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Abstract: In the development of two-qubit quantum
gates, precise control over the intramolecular spin-spin
interaction between molecular spin units plays a pivotal
role. A weak but measurable exchange coupling is
especially important for achieving selective spin address-
ability that allows controlled manipulation of the
computational basis states |00) |01) |10) |11) by micro-
wave pulses. Here, we report the synthesis and Electron
Paramagnetic Resonance (EPR) study of a heterometal-
lic meso-meso (m-m) singly-linked V?VO—Cu" porphyrin
dimer. X-band continuous wave EPR measurements in
frozen solutions suggest a ferromagnetic exchange
coupling of ca. 8-10~° cm™". This estimation is supported
by Density Functional Theory calculations, which also
allow disentangling the ferro- and antiferromagnetic
contributions to the exchange. Pulsed EPR experiments
show that the dimer maintains relaxation times similar
to the monometallic Cu™ porphyrins. The addressability
of the two individual spins is made possible by the
different g-tensors of V¥ and Cu'-ions, in contrast to
homometallic dimers where tilting of the porphyrin
planes plays a key role. Therefore, single-spin address-
ability in the heterometallic dimer can be maintained
even with small tilting angles, as expected when
deposited on surface, unlocking the full potential of

molecular quantum gates for practical applications. )

Introduction

The electronic spin is an appealing candidate for the
physical realization of qubits, the core units of the quantum
computer.l" It has an intrinsic quantum nature and can be
coherently manipulated with microwave radiation, as com-
monly done in pulsed electron paramagnetic resonance
(EPR).”! Even if most efforts have been devoted to spin
impurities in semiconductors and inorganic lattices,** mo-
lecular spins are an attractive alternative because of their
chemical versatility and ease of processing.’”! Molecules are
also ideal candidates for realizing multiple qubits and
quantum logic gates.*¥ A controlled-NOT (C-NOT) two-
qubit gate is indeed sufficient, in combination with single
qubit gates, to form a wuniversal set for quantum
computation.”? The four necessary computational basis
states, namely |00) |01) |10) |11), can be realized with two
spins '/, as in a bimetallic paramagnetic complex. On one
hand, the two spins must be appropriately coupled to
differentiate the energy gaps and, thus, the excitation
frequency of each transition inside the four-level space. On
the other hand, too strong exchange interactions do not
allow single-spin addressability, which requires that the two
coupled spins are distinguishable.*® The electron spins can
either be different in nature, e.g., having different true or
effective g values,['®'! or they can be identical but with their
anisotropic magnetic tensors oriented differently in space.l'!
Considering the other fundamental requirement, i.e., the
long lifetime of the coherence of any superposition state,”

[*] D. Ranieri, Dr. A. Privitera, Dr. F. Santanni, Prof. Dr. F. Totti,
Prof. Dr. L. Sorace, Prof. Dr. R. Sessoli
Department of Chemistry “Ugo Schiff” & INSTM RU, University of
Florence
Via della Lastruccia 3, 50019 Sesto Fiorentino (ltaly)
E-mail: lorenzo.sorace@unifi.it
roberta.sessoli@unifi.it

Dr. A. Privitera

Department of Industrial Engineering & INSTM RU, University of
Florence

Via Santa Marta 3, 50139 Firenze (ltaly)

Dr. K. Urbanska, Dr. G. J. Strachan, Prof. Dr. M. O. Senge

School of Chemistry, Chair of Organic Chemistry, Trinity Biomedical
Sciences Institute, Trinity College Dublin, The University of Dublin,
152-160 Pearse Street, DO2R590 Dublin (Ireland)

E-mail: sengem@tcd.ie

Angew. Chem. Int. Ed. 2023, 62, €202312936 (1 of 8)

Dr. B. Twamley
School of Chemistry, Trinity College Dublin, The University of
Dublin, Dublin 2 (Ireland)

Prof. Dr. E. Salvadori, Dr. Y.-K. Liao, Prof. Dr. M. Chiesa
Department of Chemistry and NIS, University of Turin,
Via P. Giuria 7, 10125 Torino (ltaly)

Prof. Dr. M. O. Senge

Institute for Advanced Study (TUM-IAS), Technical University of
Munich, Focus Group—Molecular and Interfacial Engineering of
Organic Nano-systems

Lichtenberg-Str.2a, 85748 Garching (Germany)

 © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0002-7734-8844
http://orcid.org/0000-0002-7062-8077
http://orcid.org/0000-0002-0506-8333
http://orcid.org/0000-0001-6138-1829
http://orcid.org/0000-0002-1388-9713
http://orcid.org/0000-0003-4394-9438
http://orcid.org/0000-0002-8090-2025
http://orcid.org/0000-0001-8128-8031
http://orcid.org/0000-0002-7467-1654
http://orcid.org/0000-0003-4752-0495
http://orcid.org/0000-0003-4785-1331
http://orcid.org/0000-0003-3783-2700
https://doi.org/10.1002/anie.202312936
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202312936&domain=pdf&date_stamp=2023-10-23

GDCh
~~

3d metal ions are very appealing. Record coherence times
have been obtained for vanadium(IV) ions (VV) with
nuclear spin-free ligands, while coherence persists up to
room temperature in copper(Il) (Cu™) and V"V complexes.
An interesting example of spectral addressability and long
relaxation times is a Cu" porphyrin complex functionalized
with a carboxylate group coordinating a [Ti"'Cp,] * unit.!""

Multi-porphyrin systems offer the advantage of superior
chemical stability compared to ligands hitherto used to
develop molecular quantum gates. When neutral, they can
be deposited by sublimation on various surfaces,'*”) making
their embedding in devices more feasible. In addition,
surface-induced reactivity has been exploited to produce flat
triply-linked porphyrin nano tapes.'"™™ Studies on the
exchange-coupling in porphyrin metal dimers evidenced
moderate antiferromagnetic interactions promoted by the
conjugation in doubly- and triply-linked porphyrins,'**!
while meso-meso singly-linked homometallic Cu" dimers
exhibit negligible exchange interactions.'” We recently
demonstrated that the vanadyl analog shows a measurable
exchange interaction of the order of 1072 cm ™. Interest-
ingly, due to the tilting of the two porphyrin planes and the
anisotropy of the vanadyl g- and A- tensors, the two spin
centers in this complex are distinguishable in almost all
orientations of the external magnetic field. In addition, the
good coherence properties of the monomeric units are
retained in the dimer, a finding that has been recently
generalized to vanadyl dimers coupled through a delocalized
n-system.”? The increased exchange coupling in the vanadyl
complex was justified by the fact that the vanadyl magnetic
orbital lies slightly above the porphyrin plane. The saddle-
like distortion of the porphyrin ring,” when coordinated to
the VYO unit, further induces the mixing of the in-plane
porphyrin orbitals with the out-of-plane ones.

Here, we investigated whether the key role of the
vanadyl unit in promoting a significant magnetic exchange
interaction is maintained even when coupled to a different
paramagnetic center in a heterometallic V'VO—Cu" bispor-
phyrin using H,DPP (5,15-diphenylporphyrin). This por-
phyrin ligand was selected as a compromise between
solubility and decoherence induced by hydrogen magnetic
nuclei on the ligand and is also suited for thermal
sublimation experiments. Moreover, this choice also repre-
sents a good building block for extended arrays of porphyrin
rings. Additionally, we focused on singly-linked porphyrin
to avoid the stronger coupling promoted by triply linked
porphyrins." We found that the exchange interaction,
though weaker than in the homometallic vanadyl dimer,
clearly impacts the EPR spectrum, causing a sizeable
splitting of the resonance lines. The difference in the g-
factors of the two metal centers suggests that individual spin
addressability will also be retained when depositing the
dimer on a surface, where flattening of the molecules is
expected.®!
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Results and Discussion

Retrosynthetically, the synthesis of unsymmetric m-m and/
or B-p directly-linked bisporphyrins requires a stepwise
approach, ideally using precursors with two different but
complementary functional groups.” This was exemplified in
Osuka and co-workers’ synthesis of hybrid porphyrins, e.g.,
heterobimetallic Ni"-Zn" and free base-Zn" hybrids.”"**!
Following this strategy, the monomeric porphyrin com-
plexes (Scheme 1) were synthesized by reacting H,DPP with
VO(acac),” or Cu(AcO),™ to yield the respective metal-
loporphyrin 1 or 2 (Scheme 1, A). The oxidative coupling
step employing brominated porphyrins in the dimerization
procedure” did not yield the dimer and therefore we used
iodinated derivatives obtained by following published
procedures.”'* Monomer 1 was used to obtain the
iodinated derivative 3, while the free base H,DPP was first
iodinated, to  yield 5-iodo-10,20-diphenylporphyrin
(H,IDPP) and subsequently metalated with Cu(OAc), to
obtain monomer 4 (Scheme 1, A). The yield of the iodina-
tion did not change significantly upon using various
oxidative agents such as CuCl, PIFA
((bis(trifluoroacetoxy)iodo)benzene), or AgPF,. PIFA was
then chosen as the oxidizing agent to reduce metal
contamination of the final products, which were purified by
column chromatography. The borylated compound 5 (Sche-
me 1,B) was synthesized according to a literature
procedure.”!! The synthesis of compounds 3, 4, and 5,
allowed an entry into the hybrid porphyrin dimers. For the
synthesis of the hybrid dimers 6 and 7, a Suzuki—-Miyaura
coupling®®! was performed between the pinacolborane 5 and
iodinated porphyrins 3 or 4 (Scheme 1, B).?**! Finally, the

Ph Ph
PIFA, Pyr,
Iz | A
CH,Cly,
rt
Ph Ph
M =VvV0, 1 (84 %); M =VVO, 3 (21 %) 4 (53 %)

M = cu', 2 (95 %)
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M = Hy, H,IDPP (55 %)
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Ph
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Ph
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- (]
oh Ph M = cu', 7 (60 %)
Ph Ph
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m CHC, 1T % ¢
Ph Ph
Ph 6 Ph 8(90%) Ph=CgHs

Scheme 1. (A) Chemical structures of the synthesized monomeric
porphyrins, along with the iodination reaction. (B) Scheme of the
reaction of the iodinated VYO (3) or Cu" (4) porphyrin with the
borylated porphyrin 5 to obtain hybrid porphyrin dimers 6 or 7. (C) The
free base porphyrin unit in 6 is metalated with Cu(acac), to yield the
heterometallic porphyrin dimer 8. Experimental yields are given in
parentheses.
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metalation of the free base porphyrin unit in compound 6
with Cu(acac), in CHCl; at room temperature afforded
compound 8 (Scheme 1, C). To obtain 8, metalation of 6 was
preferred over that of 7 due to the milder reaction
conditions required for the former. Detailed synthetic
procedures and chemical characterization for all molecules
prepared in this work can be found in the Supporting
Information (Section S1, Figures S1-S8).

Purple single crystals of monomers 1 and 2 were
obtained by slow evaporation of a CH,ClL/MeCN (10:1)
mixture and a CHCly/heptane (7:1) mixture, respectively.
Both compounds crystallized in the monoclinic space group
P2,/c (see TableS1 for details of crystallographic data
collections). For 1, the asymmetric unit is half of the
molecule, the V=0 group being disordered over inversion
above and below the porphyrin plane (Figure S9).”% For 2,
the asymmetric unit includes the porphyrin unit with one
CHCIl; molecule of solvation (Figure S9). The porphyrin
plane in compound 2 exhibits out-of-plane ruffled distortion.

Crystallization of the dimers 6-8 was hampered by their
low solubility in toluene and ethers and only limited
solubility in CHCl; or CH,Cl,. This resulted in fast
precipitation during the slow evaporation process, thus
limiting the sizes of the crystals obtained and the quality of
the data collection. However, the basic features of the
molecular structures were obtained, providing crucial in-
formation on the chemical identity, connectivity of the
complexes, and on the tilting angle between the two
moieties. A detailed discussion on disorder modeling is
reported in Section S2. In the case of compound 7, attempts
to get single crystals were unsuccessful.

Compound 6 crystallized in the tetragonal space group
P4cc (n. 103), and the refined structure evidences a high
degree of disorder (see Figure S10). The asymmetric unit
consists of one porphyrin moiety with 50 % metal occu-
pancy, the dimer showing a C,-axis perpendicular to the
meso-meso bond. The resulting tilt angle between the
porphyrin planes 6, defined as the dihedral angle about the
meso-meso bond, is 78° close to that observed in a
homometallic VVO-dimer;® a similar saddle-like distortion
is also observed. The shortest intermolecular VO-VO
distance is around 8.5 A. The structure shows solvent-
accessible voids occupying 4.1 % of the unit cell volume,
which are visible along the ¢ axis (Figure S11). Compound 8
crystallizes in the tetragonal space group P4/ncc (n.130). The
asymmetric unit is half a porphyrin unit, with partial V'O
and Cu" occupancy, and the former being disordered above
and below the porphyrin plane. A C,-axis passing through
the meso carbon atoms and an S,-axis bisecting the meso-
meso bond generates the dimeric unit. The tilting angle 6
between porphyrin planes is around 78° (Figure 1b) and the
intramolecular V—Cu distance is around 8.4 A, which
compares well with the 8.37 A observed in the homometallic
vanadyl dimer.) Despite the low quality of the crystal
structure, the simulated Powder X-Ray Diffraction pattern
compares well with the experimental one (see Figure S12).

X-band continuous wave (cw) EPR measurements were
carried out to gain insight into the magnetic interactions in
compounds 1, 2, 6, 7, and 8. All spectra were recorded in a
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Figure 1. (a) Molecular structure of compound 8 in the crystal.

(b) Molecular structure of compound 8 viewed along the meso-meso
linkage. The angle 6, describing the tilting between the porphyrin units,
is defined as the dihedral angle between the carbon atoms 1-4 labeled
ina.

frozen solution of a 0.2 mM 1:1 toluene/CH,Cl, mixture at
30K. The experimental and simulated spectra of the
monomers 1 and 2 and their monometallic dimers 6 and 7
are shown in the Supporting Information (Figures S13 and
S14) and Figure2 (left, turquoise and red lines). The
simulations of the monometallic porphyrins were performed
based on the spin-Hamiltonian:*”

4
HM:ﬂBB‘gM‘SM+SM‘AM‘IM+ZSM'AN‘IN.,' 1)

i=1

where g, is the g-tensor of the metal porphyrin, and A,, and
Ay are the hyperfine coupling tensors for the metal and the
pyrrolic nitrogen nuclei. In our simulations we assumed a
local electronic C,, symmetry, g, and A, tensors being
collinear and axial.

The spectrum of 6 in Figure 2 (left), as that of 1 in
Figure S13, shows the characteristic EPR powder pattern of
vanadyl porphyrins due to the anisotropic hyperfine cou-
pling of the electron spin with the *'V (I=7/2) nucleus. No
sign of coupling with the four nearby nitrogen atoms of the
porphyrin unit is observed since the d,, magnetic orbital of
the vanadyl ion is not pointing directly toward the nitrogen
donors. The last term of the Hamiltonian (1) can therefore
be neglected. Similarly, the spectra of 2 and 7 (see Figure 2
and S14) show the typical pattern of Cu" porphyrins due to
the anisotropic hyperfine interaction of the electron spin
with nuclei of Cu (*Cu, natural abundance, NA =69.17 %;
%Cu, NA =30.83 %; both /=3/2) and the four coordinated
“N (I=1). The simulation parameters for all the mono-
metallic porphyrins (Table 1) agree with values in the
literature.***! Notably, the simulation values of the
monometallic dyads 6 and 7 are very similar to their
monomeric counterparts 1 and 2. This highlights that even
after the introduction of an additional porphyrin unit, both
Ay and g, tensors remain axial within the spectral
resolution of X-band cw-EPR spectroscopy.

The EPR spectrum of compound 8 (Figure 2 left, black
line, other spectra available as Figure S15-S16) differs from
the superposition of the spectra of the two metal ions. It is
also characterized by a larger linewidth than the monome-
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Figure 2. Left: Experimental X-band cw-EPR spectra (T=30 K, frozen solution 0.2 mM in 1:1 toluene/CH,Cl,) of the compounds 6 (v=9.392 GHz,
magenta line), 7 (v=9.402 GHz, brown line), and 8 (v=9.394 GHz, black line) together with two relevant spectral simulations of compound 8.
The reported simulations were performed at two different values of J (0 and —8.0-107° cm™') by keeping the dipolar interaction and 6 =78°
constant to highlight the effect of the exchange interaction. Middle: magnification of the high fields spectral region to appreciate the impact of the
exchange interaction. The parameters of the simulations are reported in Table 1. Right: Temperature dependence of T, (dotted symbols) and T,,
(solid symbols) for compounds 6 (turquoise squares), 7 (red triangles), and 8 (black circles) measured at 340 mT at X-band frequency in a 0.2 mM

dg-toluene frozen solution.

Table 1: Principal values of the Spin-Hamiltonian tensors for com-
pounds 1, 2, 6, 7, and 8 and isotropic exchange coupling constant
obtained from the simulation of frozen solution samples. For the
simulation of the spectra of 8, a tilting angle of 78° was assumed
between Cu'" and V" tensors. D has been calculated in the point-dipole
approximation with z perpendicular to the Cu-porphyrin plane and y
along the meso-meso bond.

1,2,8 6,7,8 8
Av Acu An D J
9 MHz) | 9%  (MHz) (MHz) | (cm™) (cm™)
x| 1985 162 | 1.985 60 54 3.0-10°
y| 198 162 | 1.985 60 43 | -6.210° -810°
z | 1964 475 | 1.964 626 45 3.210°°

tallic dimers, most likely attributable to the dipolar coupling
interaction between the two unpaired electron spins of the
dyad and a possible distribution of dihedral angles between
the two porphyrin units in the frozen solution. The EPR
spectrum was simulated using the following Spin-Hamilto-
nian:

HV-Cu :ﬂBE‘gv‘gm Jrgvo Ay 'iv +#3B'3Cu '§Cu+

T .
SCu'ACu‘ICu+ZSCu‘AN,i‘IN+Svo'JV-Cu'SCu
pa

that adds to the Zeeman and hyperfine interaction terms of
the single centers the interaction contribution described by
the matrix Jy_¢, The latter comprises the isotropic compo-
nent of the exchange interaction J and the through-space
dipolar coupling D, while we neglected the antisymmetric
term:(*]

Angew. Chem. Int. Ed. 2023, 62, €202312936 (4 of 8)

J+Dy O 0
Jyw~JI+D=| 0 J+D, 0 3)
0 0 J+D,

To reduce the number of free parameters, the g,, and A
tensors principal values were fixed at those of their
respective monometallic dimers, and their local z axis
assumed to be perpendicular to the porphyrin planes.
Further, the tilting angle between the two porphyrin units
was fixed at the experimental value of §=78°, and D was
calculated in the point-dipole approximation using the X-ray
data and relative g-tensor orientations.”” We note that, due
to the relatively small g-anisotropy, the calculated D tensor
is essentially axial, with the main axis being directed along
the V—Cu direction. Thus, it is not affected by variation of
the dihedral angle.®” Consequently, the only variable
parameter was the exchange interaction J. The splitting of
the outermost lines, corresponding to the parallel transitions
of the VIVO unit, provides a first clue as to the magnitude of
the exchange interaction. The splitting simulated by assum-
ing a purely dipolar coupling (i.e., fixing J=0) is clearly
smaller than that observed in the experiment. A preliminary
survey (Figure S17) indicates that the correct splitting of
those lines can be obtained with either /=2-10"* (antiferro-
magnetic, AF) or J=-8-10"cm™' (ferromagnetic, FM).
The reason for this difference is that in the direction of V=0
bond (i.e., the direction of those EPR transitions) the
dipolar interaction is AF. FM exchange interactions larger
than AF ones are therefore necessary to obtain the same
splitting, which is proportional to |J+D_.|. The survey
further shows that the central part of the spectrum is much
better reproduced using J=-8-107cm™' than J=+
2-10%cm™. This is also the case for the simulation of
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pseudomodulated Q-band spectrum (Figure S18). Notably,
in contrast to the homometallic vanadyl dimer,” the
simulated spectra of the heterometallic dimer 8 do not
change significantly with the g, and A, tensors tilting
angle, as shown in Figure S19.

The EPR data clearly show that the VO—Cu exchange
coupling is weakly FM (the best simulation is reported in
Figure 2 and corresponding parameters in Table 1). Its
magnitude falls between those reported for structurally
similar meso-meso linked Cu—Cu" and VO-VO™! homo-
metallic dimers, albeit being of opposite sign.

This confirms our prediction, based on the deformations
brought in by VYO coordination, that local ¢ (in-plane) and
delocalized n (out-of-plane) contributions are responsible
for the super-exchange interaction.” A comparison be-
tween the UV/Vis spectra of VO—Cu and VO-VO dimers
(Figure S1) confirms the higher conjugation in the latter,
which shows larger line broadening and more red-shifted
Q-bands.™*

The spin relaxation properties of compounds 6-8 were
studied by pulsed EPR spectroscopy at X-band frequency.
Temperature-dependent inversion recovery and primary
echo decay experiments were used to determine the
longitudinal (7;) and transverse (7,,) relaxation times in the
interval between 7 and 120 K. The samples were dissolved in
dg-toluene (0.2 mM) and measured as frozen solutions. All
measurements were performed at a magnetic field setting
corresponding to the maximum intensity of echo detected
EPR spectrum (Figure S20). T, values were extracted by
fitting the experimental decay traces using a stretched
exponential function, while 7| values were obtained by a
biexponential fitting of the inversion recovery traces (Fig-
ure S21-S23 and Table S2). In Figure 2, only the slow
component of the biexponential fit, usually taken to
represent the spin-lattice relaxation (7)), is plotted; the fast
component!™®* is associated with spectral diffusion
effects™* (i.e., excitation bandwidth smaller than the
spectral width) and, thus, is not shown.

Compound 6 has 7, and 7, values longer than com-
pound 7. In both cases, these values are comparable with the
relaxation times of other monomeric VVO®#%l or Cu"
complexes.* The faster spin-lattice relaxation of Cu" can
be attributed to the larger spin-orbit coupling that makes
the spin system more sensitive to molecular vibrations.
Compound 8 has 7 values very similar to 7, suggesting that
the presence of the nearby slower relaxing vanadyl unit does
not negatively impact the spin-lattice relaxation. 7}, values
of 8 are instead slightly faster than those of 6 and 7 and also
lower than those reported for dimeric VYO bimetallic
complexes, including the homometallic vanadyl porphyrin
dimer.[11,22,49,50]

The accurate determination of the Spin-Hamiltonian
parameters of 8 allows us to envision the microwave
operation of the dimeric unit as a C-NOT quantum gate.
This is fundamental for realizing a universal quantum
computer. We define the computation states by choosing the
V and Cu electronic spins as control and target qubits,
respectively (Figure 3a). By applying a field of 1.3 T, the
nuclear and electronic spin states are factorized, and the
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Figure 3. a) Orientation of the static magnetic field with respect to the
control and target qubits; b) Computed energy differences between
states involving control (red) and target qubit (blue and green)
electronic spin transitions highlighted with the same color in the
frequency-swept absorption spectrum (c) simulated for B=1.3T,
T=100 mK and the Spin-Hamiltonian parameters reported in Table 1.
Gray dashed lines refer to other possible choices of hyperfine levels of
the target.

microwave radiation in the Q-band range (ca. 30 GHz)
induces transition from the m,=—1/2 to the m,= + 1/2 states
(labelled as computational states |0) and |1) in Figure 3b).
In difference to the homometallic vanadyl dimer,
addressability of the two spins in 8 is warranted for most
orientations of the static magnetic field, including along the
bisector of the two porphyrin planes. Figure 3c shows the
frequency-swept absorption spectrum computed for this
orientation at 100 mK (see Figure S24 for simulation at
10 K). The spectrum can be divided into a low-frequency
region where the eight hyperfine transitions of the 'V are
visible and a high-frequency region where four transitions
(shown only for the ®Cu isotope for clarity) can be
identified. The nuclear spins are not polarized at this
temperature and the intensity is almost equally distributed
over the different hyperfine lines. Focusing on the highest
hyperfine transition of the target qubit, we compute that the
transition occurs at 30.835 GHz if the control qubit is in its
ground state (]00)— |01), blue line in Figure 3b and 3c).
Upon excitation of the control qubit—for instance irradiat-
ing at 29.024 GHz (red line) —absorption of microwaves at
30.690 GHz occurs, corresponding to the |10)— |11) transi-
tion (green line). Different hyperfine lines of the target can
be selected to reduce the frequency separation between the
control and the target absorptions, while maintaining ca.
200 MHz of separation induced by the control (gray dashed

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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lines in Figure 3c), as commercial low-Q cavities have a
bandwidth of ca. 400 MHz.

Interestingly, the scenario described in Figure 3 is rather
robust against different operating conditions. If the static
magnetic field is aligned along the target z axis, the target
and control transitions are slightly more separated in
frequency (see Figure S25-S26), while a separation similar
to that in Figure 3c is observed upon reduction of the tilting
angle between the two porphyrin units (see Figure S27-S28).

Density Functional Theory (DFT) geometry optimiza-
tion in gas-phase was carried out to shed light on the
structural properties of compound 8 because of the low
quality of the experimental structure determination. The
results are reported in Figure S29 and some selected
distances are given in Table S3. The tilting angle of the
optimized structure, §~84°, is close to the value § ~78° of
the X-ray structure. The corresponding calculated J value
(—=1.2-10%cm™) is in very good agreement with the one
estimated from the EPR simulations and confirms the trend
expected upon substituting vanadyl with copper ions in
singly-linked porphyrin dimers, i.e., a reduction in the
magnitude of the coupling and a change of the nature of the
coupling from AF to FM.?!

This observation corresponds to the behavior of the
seminal copper/vanadyl dimer reported by Kahn et al.,”"
but at a different level of complexity. The magnetic orbitals
of the Cu"(d,”,*) and V"O (d,,) ions are orthogonal by
symmetry (see Figure 4), justifying the FM nature of the
interaction in 8 and its smaller value in comparison to the
homometallic VIVO-dimer.”®! Moreover, as the Cu" ion lies
in the plane of the porphyrin ligand, the overlap of the
magnetic orbital with the porphyrin out-of-plane orbitals (n-
system) is minimal. This significantly reduces the antiferro-
magnetic contributions that are active when the porphyrin
rings are tilted.

To analyze this point in more depth, we performed
single-point J value calculations on two additional geo-
metries. The first corresponds to the tilting angle set to the
value determined by single crystal X-ray analysis, while the
second represents a possible critical point where the tilting
angle is set to 90°. No significant difference in J between the
X-ray and optimized structures is computed, while a small

Figure 4. Two orthogonal views of the isodensity (1 =0.05 (e bohr™)'/?)
surfaces of magnetic orbitals for compound 8 computed at the B3LYP
level. The code color is V (green), Cu (orange), N (blue), O (red), C
(gray), and H (white).
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reduction in the magnitude of J is derived for §=90° (see
Table S4). The presence of two pathways, the FM one
through o porphyrin orbitals and the AF one involving n
orbitals, nicely explains the different angular dependence of
the computed exchange interaction in 8 compared to the
homometallic V?YO-dimer. For the latter, angles close to 90°
correspond to a relative maximum of |J|. The exchange
interaction mediated by out-of-porphyrin-plane orbitals is
expected to be AF and maximum at 6=90°, where the
overlap with the in-plane orbital of the metal unit is highest.
In the case of the Cu—VO dimer, this AF contribution adds
to the FM one with the opposite sign, thus slightly reducing
|| for =90°.

We also computed the exchange coupling for an
optimized structure of a triply-fused dimer (Figure S30 and
S31). As expected, a much stronger FM coupling of
J=-0.36 cm™ is calculated, which would hamper the single
spin addressability. Similar to the singly-linked case, the sign
of the coupling is consistent with Kahn’s model. Its
magnitude is intermediate between triply-fused Cu® and
VO homometallic dimers,” the former being the largest.

Conclusion

The combined results in this and our previous work™®! show
that paramagnetic bimetallic V'VO bisporphyrins are promis-
ing candidates for developing two-qubit quantum gates. It is
possible to obtain paramagnetic singly metalated bispor-
phyrins (compounds 6 and 7) through a Suzuki-Miyaura
coupling.®*?! By metallating compound 6, we obtained a
paramagnetic and heterometallic porphyrin dimer in very
good yields. We demonstrated by means of cw-EPR and
DFT calculations that J is smaller than in the vanadyl
homometallic dimer,” but still strong enough to be
measured with a standard X-band cw-EPR spectrometer.
With this set of parameters, single spin addressability, a
fundamental prerequisite for the realization of a C-NOT
quantum gate, is possible, in principle, over a wide range of
experimental conditions.

Furthermore, both spectral simulations and DFT calcu-
lations revealed that the weak exchange interaction is
ferromagnetic. The magnitude and sign of J are explained
by the competitive in-plane and out-of-plane super-exchange
pathways made possible by the pentacoordinate VYO unit.
Our study identifies the VYO unit as a key ingredient to
enhance the magnetic exchange interaction in oligo-porphyr-
in structures, and similar J values are expected in other
heterometallic combinations containing VYO porphyrins.
Interestingly, the relaxation times 7,, and 7, of the dimer do
not vary significantly from monomeric Cu"™*! or VIVO
porphyrins,P#%! suggesting that the additional paramag-
netic unit does not substantially affect decoherence. The
combined exchange and coherence properties of this system
form a sound starting point to investigate its single-molecule
properties once deposited on surfaces.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Supporting Information

Additional details on the synthetic procedures, crystal
structure determination, and EPR spectroscopy investiga-
tion. Further information on the DFT -calculations and
selected parameters of the optimized molecular structures.
The authors have cited additional references within the
Supporting Information..*”"")
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