicating, within
the spectral resolution, a local C, symmetry. The spin-
Hamiltonian parameters extracted from the simulations of the
spectra recorded at the two frequencies are listed in Table 1 and

Table 1 Spin-Hamiltonian parameters for [VO(TrPP)] and [VO(TrPP)],
obtained from the simulation of frozen solution and single crystal
experimental EPR spectra. For the simulation of the frozen solution
spectra, a VO-VO tilting angle 6 = 64°, corresponding to the mono-
clinic structure, has been considered

Simulation Single crystal Frozen solution
parameters [VO(TrPP)]  [VO(TrPP)]» [VO(TrPP)],
2 1.985 (1) 1.985 1.985
ey 1.962 (1) 1.962 1.962
A, (MHz) 168 (2) 168 168
A, (MHz) 480 (2) 480 480
/] (em™ 1.0(5) x 107*(m-)  >1.0 x 102
5(1) x 1072 (o0-)
D(ecm™) [2.8,-5.6,2.8] 107

64 | Chem. Sci, 2023, 14, 61-69

closely match those already reported in the literature for [VO]**
porphyrins consistently with a magnetic d,, vanadium orbital."
The X-band CW-EPR spectrum of the [VO(TrPP)], dimer (blue
trace in Fig. 2a), recorded under the same conditions, shows
a complex hyperfine pattern, incompatible with two identical,
non-interacting [VO(TrPP)] units, thereby indicating the pres-
ence of magnetic interactions between the two VO units.

The same complex spectral profile is observed in Q-band
ESE-EPR experiments (blue trace in Fig. 2b) and suggests that
the two vanadyl units in [VO(TrPP)], are coupled through an
exchange interaction smaller than the microwave quantum of
energy (hv = 0.3 cm ™" for X-band). Under these circumstances,
magnetic coupling of the two S = 1/2 electron spins results in
four states, which are neither pure “triplet” nor pure “singlet”,
leading to 4(2I; + 1)(2I, + 1) = 256 AM; = 1 allowed EPR tran-
sitions, where I; = I, = 7/2 are the nuclear spin quantum
numbers of the two coupled *'V nuclei.*” In the case of
arandomly oriented sample (frozen solution), the spectrum will
contain overlapping peaks from those orientations corre-
sponding to dB/df = 0 or dB/d¢ = 0. Such conditions occur along
principal directions, although extra peaks may occur at other
orientations (off-axis turning points),* leading to the intricate
spectral pattern reported in Fig. 2a and b. Single crystal CW-EPR
experiments were performed to simplify the problem and
determine the spin-Hamiltonian parameters for the coupled
dimers. Studies on oriented single crystals of coupled porphy-
rins were never reported before, despite their capability to
characterize weak magnetic interactions. The angular depen-
dence of the EPR spectra on both the m-[VO(TrPP)], and o-
[VO(TrPP)], crystals was studied by performing crystal rotations
along three orthogonal directions (Fig. 3). For the monoclinic
case, the rotations were performed along the crystallographic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Room temperature angular-dependent CW EPR X-band spectra of (a) m-[VO(TrPP)I, and (b) o-[VO(TrPP)], for crystal rotations around
three orthogonal axes. For both panels, the upper row shows the 2D experimental EPR contour plots for the three rotations, acquired with a 3°
step; the lower row shows representative EPR spectra (black lines) for the three rotations — from 0° to 180° every 15° — together with the best
spectral simulations (red lines) obtained by using |J| = 0.01 (0.005) cm™ and |J| = 0.05 (0.01) cm™ for (a) and (b), respectively. Experimental

frequency: 9.40 GHz for (a), 9.87 GHz for (b).

b axis (Rotation 1) and two orthogonal axes (Rotations 2 and 3)
in the ac* plane, clockwise tilted by 14° with respect to the @ and
c* axes (Fig. S7t). For the orthorhombic crystal, the rotations
were performed along directions collinear to the crystallo-
graphic a (Rotation 2), b (Rotation 1), and ¢ (Rotation 3) axes.

The experimental EPR spectra of the two forms are charac-
terized by a different linewidth, most likely attributable to
different intermolecular through-space dipolar coupling in the
two crystals. The spectra were simulated based on the spin
Hamiltonian shown in eqn (2):

Z,uBB gV s 4 Z(

i=1,1' i=1,1'

AN Vi
vompp) AT+ S -J-S)

(2)

This includes the Zeeman and hyperfine interaction terms
for both VO porphyrin units (first and second term) and an
interaction term described by a general matrix J,* which
comprises the isotropic component J of the exchange interac-
tion and a through-space dipolar coupling D (eqn (3)):

J+ Dy 0 0
J=JI+D= 0 J+ Dy 0 3)
0 0 J+ Dy,

Intramolecular dipolar interaction was fixed at the value
calculated by point-dipole approximation (see Table 1). The
antisymmetric and the anisotropic exchange contribution to the
J matrix were neglected since both are expected to be negligible
due to the small orbital contribution of vanadyl ions.*”

Based on the results of the crystallographic study, two
different tilting angles between the magnetic tensors of the two
VO units were considered for m-[VO(TtPP)], and o-[VO(TrPP)],,
of 64° and 72° respectively. The molecular reference framework

© 2023 The Author(s). Published by the Royal Society of Chemistry

that we adopted for the simulation has the Z-axis parallel to the
C, axis of the molecule, the Y-axis parallel to the m-m bond
direction, and the X-axis perpendicular to these two directions.
The principal values of the g and A tensors of the two vanadyl
centers were kept fixed to the values obtained by the best
simulation of the [VO(TrPP)] monomer, with their local z
direction oriented along the V=0 bond. Intermolecular
through-space dipolar interactions were included as a broad-
ening of the linewidth. Specifically, we used a peak-to-peak
Lorentzian linewidth of 8 mT for m{VO(TtPP)], and 13 mT for
0-[VO(TrPP)],, which highlights a stronger dipolar interaction
in the latter, consistent with the shorter intermolecular
distance. In Fig. S8 and S9,T we survey simulated EPR spectra
for the two crystals to assess the effect of |J| magnitudes ranging
from 1.0 x 107> to 1 cm™'. Our analysis shows that for m-
[VO(TtPP)],, the |j| value that best simulates the angular
dependence of the EPR spectra is about 0.01 (0.005) cm ™" while
for o-[VO(TrPP)], |J| is about 0.05 (0.01) cm™". The simulated
spectra are shown in Fig. 3a and b (red traces), while the
extracted spin-Hamiltonian parameters are listed in Table 1.

The same parameters provide a convincing simulation of the
frozen solution spectra at both X- and Q-band frequencies
(Fig. 2a and b, S10t, and Table 1), confirming the consistency of
the determined values. A survey of the simulation parameters
allows defining a lower limit of |J| = 102 cm " to simulate the
spectra, consistent with the spanned range in the crystalline
phases.

Inversion recovery and echo decay experiments at Q-band
frequency were performed to get insight into the temperature
dependence (T = 5-50 K) of the spin-lattice relaxation time T
and the coherence time T,,, respectively. In Fig. 2c and Table
S2,1 we report the T, and T, values for both [VO(TrPP)] and
[VO(TtPP)], in 0.5 mM deuterated dg-toluene obtained from the
fit of the inversion recovery and echo decay traces. The
temperature dependence of T; shows a slight divergence
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between the monomer and the dimer below 20 K but is in
essential agreement with previous reports of T; in vanadyl
porphyrins. The temperature dependent data for T, were fitted
by assuming a combination of direct and Raman process:

T,"' = aT + bT" (4)

The best fit parameters (Table S3t) suggest that the direct
process is more efficient in the dimer than in the monomer, and
that the two Raman processes show low values of the exponent n
(2.2 for [VO(TrPP)] and 4.2 for [VO(TrPP)],), in the range re-
ported for vanadyl complexes.**' We note however that due to
the limited temperature range in which the investigation is
possible, the number of experimental points is small compared
to the number of parameters of eqn (4). The numerical values of
the obtained best-fit parameters should then be considered
with caution. The experimental coherence times Ty, are very
similar for the two samples and of the order of few ps in the 5-
50 K range; the small decrease in Ty, observed on decreasing
temperature has already been reported for other S = 1/2
molecular species.* The decoherence times reported here are
comparable to or even higher than those reported for weakly
interacting vanadyl moieties'®* or molecular dimers based on
either Cr,Ni rings® or lanthanide complexes.’

DFT calculations

It is interesting to highlight two counterintuitive results of our
investigation. First, the exchange interaction is larger in vanadyl
than in copper m-m dimers,> despite the weaker overlap (7 vs.
o interaction) of the magnetic orbital with the ligand scaffold.
Notably, for triply linked dimers, the exchange is stronger in the
copper derivative, as expected.”**® Second, the exchange inter-
action increases with the VO tilting angle, which is also coun-
terintuitive when considering the extent of conjugation between
the two porphyrin units.

To elucidate the nature of the observed exchange interaction
and establish magneto-structural correlations, we performed
DFT Broken-Symmetry (BS) calculations (technical details can
be found in ESI}).** First, we focus on the crystallographic
structures: the computed J values for m- and o-[VO(TrPP)], are
both antiferromagnetic and in striking agreement with their
experimental estimated magnitude: 1.4 x 107> and 4.7 x
107> cem ', respectively. The computed magnetic orbitals
(labeled according to the standard reference system for vanad-
yls) for both derivatives are localized on the V'V centers (d,,)
with in-plane 7 contributions from the N-C, 5 sp components
for each of the four pyrrole subunits (see Fig. S11t). Next, we
investigated the Jvariation as a function of the dihedral angle 6,
keeping the other structural parameters fixed to those of the
orthorhombic structure. Calculated J values for 6 angles in the
17-157° range are reported in Table S4.F The results (see Fig. 4)
show an asymmetric double-well behavior with the absolute
minimum for § ~ 60° and a less pronounced one for § ~ 125°.
The double-well asymmetry originates from the non-planarity of
each vanadyl-porphyrin moiety, which alters the overlap
between their - systems for the clock- and the anti-clockwise
rotation around 6 = 90°.
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Fig. 4 Magneto-structural correlation of the exchange parameter J
(em™), vs. 6(°). The in-plane sp and out-of-plane r densities of the two
porphyrins are sketched by red and blue lobes, respectively. The black
line across the red density indicates the porphyrin planes. Large
crosses refer to values computed for the two crystallographic struc-
tures, while small crosses refer to simulated geometries obtained
varying the tilting angle in o-[VO(TrPP)],.

The highest J values were computed for the smallest and
largest accessible # values (# = 17° and 157°), ie., close to
coplanarity where the largest overlap between two out-of-plane
7 porphyrins systems is expected. The relative maximum for ¢
~ 90° is achieved when the overlap between the sp system of
one porphyrin and the out-of-plane 7 system of the other is
largest. The computed angular dependence is, however, not
sufficient to justify the different / magnitude in the two deriv-
atives, otherwise well reproduced when using the real struc-
tures. This observation points to the key role of the saddle
distortion of the single porphyrin unit that alters the mixing of
the local sp (in-plane) and delocalized 7 (out-of-plane) contri-
butions: indeed, the average dihedral angle between pyrrole
planes is larger for the o- than the m- derivative (7.4° vs. 4.4°, see
structural characterization).

As discussed in other works,*>® the distortion of the
porphyrin plane indeed alters their chemical and physical
properties. The change in electronic properties of the porphy-
rins is reflected by the red-shift of the Q and B-bands in the UV/
vis spectrum and their respective broadening, which is also
visible in our spectra (see Fig. S121). Although the red-shift in
the UV/vis spectrum can be exclusively attributed to the plane
distortion, in porphyrin dimers, the conjugation between two
porphyrin rings might be the dominant cause.***” Discrimina-
tion between these two hypotheses would require more detailed
calculations which are beyond the scope of this study.

The DFT analysis confirmed the magnitude of the interac-
tion and allowed us to disclose its antiferromagnetic nature and
explain the reason for the larger coupling in the orthorhombic
form. Both the deviation from the planarity of the single
porphyrin units and the vanadyl magnetic orbital lying slightly
above/below the porphyrin plane are responsible for the not

© 2023 The Author(s). Published by the Royal Society of Chemistry
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negligible J value. These geometrical features contribute to the
involvement of the out-of-plane 7 systems providing a more
efficient superexchange interaction. These considerations also
explain the negligible exchange coupling recently observed for
the similar m-m linked Cu-porphyrin dimer.>

That system is indeed characterized by high planarity of the
porphyrins and an in-plane nature of the magnetic orbitals.
Moreover, in [VO(TrPP)],, access to the out-of-plane 7 system
can occur via spin polarization processes through the oxygen
atom in the VO group, as witnessed by a non-negligible spin
density on it (see Fig. S11}). Therefore, the VO systems present
intrinsic properties that make them more appealing than the
copper ones for their exploitation as multi-qubit systems in m-
m porphyrin systems.

Computational states

As a final step, we illustrate in the following that [VO(TrPP)],
fulfils the conditions that allow individual addressing of the
spins. The presence of a sizeable exchange interaction and the
small homogeneous linewidths estimated by the measured T;,
indicate that selective excitation is possible, i.e., at a given field
the frequency difference between spin transitions on the two
electronic sites is larger than the decoherence rate.

To analyse this issue in more detail we performed simula-
tions of frequency-swept EPR spectra on an oriented crystal of o-
[VO(TrPP)],. We assumed a static magnetic field of 1.3 T applied
along the local z direction of A and g tensors of one of the
vanadyl moieties (Fig. 5) and swept the frequency in the Q-band
region (see Fig. S13 and S147). This configuration has been
chosen to maximise the difference between the resonant
frequencies of the two sites. However, the operative conditions
in two-frequency experiments implementing logic gates can be
easily matched by aligning the field closer to the two-fold
symmetry axis of the dimer. To better reproduce the initializa-
tion process of our system we performed our simulation at 10
mK.

The direction of the field establishes the so-called “target”
(T) qubit, while the other unit, tilted by 72°, is defined as the
“control” one (C). Under these conditions the gr un(% state 1of
the system is given by |ml, m§, mf, mf)=|— 2 o
+§ , + 2 (with minor contributions from states with different
my), and the system is initialized as |00). We selected spin
transitions among almost completely factorized states following
the selection rules Amg, = £1 and Am; = 0, so that the compu-
tational basis can be roughly defined by the electronic spin

1 .
+E>) This
option guarantees a unique computational basis for the two-
qubit architecture given by the four states |00), |10), |01) and
|11), where the first label indicates C and the second T.

A scheme of the transitions involved in the quantum
computing process, together with the zoom on spectral region
of interest, are visible in Fig. 5. By using the spin Hamiltonian
parameters reported in Table 1, the transition [00) — |10) and
|00) — |01) are separated by an energy of 1.575 GHz, far
exceeding the decoherence rate. Furthermore, no other

1
states of the two moieties (i.e., |0) = —5> and |1) =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plots of the calculated frequency-swept spectra with
a magnetic field of 1.3 T applied along the local z axis of the target
vanadyl moiety in three different regions, corresponding to inverting
the electronic spin of the control (blue line, bottom left corner), of the
target without inverting the control (orange plot, bottom right corner)
and of the target once the control is inverted (red plot, upper left
corner). A temperature of 10 mK is employed to simulate thermal
initialization in the ground state, while T = 30 K is employed to have
a sizeable intensity of the transition of the target once the control is
flipped (red).

transitions are visible close to the |00) — |01) (Fig. 5, bottom
right corner), while a much less intense peak is observed in
proximity of |00) — [10). However, this minor transition
involves a higher lying initial state, with different nuclear spin
projection compared to those of |00); thus, this would not
interfere with the quantum computational process. This means
that it is possible to excite selectively either C or T moiety once
the system is properly initialized in the |00) state.

The computational process requires that the spin state of T
must be selectively changed only when C is set to [1), i.e., the
spin transition [10) — |11) must be selectively probed. This
implies to first excite our system from |00) — |10) and only then
to invert the target spin by promoting the transition |10) — |11).
Our simulation, performed at 30 K to obtain a reasonable
population of the excited |10) state, indicates that the transition
occurs at 38.704 GHz (red dashed lines in Fig. 5). This is the only
allowed transition in the probed frequency range, and it can be
selectively excited without involving sides transitions.

We notice here that, on increasing temperature from 10 mK,
further nuclear transitions would appear because of the 16 x 16
dimension of the electronuclear spin space. While this might be
seen as detrimental for quantum information applications, the
possibility to exploit the nuclear spin degrees of freedom has
been highlighted as a further advantage of vanadyl over other

systems.'®**

Conclusions

In summary, we obtained [VO(TtPP)], by an oxidative coupling
reaction in almost quantitative yields. Its high solubility made it
possible to obtain two pseudo polymorph single crystals
(monoclinic m-[VO(TtPP),] and orthorhombic o-[VO(TtPP)],).
These two compounds showed significant intramolecular
exchange interactions, generally not observed for paramagnetic
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singly linked m-m porphyrin dimers. The possibility to perform
single crystal magnetic studies of two polymorphs slightly
differing in the molecular structure also allowed us to investigate
the dependence of the exchange coupling constant on the
molecular geometry. Indeed, DFT calculations showed that the
dependence of the antiferromagnetic exchange interaction on
the dihedral angle between porphyrin planes, is mainly deter-
mined by the saddle-like distortion of the porphyrin plane. These
new magneto-structural correlations open the possibility of
chemically tuning the magnetic interaction in this platform,
which presents unique and appealing features for quantum
technology applications. Indeed, we showed here that, thanks to
the anisotropic hyperfine interaction, the two tilted but exchange
coupled vanadyl units are individually addressable as requested
for quantum logic gate implementation. Furthermore, the
coherence time of the dimer turned out to be comparable to that
of monomeric vanadyl porphyrins. Since the latter have a rela-
tively long coherence time up to room temperature when diluted
in a diamagnetic host,"'*** we foresee that coherent properties
in the dimer can be improved by working on single crystals of
diamagnetic hosts, which are currently under investigation.
Multi-porphyrin structures are also synthetically accessible®®%-%*
to extend the number of coupled spins, thus offering a solution
to the crucial issue of scalability in quantum architectures.
Additionally, deposition on a surface to perform single qubit
addressing via scanning tunnel microscopy combined with
microwaves® % appears also within reach.
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