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ABSTRACT: A mixed-ligand phthalocyanine/porphyrin yttrium(III) radical double-
decker complex (DD) was synthesized using the custom-made $,10,15-tris(4-
methoxyphenyl)-20-(4-((trimethylsilyl)ethynyl ) phenyl)porphyrin. The trimethylsilyl func-
tionality was then used to couple two such complexes into biradicals through rigid tethers.
Glaser coupling was used to synthesize a short-tethered biradical (C1) and Sonogashira
coupling to synthesize longer-tethered ones (C2 and C3). Field-swept echo-detected
(FSED), saturation recovery, and spin nutation-pulsed electron paramagnetic resonance
experiments revealed marked similarities of the magnetic properties of DD with those of
the parent [Y(pc),]® complex, both in the solid state and in CD,Cl,/CDCl; 4:1 frozen
glasses. FSED experiments on the biradicals C2 and C3 revealed a spectral broadening
with respect to the spectra of DD and [Y(pc),]* assigned to the effect o fdipolar
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interactions in solution. Apart from the main resonance, satellite features were also observed, which were simulated with dipole—
dipole pairs of shortest distances, suggesting spin delocalization on the organic tether. FSED experiments on C1 yielded spectral line
shapes that could not be simulated as the integration of the off-resonance echoes was complicated by field-dependent modulations.
While, for all dimers, the on-resonance spin nutation experiments yielded Rabi oscillations of the same frequencies, off-resonance
nutations on Cl1 yielded Rabi oscillations that could be assigned to a Mg = —1 to Mg = 0 transition within a S = 1 multiplet. The DFT
calculations showed that the trans conformation of the complexes was significantly more stable than the cis one and that it induced a
marked spin delocalization over the rigid organic tether. This “spin leakage” was most pronounced for the shortest biradical C1.

1. INTRODUCTION

Molecular spin qubits constitute an intensely investigated area
of spintronic applications, with a major advantage being the
ability to fine-tune their structures and magnetic properties by
synthetic means, such as molecular engineering. Indeed, using
phthalocyanine lanthanide (III) complexes as a launchpad, we
have previously been able to construct molecular spin
transistors using the single-molecule magnet [Tb(pc),]
where the nuclear spin states were read out electrically’ and
subsequently used to implement Grover’s algorithm.”

Mindful of the fact that the large Hilbert spaces of these
molecules are useful for the construction of qudits, a strategy
toward this goal has been based on the ability of such
complexes to form triple- or quadruple-decker complexes.”’™*
In these systems, (mainly) dipolar interactions between Tb™
ions are expected to create a Hilbert space of increased
dimensions, thereby achieving the goal of qudit construction.

However, this approach rests upon the stability of these
multidecker architectures and on their serendipitous assembly.
Moreover, it gives access to a very narrow range of dipolar
interaction strengths since the intermetallic distances cannot
be tuned at will.

A different approach was proposed by Katoh and Yamashita
based on a fused-Pc ligand. In that case, the fused bis-

phthalocyanine is shared between two {Tb(pc)} moieties,
acting as a rigid bridge between them.” While this approach
still offers a fixed distance between the metal centers,
conceptually it allows us to envision shared ligands of variable
lengths, modulating the distance of the bridged complexes.

We were therefore interested in developing an alternative
method based on molecular engineering principles that would
give access to well-defined and stable architectures, easily
tunable intermetallic distances, and predictable preparatory
pathways. Our goal was then to connect such mononuclear
entities with long organic tethers through which dipolar
interactions of controlled strength could be achieved.

Given the availability of mixed-ligand phthalocyanine/
porphyrin Ln™ complexes,'”"" we considered that this goal
could be best achieved by taking advantage of the higher
synthetic versatility offered by the mesoposition carbons of
porphyrins. We, therefore, focused on designing and synthesiz-
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Figure 1. Syntheses and molecular structures of coupled dinuclear sandwich complexes C1—C3.

ing bis-porphyrinato ligands to serve as bridges between
{Tb(pc)} moieties.

From a magnetic perspective, however, it was crucial that we
first determine whether the magnetic properties of the
[Tb(pc),]* platform would be retained upon replacement of
one of the pc”~ ligands with a por”~ one, including the spin
density distribution over the two ligands, which could no
longer be considered as strictly equivalent. Subsequently, we
needed to assess the spin density distributions and magnetic
behaviors of such biradical mixed-ligand systems and whether
the point-dipole approximation could be regarded as valid.

However, these systems are complicated by the simulta-
neous presence of the Tb™" electron spin alongside that of the
delocalized radical system, rendering detailed analyses
significantly more difficult. A strategy to counter this
complication was tackling this system in an incremental
manner by replacing the paramagnetic Tb™ with the
diamagnetic Y™ jon, thus greatly simplifying the problem.
This approach was further indicated by the tendency we
discovered for these supramolecular systems (see below) not
to form crystalline solids, thus precluding previously used
characterization methods, such as micro-SQUID magneto-
metry. Instead, replacement of Tb™ with Y! allowed us to use
electron paramagnetic resonance (EPR) spectroscopy, which is
particularly powerful to answer such questions.

As a first step of this project, we carried out EPR studies of
pure [Y(pc),]® in the solid state. These demonstrated that
magnetically condensed and nonisotopically engineered phases
could be coherently manipulated even at room temperatures,
as demonstrated by FID-detected Rabi oscillations. Theoretical
studies also demonstrated a preponderance of spin densities on

carbon atoms of the pc rings, partially explaining the absence
of hyperfine interactions.

In this work, to better understand the spin density
distributions in molecular-engineered quantum systems based
on phthalocyanine radicals, we present detailed continuous-
wave/pulsed EPR studies of such tailored-designed biradical
systems in the solid state and in solution, which we rationalize
through density functional theory (DFT) calculations.
Whenever required, we also present relevant studies on the
parent [Y(pc),]® system, reported for the first time in this
work, to demonstrate the retention of its properties in the
newly reported molecular-engineered systems.

2. RESULTS

2.1. Syntheses. In order to design and build the
polynuclear architectures, we require several elements that
include the building block, the linker, and the mechanism to
couple them. Here, in our case, we chose the porphyrin- and
phthalocyanine-based double decker as a building block and
coupling reactions as a linking strategy. Figure 1 shows a clear
view of the synthesis, which requires a single sandwich
complex and thus can synthesize a family of coupled double-
decker complexes, just by varying the linkers and reaction
conditions.

The neutral forms of the coupled dimeric sandwich
complexes (C1—-C3) were synthesized using Glaser and
Sonogashira coupling from the mononuclear double-decker
complex DD, as depicted in Figure 1. In order to obtain the
dimeric complex C1, the homocoupling mechanism was
involved in the presence of Pd(PPh,),Cl, AsPPh, in aerobic
conditions. The oxygen favors the mechanism of the
homocoupling reaction. However, in the case of the synthesis
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Figure 2. 'H NMR spectra of yttrium analogues of dimeric complexes in CD,Cl,-DMSO-dg (1:1) in the presence of ca. 10% (by volume)

hydrazine.

of complexes C2 and C3, the mononuclear complex DD was
involved in heterocoupling with a linker, but with inert
conditions for the Sonogashira reaction.

Due to the presence of (NBu,)F (henceforth TBAF) in the
reaction mixture, the crude product was obtained as an anionic
complex. The crude product extracted was subsequently
subjected to oxidation by sodium periodate (NalO,) followed
by column chromatography to obtain the pure product in
yields of 6—12%. In order to confirm the structure of the
product, from spectroscopic methods, NMR is one of the best
options available. However, due to the presence of radicals, it
becomes challenging to analyze the spectra. Hence, in order to
remove the radical effect, the 'H NMR was measured on each
sample in a 1:1 CD,Cl,:DMSO-d, solution in the presence of
10% (by volume) hydrazine hydrate, acting as a reducing
agent. Figure 2 shows a clear difference in the spectra in the &
= 7.75—8.00 ppm region (shaded region), which corresponds
to the protons on the linker groups (benzene rings). This
confirms the coupling of the monomeric complex with the
respective linkers. The identity and purity of the compounds
were further corroborated by ESI-MS (Figure S1).

2.2. Solid-State EPR Spectroscopy. 2.2.1. CW EPR
Experiments. Preliminary EPR studies of these complexes
were carried out using X-band CW EPR to assess the
similarities of the mixed-ligand systems with [Y(pc),]*.
These experiments mainly focused on the monomer complex
DD, while one of the biradical complexes was studied
indicatively to fully elucidate this question. C3 was selected
mainly due to the available quantity of the powder sample.
Room-temperature solid-state spectra of DD and C3
demonstrated a single Lorentzian resonance, typical of
homogeneously broadened spectra (Figures S2 and S3,
respectively) similar to that recently obtained for the [Y(pc),]*
complex."”

Variable-temperature CW EPR spectra collected on powders
of DD and C3 revealed broad spectra at 4.2 K (FWHM of 0.83
and 0.42 mT, respectively). For DD, the spectra narrowed
continuously upon heating to room temperature (0.24 mT), a
behavior consistent with that previously observed for [Y-
(pc),]*."* For C3, the narrowing continued up to 50 K

reaching 0.29 mT, before demonstrating additional broadening
at room temperature (0.43 mT).

These linewidths are the combined result both of the spin—
spin relaxation time, Tz:B and exchange-narrowing effects
known to affect the spectra of identical spins.'* These solid-
state effects are too complicated to fully analyze and beyond
the scope of this work; we, therefore, limit ourselves to our
qualitative discussion.

2.2.2. Pulsed EPR Experiments in the Solid State. The
similarities between DD and [Y(pc),]® further extended to
pulsed EPR in powders. The powered sample of DD showed
FIDs at room temperature, which were used to record FID-
detected nutations (Figure S4), bearing a striking resemblance
to the signals previously reported for [Y(pc),]*.'* Considering
that these studies compellingly demonstrate the similarities
between [Y(pc),]® and the mixed-ligand systems, no FID-
detected pulsed EPR experiments were carried out on C3.

2.3. Frozen Solution CW EPR Spectroscopy. EPR
experiments in frozen solutions were carried out in CD,Cl,/
CDCl; 4:1, which showed excellent glassing behavior (Figure
SS). Moreover, preliminary studies revealed concentration
effects (Figure S6). In particular, 1 mM samples were
characterized by double resonances with different saturation
profiles, which we attributed to aggregation or to intermo-
lecular dipolar interactions. These persisted even after
prolonged sonication of the EPR tubes. In turn, dilution to
0.1 mM removed these artifacts, and further descriptions are
given for these samples.

The analysis of CW-EPR experiments in frozen solutions
was particularly complicated by the observation of absorption-
like spectra at relatively low temperatures and moderate
microwave powers (Figures S7). For example, at a 44 dB
attenuation (8.4 yW microwave power), such spectra already
appeared at 20 K, whereas no available attenuation could
produce derivative-like spectra at 4.2 K. Upon heating, this
behavior was mitigated, with regular derivative-like spectra
reappearing at temperatures between 35 and S0 K. At low
temperatures, however, this behavior was not mitigated even
by testing with different cavities with different power saturation
profiles. This is a typical case of passage effects associated with
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Figure 3. Left: saturation recovery traces for a 0.1 mM CD,Cl,:CDCl; 4:1 frozen solution of DD at various temperatures and fits to a
monoexponential model comprising spectra diffusion (black lines). Right: T, times as a function of temperatures and fit to a relaxation model

comprising Raman and direct processes. Best fits were O@p = 244 K, by man

error bars indicate the 95% confidence intervals.
a very slow spin—lattice relaxation,"*"°
EPR experiments (see below).

This hypothesis was confirmed by comparing ascending
versus descending field sweeps, at 40 K, a temperature where
these effects are still observed (Figures S8 and S9). These
spectra revealed inverted spectra for the ascending versus
descending sweeps, which persisted even upon reducing the
modulation frequency from 100 to 12.5 kHz. This behavior
could be partially mitigated by reducing the scan speed, but it
still persisted at 40 K, meaning that very long scans would be
required at low temperatures. These experiments were
therefore not further pursued.

At these concentrations, any half-field signals due to intra- or
intermolecular interactions were masked by g ~ 4 impurity
signals of our cavities (Figure S10) and were therefore
unobservable. We note, however, that this concentration tends
to the infinite dilution limit with res;)ect to the intensity of
such signals of intermolecular origin.'

2.4, Pulsed EPR Spectroscopy in Frozen Solutions.
2.4.1. Spin—Lattice Relaxation Studies. The determination of
T, times was a prerequisite for subsequent pulsed EPR studies.
Variable-temperature determinations were carried out indica-
tively for DD (Figure 3) to derive the spin—lattice relaxation
law; for the rest of the complexes, such determinations were
carried out only at the temperature of further experiments. In
all cases, these were carried out on the maximum absorption as
determined by field-sweep echo-detected (FSED) spectra (see
below) using saturation recovery experiments. The magnet-
ization traces were fitted to different models, in particular a
monoexponential model

as confirmed by pulsed

M(8) = Mo(1 = /1) ()
a stretched exponential model
M(t) = My(1 — @B @)

and a monoexponential law with a spectral diffusion coefficient

q
M(t) = Mo(1 — ¢ ¢/ T\7a)) 3)

These fits confirmed the initial assumption derived from CW
spectra: the T times were very long, increasing from 6.9 ms at

= 1.0 X 10° s}, mipyeee = 2.0, and bpyee = 0.94 571 T2°, The vertical

95 K to 849 ms at 10 K. Fits to these results (Figure 3) were
carried out to a relaxation model comprising Raman and Direct
processes
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calculated numerically."®

We should stress that interpretation of spin—lattice
relaxation in frozen solutions benefits from models developed
for paramagnetic impurities in crystalline matrices. Magnetic
molecules in frozen (glassy) solvents may exhibit relaxation
pathways due to local vibrational modes.'” Attempts, however,
to include such processes were unsuccessful. Quite large Debye
temperatures were derived from these fits, which we attribute
to correlations between fitting variables and to the possibility
of different processes contributing differently at different
temperatures.

At 10 K and below, the T, times were too long for the
saturation plateau to be attained within the instrumental
constraints of our spectrometer, whose PatternJet limited the
shot repetition time (SRT) to 2 s and maximum measurement
duration to 1 s.*° Thus, T, times below ~20 K have a
considerable degree of uncertainty, and the derived values
depend on the relaxation model used for the fits. While these
limitations can be overcome by using an external trigger, this
was not considered as critical in the context of the current
work. Further experiments were carried out at higher
temperatures where these constraints were overcome.

To ascertain the source of these long relaxation times, we
also carried out pulsed EPR experiments on the parent radical
complex [Y(pc),]® (Figure S11). Interestingly, this also
revealed similarly long spin—lattice relaxations, which indicates
that the magnetic properties of these mixed-ligand complexes
may be related to spin delocalization on the phthalocyanine
ring. In particular, since spin—orbit coupling is known to be
responsible for mediatinfg the communication of the spin with
the lattice vibrations,'”*" delocalization on carbon atoms, with
their very low spin—orbit coupling, is expected to be a
contributing factor to slow spin—Ilattice relaxation. Moreover,
we carried out such studies on C3 in an attempt to discern an



Orbach process with an eventual energy barrier assigned to
magnetic interactions (Figure S12). However, no such process
was revealed, which we assigned to weak intramolecular
interactions.

2.4.2. FSED Spectra. Preliminary FSED spectra were
conducted to assess the line shapes and central field values.
For DD, fits to the 95 and 40 K spectra revealed an almost
perfectly Gaussian line shape. Particularly absent from these
spectra are any hyperfine features. This is partially explained by
DEFT calculations which show that most of the spin density is
delocalized in C atoms in the phthalocyanines and in the C
atoms of the ring of the porphyrin ligand (see Section $3.5 and
Supporting Information). Due to the low natural abundance of
magnetic nuclei in carbon, we do not expect strong hyperfine
couplings which would show up in FSED spectra. As for '*N
nuclei, HYSCORE experiments of C3 showed that such
couplings do exist in the “strong” coupling regime (lAl >
2w 4, where @4 = 1.07 MHz), but they are still too weak to
be resolved by FSED experiments. We tentatively suggest that
these weak couplings are due to the low spin densities of the N
atoms (see Section S3.5 and Supporting Information). The line
shapes can very nicely be reproduced either by isotropic
convolutional broadenings or by anisotropic H-strains that
account for unresolved hyperfine couplings.

For comparison, FSED spectra of the parent [Y(pc),]*
complex were also recorded and showed Gaussian line shapes
of very similar widths, also lacking any hyperfine splittings
(Figure S13 and Table 1). In addition, FSED spectra collected

Table 1. Best-Fit Parameters to FSED Spectra of Monomer
DD and [Y(pc),]*

isotropic
convolutional anisotropic
broadening broadening
og oL, H strain x/y/z
T (K) g (mTy,)  (mT,,) (MHz)
DD 40 2.0021 0.3455 0.0170 8.8/9.3/11.9
DD 90 2.0022 0.3715 0.0260 7.7/7.9/12.7
[Y(pc),]* 40 2.0023 0.3210 0.0025 7.6/9.4/10.6
[Y(pc),]* 90 2.0022 0.3227 0.0024 8.2/8.6/10.6

for C2 at two different 7 delay times demonstrated some
modulation-related effects, which nevertheless did not
seriously affect the fitted distances (Figure S14).

To extract information on inter-radical distances, the
symmetric nature of the biradicals prevented us from carrying
out DEER experiments since we could not apply the requisite
pump and probe pulses on separate resonances. We also
attempted to carry out RIDME experiments. Although these
are better suited for distance measurements of asymmetric
“AB” systems (such as metal—radical systems), they have, in
some cases, also been successfully used in distance measure-
ments of symmetric biradicals””*’ and Gd™ dimers.”*
Unfortunately, attempts at six-pulse RIDME experiments”®
on C3 were unsuccessful as no refocused virtual echo could be
detected.

Therefore, we instead carried out fits on the FSED spectra,
whose shapes should be affected by the anisotropy induced by
dipole—dipole interactions. For these fits, the fitted linewidth
values of the mononuclear spectrum were used as fixed
variables. Moreover, it was considered that no intermolecular
dipolar interactions were operative. Indeed, a Poisson
distribution predicts that the vast majority (99.6%) of

intermolecular distances at this concentration are above 25 A
(Figure S15).

The first limitation of this approach is that its applicability
starts decreasing for distances above ~25 A as the line shape of
the dipole-coupled dimer starts approaching that of the
monomer. For example, for absorption-type signals with
Gaussian peaks of 0.36 mT,, (peak-to-peak) linewidths, the
two peaks coalesce into a single one approximately at 16 A.
The effective linewidth of the biradical system decreases and
reaches 0.37 mT,, for distances of 30 A. These are illustrated
in Figure 4 and can be compared with the various interspin
distances shown in Table 2.

The above means that while we may be able to determine
distances between spin densities residing on the proximal
atoms of the spin systems, dipole interactions between distal
atoms would not yield anisotropies strong enough to be
detected by their influence on the EPR line shapes; these
distances are shown in Table 2 and for C1-trans at the bottom
of Figure 4. With the longer biradicals exhibiting a main peak
of effective linewidths of ca. 0.45 mT,,, this approach was
applicable for at least a significant part of the spin densities.

A second limitation concerns the hypothesis that spin
densities reside solely on the pc/por systems. Indeed,
theoretical calculations on long-chain bridged biradicals have
shown that this is not always to be the case,”*™*" with a “spin
leakage” occurring, much more so over conjugated organic
tethers than aliphatic ones, in some cases leading to magnetic
exchange.

This raises the point of the treatment of eventual
superexchange terms. In subsequent analysis, superexchange
terms (Hq = J;S:S;) are not considered for any of the
biradicals for two main reasons.

The first concerns experimental complications arising in
their determination by other methods. For example, due to the
expected low values of such couplings, SQUID magnetometry
in the solid state might reasonably be dominated by
intermolecular interactions which can often be quite
signiﬁcant.zg_‘?’1 This would require SQUID experiments in
solution to unequivocally determine ], in which precise
diamagnetic corrections are quite complicated to derive.
Alternately, variable-temperature studies of the intensities of
half-field signals might be employed, which are also quite
demanding and entail significant uncertainties.

The second reason is the lack of relevance of such
interactions in the current context. Indeed, these are not
expected to be discernible in the field-swept EPR spectra of
symmetric biradicals (g, = g,), experiencing no hyperfine
splittings. Hyperfine-split spectra of asymmetric biradicals are
influenced by, and can yield information on, the ratio of J/A;**
however, this is not the case for the systems studied herein.
Therefore, in the scope of this work, we have disregarded
superexchange couplings, if any are operative.

Preliminary fits were carried out to a point-dipole model
previously described.’® This model yielded relatively coherent
results for C2 and C3 as shown in Figure 5, with the main
spectral feature being well reproduced by distances reasonably
close to the por—por ones. However, the presence of satellite
features prompted us to introduce minor components of
smaller interspin distances, a modification constituting an
approximation to the distributed dipole model.** These
features can be rationalized by considering the presence of
spin density over the organic tether. This “leaky tether”
hypothesis was further tested by DFT calculations (vide infra).
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Figure 4. Top: line shapes of simulated FSED spectra of symmetric dipole—dipole coupled species. Bottom: distances between different atoms of

the delocalized system Cl-trans, derived from a calculated structure.

Table 2. Calculated Interatomic Distances for the trans-
Conformations of C1-C3“

conformation Prrerms (A) Prorranms (A) T (A)
Cl-trans 14.98 18.29 28.80
C2-trans 19.26 22.20 34.30
C3-trans 23.62 26.20 38.54

an:
Distance Tpor-por

tether is grafted.

refers to the porphyrin carbon atoms on which the

It is noteworthy that the satellite features at 40 K were quite
weak, making their inclusion in the fits less reliable. These are
subsequently not shown. However, these were more
pronounced at 95 K allowing us to meaningfully fit their
relative intensities.

The above results are summarized in Figure S and Table 3.

On the other hand, in the case of the shortest dimer, C1, the
line shape of the FSED spectrum was deformed due to the
modulations of the echo shape when the magnetic field
departed from a narrow region (~0.1 mT) off the main
resonance (Figure 6). In particular, close to the main peak, the

real part of the echo presented the expected form, whereas off
the maximum resonance, it exhibited strong modulations. This
hampered the correct signal integration and consequently, the
FSED spectrum could not be reliably fitted. Nevertheless, the
off-peak echo was used to draw conclusions about the spin
state in that field (see Spin Nutation Experiments).

It is noteworthy that these echo modulations are reminiscent
of similar signals detected for a benzene solvate of the a,y-
bisdiphenylene-f-phenylallyl (BDPA) radical,® attributed at
that particular case to strong spin—photon coupling with the
cavity and to the excitation of polariton modes. Despite these
similarities, however, in that work, the sample was a 21.5 mg
pure BDPA pellet, containing ca. 1.2 X 10" spins, studied at 7
K in a custom-built Fabry—Pérot resonator. In our case, the
sample is a 0.1 mM solution containing ca. 6 X 10" biradicals,
studied at 40 K in a standard Bruker dielectric resonator.
Overall, that sample was 10* times larger than ours and also
studied at lower temperatures in a resonator specifically
designed to achieve very strong spin—photon couplings.

During the review process, it was suggested that this is a
manifestation of passage through a relatively sharp signal using
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Figure S. Left: FSED spectrum for a 0.1 mM CD,Cl,:CDCI; 4:1 frozen solution of DD and fit to a single resonance, with best-fit parameters shown
in Table 1. The linewidths of these spectra were then used as fixed variables to fit the spectra of dimers. Middle: FSED spectrum for a 0.1 mM
CD,Cl,:CDCl, 4:1 frozen solution of C2 at 40 K and fit to two subcomponents. Right: fit to FSED spectra of C3. The 40 K spectrum was fitted to
only one dipole—dipole distance. The 95 K spectrum was fitted to three subcomponents. Best-fit parameters for the spectra of C2 and C3 are
shown in Table 3. Experimental conditions: fny = 9.81456 GHz (DD, 40 K), 9.7575 GHz (DD, 95 K), 9.75515 GHz (C2), 9.81331 GHz (C3, 40
K), 9.75577 GHz (C3, 95 K); 7 = 1170 ns (DD, C1), and 1150 ns (C2, C3), #/2 = 16 ns, and 150 ns integrator gate.

Table 3. Best-Fit Parameters from Fits of the FSED Spectra of C2 and C3 to a Set of Point-Dipole Pairs®

complex Feentral (A)
C2(40 K, 7 = 356 ns) 212 (w=1)
C2(40 K, 7 = 1150 ns) 221 (w=1)
C3(40 K) 213 (w=1)
C3(95 K) 214 (w=1)

r (A)z wy
12.1 (w; = 0.23)
11.3 (w, = 0.087)

r (A)x w
9.78 (w, = 0.039)
9.81 (w, = 0.10)

12.3 (w; = 0.079) 9.75 (w, = 0.13)

“In each case, the relative weight of the central resonance is defined as w = 1.
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Figure 6. FSED spectrum for a 0.1 mM CD,Cl,:CDCl; 4:1 frozen
solution of C1 at 40 K (7 = 1.19 s, f = 9.81315 GHz, #/2 = 16 ns,
and 150 ns integrator gate). The insets show indicative Hahn echo

traces at two magnetic fields near and further away from the
maximum.

narrow pulses, with one of the reviewers supplying similar
echoes from y-irradiated silica. Indeed, such signals have also
been observed in regular resonators®® or during electrically
detected magnetic resonance experiments.”” They can be
rationalized by the consideration of an echo as two back-to-
back FIDs evolving forward and backward in time;*® when off-
resonance, these FIDs will exhibit an oscillatory behavior.
Actually, a method has been proposed for the analysis of
echoes to achieve better sensitivities and resolutions with
respect to FSED spectra collected by echo integration.*® Based
on that method, we carried out complex FFT analysis on the
real and imaginary parts of the echoes and found that they are

characterized by negative and positive frequency offsets for By
< B, and By > B, respectively. The offset was a linear
function of the applied magnetic field, with a rate of ~1.8 MHz
G~! (Figure 7). These results highlight the often-overlooked
imggrtance of the direct dimension in pulse EPR spectrosco-

2.4.3. Echo Decay Experiments. Hahn-echo decay experi-
ments were carried out to assess the phase memory times, T,
of the various samples. These were carried out at the magnetic
field corresponding to each FSED spectrum’s maximum, and at
a 40 K temperature, at which the T times were short enough
to allow a ST; SRT at a reasonable experimental duration and
the T, long enough to observe sufficiently strong echoes.

The presence of very deep modulations (Figure S16)
significantly hampered the quantitative treatment of the echo
decay traces. Attempts to decrease the modulation depth by
softer and more selective pulses required 256/512 ns pulses to
substantially decrease most of the modulations, though the
initial one around 1 s persisted (Figure S17). We tentatively
attribute this modulation to couplings to '*N nuclei established
by HYSCORE experiments. Fits to the latter part of the echo
decay trace, which was free of modulations, yielded T, times
between S and 9 us (see Supporting Information). It is
noteworthy that these results were closely matched by echo
decay studies on the solution samples of the parent [Y(pc),]*
complex.

It should be noted that spin diffusion involving 'H nuclei
could participate in the shortening of the coherence time of
these radicals. Indeed, while the experiments were carried out
in deuterated solvents, the 'H nuclei of the undeuterated
phthalocyanine/porphyrin ligands gives an effective 'H
concentration of 4 mM for the monoradicals and 8 mM for
the biradicals, which are quite significant. Actually, the larger
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'H concentration of the biradicals is also reflected in their T,
times, which are approximately half those of monoradical
species. Deuteration of the ligands would be a potential avenue
to further increase the coherence time of these systems.

Another factor that may be considered for the shortening of
coherence times is molecular motions which can occur even in
frozen solvents at low temperatures. Given the quasicylindrical
shape of the monoradicals, they may undergo librational
motions around their central axis, thereby introducing an
additional decoherence pathway. It might therefore be
expected that the less symmetric, hence more constrained,
biradicals move less freely in the glassy matrix.

If such is the case, then the biradicals constitute a case where
one factor that accelerates decoherence, i.e. large 'H
concentration, coexists with a factor that decelerates it, i.e.,
diminished mobility. It stems, therefore, that increase in
coherence times could be achieved by targeting molecular
shapes with small mobility and high rigidity, e.g., by long and
rigid side groups, while taking care to keep the 'H count low.

2.4.4. Spin Nutation Experiments. Spin nutation experi-
ments were carried out to assess the ability to coherently drive
the spin of the compounds at 40 K. Moreover, these
experiments allow us to unequivocally establish the spin
multiplet character within which each transition takes place
since the nutation frequency of a transition between states M
and Mg + 1 within a multiplet S is given by’

_ Hp8B,
h (5)

Initial experiments were carried out at the central resonance
with variable MW powers, with the nutation traces of DD
(Figure 8) and [Y(pc),]*® (Figure S19) being used as
calibration standards for the ISt, Mg) = 11/2, +1/2) transitions.
All experiments revealed oscillations identified to be Rabi
oscillations by the linear dependence of their frequency on B,
(Figures S18 and S19). Comparison of the frequencies
between all complexes confirmed that the nature of the central
transition is 11/2, +1/2), while fitting parameters to an
exponentially damped oscillation gave comparable results
(Table 4). At higher powers, we observed a decrease in 7y,
which we assign to not only “driven decoherence”*' but also an

f JS(S + 1) — Mg(Mg + 1)

Table 4. Dependence of the Rabi Damping Times on the
MW Power Attenuation”

7r (us)
complex 3dB 6 dB 10 dB 14 dB
DD 0.065(8) 0.19(1) 0.26(2) 0.25(1)
c1 0.087(5) 0.073(6) 0.13(1) 0.14(2)
c2 0.093(14) 0.10(1) 0.13(1) 0.13(2)
c3 0.083(6) 0.14(1) 0.17(1) 0.18(1)

“The numbers in parentheses are the 95% confidence interval.



overall decrease in the signal intensity, which we assign to
larger turning angles at higher powers, requiring longer SRT
than the ones used at lower MW power experiments.*”

However, the particular behavior of C1 prompted us to
further assess the satellite resonance. Due to the modulated
echo (Figure 6, left inset, and Figure 7), a narrow integration
window was selected for the detection of the nutation traces.
Nutation experiments in this field also yielded oscillations with
a frequency dependent on the MW power (Figure S20), thus
also confirming these to be Rabi oscillations. Nevertheless, at
the same attenuation level (6 dB), the nutation frequency at
that field was 23.8 MHz, i.e., higher by a factor of 1.42 ~ \/ 2
than the respective frequency (16.8 MHz) at the center of the
resonance and at the same attenuation (Figure 9). Based on eq
S, this indicates that this resonance stems from a Mg = —1 to
M = 0 transition within a § = 1 spin multiplet.

T T T T T T T
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Figure 9. FSED spectrum for a 0.1 mM CD,Cl,:CDCl; 4:1 frozen
solution of C1 with the Rabi oscillations at the different magnetic
fields as insets.

This behavior is reminiscent of that previously observed in a
Cu'"nitroxyl radical complex whose spectrum was interpreted
in the framework of an exchange-coupled “AB” system. In that
system, the appearance of the FSED spectrum depended on
the MW power of the pulses as the external versus internal
parts of the spectrum corresponded to different effective S
values and, therefore, turning angles for the same MW
power.” In our case, the two S = 1/2 spins are identical, yet
they also give rise to transitions corresponding to different
effective spin states.

An additional interpretation was considered for this variance
in nutation frequencies, in particular, that it is characteristic of
an off-resonance FID. Although the signal was indeed from an
off-resonant FID, the nutation frequency itself is qualitatively
distinct, as it corresponds to the variation in the echo integral
as a function of the nutation pulse length. Indeed, the nutation
frequency depends on the MW power (see Figure $20)
demonstrating that it is a Rabi oscillation.

2.5. Theoretical Studies. To get a better understanding of
the FSED spectra, we performed ab initio calculations based on
DFT on all the molecules using the quantum package CP2K.**
In addition to the cis structures, we also optimized and
simulated the “trans” geometries. The trans structures were
those in which one of the two [Y(pc)(por)] molecules was
rotated 180° around the organic tethers (see Methods in the

Supprting Information for details). The stability of each of the
cis structures was analyzed in terms of its DFT energy by
comparing it to the corresponding trans geometry. The results
are displayed in Table S.

Table 5. Relative Energies of the Three Simulated
Compounds”

system AE, ;i pyuns (eV)
C1 0.257
C2 0.222
C3 0.152

“The energy differences clearly show that the trans arrangement is
more stable than the cis one. All the simulations were carried out with
identical precision and DFT parameters.

In general, not only are the trans configurations more stable,
but the organic linker adopts a straight geometry, in contrast to
a more curved one of the cis ones. Moreover, the chain length
influences the relative stability of the two conformations, with
the shortest chains imposing a greater energetic preference for
the trans conformation.

Since spin localization in similar systems is closely related to
phenomena such as magnetic coupling or electronic transport,
we also analyzed the spin fingerprints on each of the systems.
In contrast to simple double-decker compounds, the spin
density is spread across all the carbon atoms of the
phthalocyanine ligands as well as in the carbon atoms of the
ring in the porphyrin. A substantial difference between the C1-
cis and Cl-trans is that a larger spin density leakage is
observed into the linker in Cl-trans, as can be observed in
Figure 10b. This behavior seems to diminish as the distance
between both double-decker complexes increases (see Figure
S21). This observation is in line with that calculated for similar
supramolecular multiradical systems.””**

The above findings are in line with the calculations of the
singly occupied molecular orbitals (SOMOs) for each spin.
These suggest that in the trans conformation of Cl, the
SOMOs are more extended over to the neighboring double-
decker system (Figures S22 vs S23, top). These results are
coherent with spin nutation experiments demonstrating the
presence of different spin states off the main resonance,
presumably due to stronger coupled densities on linker atoms.

To further corroborate the above, and also to rationalize the
lack of hyperfine couplings in the EPR spectra of these
complexes, we performed a Hirshfeld analysis to derive the
atoms contributing to its total spin magnetization. Indicatively,
we selected the two conformations of C1 (Tables S2—S5 and
Figures S24, S25). These calculations show that the a-spin
density preponderantly resides on C atoms and the f-spin
density preponderantly so on N atoms. Moreover, the a-spin
density is roughly 8.5 and 8 times greater than the f-spin
density for the cis and trans conformations, respectively, thus
explaining the lack of hyperfine signals in EPR spectra.

Moreover, we correlate these results with preliminary
HYSCORE studies carried out indicatively on C3 at 95 K
(Figure S26). These reveal signals in the (—,+) quadrant
clearly by demonstrating hyperfine couplings with '*N falling
within the “strong” coupling regime (IAl > 2wy, where @4
= 1.07 MHz). Indeed, simulations indicate values A,y = —5.61
MHZ, A, = —3.78 MHz, Q, = —0.08 MHz, Q, = —1.52 MHg,
and Q, = 1.60 MHz. These couplings remain quite weak to be
adequately resolved in FSED experiments. We tentatively



(b)

Figure 10. Spin density of Cl-cis and Cl-trans in (a) and (b), respectively. Red/blue correspond to a/f spins, respectively. It can be seen that in
Cl1-cis, most of the density is delocalized over the carbon atoms in both of the ligands. Nevertheless, C1-trans presents spin leakage into some of

the carbons in the organic tethers.

assign their weak intensity to the low spin density residing on
N atoms.

3. DISCUSSION

In this work, we have proposed a new strategy to design and
synthesize stable bis-“double decker” systems using molecular
engineering principles to carefully control their distances and,
hence, their magnetic interactions. To do this, we used mixed-
ligand pc/por double-decker moieties, taking advantage of the
synthetic versatility offered by t he m esopositions o f t he por
ligands. To the best of our knowledge, this is the first such
approach to tackle this problem in a rationally designed
manner.

Another objective of this work was to compare the magnetic
properties of the “parent” [Y(pc),]* radical system with those
of the mixed-ligand [Y(pc)(por)]® analogues. Experiments
both in the solid state and in solution clearly demonstrated the
close similarity of these magnetic properties. Indeed, the DD
monomer perfectly reproduces the behavior of [Y(pc),]®, in
both powders and frozen solutions and for several different
experiments.

This work has also demonstrated the synthetic feasibility to
use the [Ln(pc),]® platform to engineer larger spin systems
with predefined a rchitectures a nd ¢ ustom-designed magnetic
interactions. EPR studies and DFT calculations showed that
the rigid supramolecular tether is not an innocent component
of the system as it can become “leaky” due to spin
delocalization below a certain length and/or at specific
conformations. In that case, significant s pin d ensity ¢ an leak
onto its atoms, introducing new components to the magnetic
behavior of the dimers.

Interestingly, we note that studies such as this, entailing (i) a
series of carefully engineering biradical systems, studied in
detail by a combination of (ii) advanced EPR and (iii)
theoretical methods, are quite uncommon. Numerous past
studies often focus on one of those aspects or on single
biradicals. This combined approach is very rare and has
allowed us to bring forth finer, a nd p reviously unobserved,
details of the magnetic structures of these systems. These are
particularly relevant regarding surface deposition of such
molecules for the construction of molecular devices, a domain
in which the [Ln(pc)]® platform has been shown to be
particularly adapted.* The details of the molecular con-
formation of such surface-deposited molecules would be a
critical parameter in their utility as device components.

A salient point in this respect is the observation made by
nutation experiments that resonances away from the main peak
can be attributed to S = 1 spin systems, at least in the case of
the shortest tethers. This may suggest that the spin leakage and
the significantly s hortest i nterspin distances t o which it gives
rise create a system with a different spin character.

During these studies, it was also revealed that radical
complexes based on the [Y(pc)]® moiety exhibit quite a long
spin—lattice relaxation times in frozen solution. This
observation, along with the possibility to design asymmetric
biradicals, offers some intriguing perspectives, especially
relating to the use of such systems in DNP, where long T
times are a particular advantage. In addition, it has been
proposed that biradicals with two distinct electronic Larmor
frequencies, whose difference is equal to the Larmor frequency
of the nucleus under 1f excitation should maximize the DNP
enhancement.*

On a parallel track, such asymmetric (g; # g,) biradical
systems might constitute ideal platforms to implement
molecular CNOT gates, whereby the two qubits are weakly
coupled due to dipolar interactions. In such a case, their
different g-values might allow the individual addressing of each
qubit by different microwave frequencies. Recent develop-
ments in the design of pulsed EPR experiments render this
perspective quite intriguing.47

Overall, we have successfully implemented molecular
engineering principles to construct biradicals with designed
interspin distances, and we have demonstrated their dipole—
dipole interactions. Pulsed EPR experiments and DFT
calculations showed that while spin delocalization over the
rigid organic tether could not be entirely prevented, this “spin
leakage” could be minimized by lengthening the tether. Indeed,
fits to a version of a distributed dipole model showed that
roughly 75—80% of the spin densities of the longer-chained
biradicals C2 and C3 were based on the pc/por ring systems.

In light of the previously mentioned perspectives of biradical
use as DNP-polarizing agents and/or CNOT gate elements, we
are currently looking into the preparation of asymmetric
biradical systems based on the [Y(pc)]® platform.
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