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space. However, the absence of radicals in these systems has so far
hindered studies on the coupling between lanthanide ions and
conduction electrons. In this study, we report the synthesis of
(phthalocyaninato)bis(porphyrinato)-dinuclear rare-earth(III) com-
plexes functionalized with thiomethyl groups. The tailored oxidation
of the neutral complexes facilitated their conversion to air-stable radicals.
CASSCF calculations and static magnetic measurements revealed a radical—lanthanide exchange coupling constant of J;,, g4 =
—0.4S ecm™". Dynamic magnetic measurements demonstrated a shift in the magnetic properties due to exchange interaction, namely
from field-induced single-molecule magnets (SMMs) to zero-field SMMs. The findings of this study, along with the strong bonding
affinity of thiomethyl groups to gold electrodes, highlight the potential of these molecules as novel materials for the implementation
of nuclear spin qudits with an increased Hilbert space.

1. INTRODUCTION ability to encode and manipulate more information per unit.”
Recent advances have highlighted the superiority of qudits in
fidelity compared to multiqubit systems,'® as well as their
potential for fault-tolerant quantum operations'' and the
design of advanced qudit-based processors.'> These features
establish TbPc, qudits as promising candidates for next-
generation QIP systems. A key challenge in improving qudits is
scaling up the dimension of d. Our group previously proposed
that exponential scaling of the multiplicity d = (2I + 1)", where
n is the number of the nuclear spin-bearing centers, could be
achieved through multinuclear lanthanide sandwich complexes
with phthalocyanine or porphyrin ligands, which are later
called multiple-decker complexes (such as a triple decker).”
Later in 2021, this concept was demonstrated experimentally
in a spin transport measurement on a triple-decker complex
(Tb,Pc;, Figure 1, top right)."”

The utilization of multinuclear complexes as qudits depends
on several factors, including SMM characteristics, the hyperfine

In the realm of information storage and quantum information
processing (QIP), the development of molecule-based
quantum devices has emerged as a prominent and highly
ambitious goal. Among potential molecules, bis-
(phthalocyaninato) terbium(III) (TbPc,) has garnered con-
siderable attention due to its role as both a single-molecule
magnet (SMM) and a molecular qubit (Figure 1, top left)."”
In 2003, Ishikawa et al. reported that terbium(III) in the TbPc,
exhibits doubly degenerate ground states with substantial
magnetic anisotropy, resulting in remarkably slow magnet-
ization relaxation.” Later, it was found that nuclear spin states
are accessible through the magnetic relaxation of TbPc, via
quantum tunneling of magnetization (QTM) in low-temper-
ature y-SQUID measurements.” Nuclear spins are ideal
platforms for QIP since they are well isolated from the
environment, leading to long decoherence times.” This renders
terbium particularly promising since its sole naturally abundant
isotope,'**Tb, possesses a nuclear spin I = 3/2, yielding a four-
level system where the multiplicity d is definedasd =21+ 1 =
4. The potential of TbPc, for QIP was demonstrated by the
successful implementation of Grover’s quantum algorithm
using its nuclear spin states via single- molecule spin transport
measurements.”® Multilevel qubits, or qudits (with d > 2),
have distinct advantages over traditional qubits, including the
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Figure 1. Previous work on bis(phthalocyaninato) terbium(III)
(TbPc,, top left), tris(phthalocyaninato) diterbium(III) (Tb,Pc;, top
right), and this work on lanthanide(III) bis(porphyrinato)-
((octathiomethyl)phthalocyaninato) ([Tb,Por,(Pc(SMe)y)]**
SbCls~, bottom).

coupling between electron spin and nuclear spin, and the
exchange coupling between the electron spins of lanthanides
(]LH_L“).Z’9 In the case of triple deckers, the last mentioned
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factor is particularly important, as several studies have reported
weak Ji, i, in such complexes.'*™'® In spin transport, the
exchange coupling between a radical and lanthanide spin
(Jin_raq) is also crucial, since nuclear-spin readout in spin
transport is enabled by a “spin cascade” between the nuclear
spin of “9Tb, the total angular momentum of **Tb, and an
organic radical."” It is notable that, unlike the case of [TbPc,]",
where ]Rad b Was investigated in a bulk sample using high-field
EPR,"® Jrag—p still remains unknown in triple deckers. J;,_p.q
and Ji,_1, have been widely investigated in various radical-
bridged dilanthanide complexes. Since 2011, these complexes
have been explored in pursuit of high-performance
SMMs.'”"?* The radical, which bridges two lanthanides,
induces either exchange blas21 2% or a giant spin effect,””***°
thereby enhancing SMM performance. Here, J;,,_g.q is crucial,
as the linear correlation between Jin-Rred and the energy barrier
U, has been demonstrated.”® However, a significant problem
arises because, unlike [TbPc,]°, neutral triple-decker molecules
such as [Tb,Pc;]° do not exhibit an organic ligand-based
radical. The presence of a radical-bearing triple decker has
been reported in prev10us studies, for instance, through in situ
UV—vis spectroscopy 7% and in situ Kondo measurement
using scanning tunneling spectroscopy.””*’ Beyond phthalo-
cyanine/porphyrin triple-decker systems, there have been
studies on phthalocyanine—corrole mixed-ligand systems.”' ™
However, none of these approaches fully satisfy our require-
ments, as the first two are not useful in bulk magnetometry,
and the latter, due to broken symmetry, does not qualify as an
SMM,*® which falls outside our area of interest. In short, to
develop more reliable qudits for quantum device applications, a
triple-decker molecule is needed that possesses both SMM
properties and the capability to be converted into a radical
suitable for magnetic measurement.

SbClg”

1 equiv.
Phen’ SbCIE

(i)

SO ~wr

To(lll) (2-Tb)

(i (1Y) (I (2-Y)

7.5 7

5

N
S}

-25-2 15 1 050 0.5 1 15 2
Potential / V vs. F¢*/Fc

Figure 2. (a) Synthetic pathway for the preparation of triple-decker (porphyrinato)(phthalocyaninato) lanthanides (1-Ln and 2-Ln); (i) 1,2,4-
trichlorobenzene/n-octanol, reflux, for 4 h. (ii) 1,2,4-Trichlorobenzene/n-octanol, reflux, for 16 h. (jii) At room temperature, under inert
atmosphere, for 30 min. The synthesis of 16SMe—LnPc, is described in the Supporting Information. (b) UV—vis—NIR spectrum of 1-Tb in
CHCL,. (¢) Cyclic voltammogram of 1-Tb (0.5 mM) in a 0.1 M nBu,NPF,/CH,Cl, supporting electrolyte/solvent at a scan rate of 100 mV s™"

The arrow represents the direction of the scan.
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Herein, we present the synthesis and properties of
porphyrin—phthalocyanine mixed-ligand heteroleptic triple-
decker complexes functionalized with thiomethyl groups
(Figure 1, bottom). The thiomethyl group was chosen due
to its potential for strong binding affinity to gold electro-
des®* ™" and its electron-donating property.””* In this work,
we focused on the latter property. Leveraging its electron-
donating property, we pursued two objectives: (1) tuning the
redox levels of the triple decker to enable conversion into a
cationic radical and (2) studying the magnetic properties of the
radical, particularly the exchange couplings (Ji,_r.a and Jin_1,)
and their influence on the SMM properties.

2. RESULTS

2.1. Synthesis and Characterization of 1-Tb and 1-Y.
The lanthanide(II1) bis(porphyrinato)((octathiomethyl)-
phthalocyaninato) triple-decker complexes (1-Ln, Ln =
Tb(III), Y(III)) were prepared using a two-step, tandem
one-pot reaction based on a previously reported synthetic
approach (Figure 2a).*" This method involves three key steps:
(1) in situ formation of lanthanide(IlI) porphyrinato
acetylacetate (Ln(Por)(acac)) over 4 h, which acts as a
template to overcome the instability of intermediate
monoporphyrinates; (2) addition of a presynthesized bis-
(phthalocyaninato) rare-earth(III) complex with thiomethyl
groups (16SMe—LnPc,, Figure 2a), which undergoes thermal
splitting and reacts with Ln(Por)(acac); and (3) slow
formation of 1-Ln under reflux conditions for 16 h. In
previous work, the regioselectivity of this synthetic process was
explained by quantum chemical calculations:* First, the
asymmetric electronic density distribution in the intermediate
heteroleptic double-decker complex was shifted toward the
phthalocyanine ligand, along with the charge density. Addi-
tionally, in the presence of electron-donating alkoxy groups,
the coeflicients of HOMO are ca. 34% and 66% at the
porphyrin and phthalocyanine ligands, respectively (HOMO =
the highest occupied molecular orbital). Consequently, the
polarization of the molecule results in the selective interaction
of monoporphyrinate at the phthalocyanine site of the
LnPcPor complex. Similarly, the electron-donating thiomethyl
groups of the LnPc, complex triggered the process
regioselectively. As a result, the crude product could be easily
purified using silica gel column chromatography (eluent:
CHCly/hexane = 2/1 at first, then 100% CHC,), yielding a
green powder. Recrystallization from CHCl;/hexane produced
crystalline particles suitable for single-crystal X-ray diffraction
(XRD) (vide infra).

The UV—vis—NIR absorption spectrum of 1-Tb is depicted
in Figure 2b, and the peak positions and molar absorption
coeflicients are listed in Table S2. Electronic absorption
spectroscopy is the most commonly used technique to
characterize macrocyclic tetrapyrrolic compounds and their
metal complexes.”’ The spectrum closely resembles those of
previously reported bis(porphyrinato)(phthalocyaninato) tri-
ple deckers.*"***> Following previous reports, the peaks were
assigned to electronic transitions specific to each ligand. The
Soret bands of phthalocyanine and porphyrin appear at 353
and 418 nm, respectively. Meanwhile, the Q bands of the
phthalocyanine ligand, with some contributions from the
porphyrin ligands, are observed at 1014 nm. The absorptions
at 500 and 633 nm are assigned to the Q-band mainly of Por*".
Furthermore, the electron-donating substituent in phthalocya-
nine macrocycles affects their electronic structure, thereby

altering the energy of transitions in the UV and visible
regions.””*’ The effect of the thiomethyl groups of 1-Tb is
evident in the additional peak at 395 nm, similar to what is
observed for 16SMe—LnPc, (Figures S2a and S3a).

The infrared (IR) spectroscopic data (Figure S4a) reveal
that the IR spectrum of 1-Tb is similar to that of Tb,PcPor,,"*
confirming their structural similarity. Additional peaks were
also observed: one around 1200 cm™' (Ph-S stretching) and
1400 cm™! (—CH; umbrella motion).”® As is the case of
16SMe—LnPc, (Figures S2b and S3b), these peaks are
characteristics of -SMe groups, which is distinguished from
isoindole stretching peaks.”’

High-resolution ESI-TOF—mass spectrometry (ESI-MS)
was performed on 1-Tb, showing signals from a single ion,
whose isotopic pattern matched the simulated one (Figure
S4b).

Likewise, a series of characterizations (UV—vis—NIR, IR,
ESI-MS) was performed on 1-Y, revealing its similar character
to 1-Tb (Figure S5 and Table S2). In addition, the 'H and "*C
NMR spectra recorded in CD,Cl, of the newly prepared
diamagnetic triple-decker complex 1-Y clearly demonstrated a
molecular structure of (Por)Y(Pc)Y(Por) (Figures S6 and S7).
The assignments of the spectra were achieved by the resolved
multiplicity in the signals for the Pc a- and S-protons, the 2D
NMR spectra, and were similar to the spectra of related triple-
deckers.*

The redox properties of 1-Tb and 1-Y were investigated by
cyclic voltammetry (CV) in CH,Cl,. 1-Tb and 1-Y showed
redox properties typical of (phthalocyaninato)bis-
(porphyrinato) triple deckers***’ (Figures 2c, S5 and Table
S1). Six quasi-reversible redox waves were observed at E;,, =
0.94, 0.78, 0.40, 0.04, —1.33, —1.68 V vs ferrocene/
ferrocenium (Fc/Fc*) for 1-Tb, and at E;;, = 0.95, 0.79,
0.39, 0.01, —1.31, —1.67 V for 1-Y. As previously reported,44
such redox profiles are insensitive to the central metal ions but
related to the ligand-centered redox reactions ([Ln,PcPor,]/
[Ln,PcPor,]*, [Ln,PcPor,]*/[Ln,PcPor,]]**, and
[Ln,PcPor,]/[Ln,PcPor,]]~, [Ln,PcPor,]”/[Ln,PcPor,]]*"),
as well as thiomethyl-associated oxidations. In contrast, a
previous study”” reported that electron-donating/withdrawing
substituents on the porphyrin cause a shift in those redox
potentials accordingly. The first oxidation potentials of 1-Tb
and 1-Y are lower than those of Ln,(Pc)(TClPor), or
Eu,(Pc)Por, (TClPor = §,10,15,20-tetrakis(4-chlorophenyl)-
porphyrin), suggesting that electron-donating substituents on
the phthalocyanine macrocycle also lower the redox potentials
of the complexes. The same trend was also observed in DFT
calculations, where the HOMO of 1-Tb (—4.43 eV) is higher
in energy than that of Tb,PcPor, (—4.53 eV) (Figure S10).
The potential difference between the first oxidation and the
first reduction AE®; ox — first Red. (= first Ox. — first Red.) is an
important value for sandwich porphyrinato—phthalocyaninato
complexes as it represents the HOMO—LUMO gap of the
molecule (LUMO = the lowest unoccupied molecular orbital).
Interestingly, when comparing AE®g. oy _ first rRea. Values of 1-
Tb and 1-Y to those of previously reported Por—Pc—Por triple
deckers (Table S1), it was observed that the (triple-decker)
complexes possessing electron-donating groups tend to exhibit
smaller AE®. oy — first Red. Values, with this effect being most
significant in 1-Tb and 1-Y. Thus, the ligand design strategy
utilized in this work effectively stabilized the desired redox pair
by tailoring the redox states. Furthermore, we performed cyclic
voltammetry on 1-Tb and 1-Y over the range of —0.3 to 0.3 V



for 19 cycles (Figures S4c and SSf). No obvious change was
observed after repeated cycles, suggesting that the oxidation of
1-Tb and 1-Y is not accompanied by any follow-up chemical
reactions. The result here further supports the discussion about
the stability of the oxidized species (2-Tb/2-Y, vide infra).

2.2, Synthesis, Characterization, and Stability Study
of 2-Tb and 2-Y. Encouraged by the results of the cyclic
voltammetry of neutral 1-Tb and 1-Y, we attempted to oxidize
them to obtain cationic radicals (2-Tb and 2-Y, respectively).
Hence, 1-Tb or 1-Y were reacted with an equimolar amount of
phenoxathiine hexachloroantimonate(V) (Phen*SbCls”) in
chloroform (Figure 2a, the third step). Upon mixing, both
solutions immediately turned from green to brown. The
resulting solution was transferred into test tubes placed in a
hexane bath, allowing for the slow diffusion of hexane. Needle-
like crystals of 2-Tb or 2-Y were obtained, which were suitable
for single-crystal XRD analysis (vide infra).

Their UV—vis—NIR absorption spectra are shown in Figures
3a and S9b, and the peak positions and molar absorption
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Figure 3. (a) Comparison of UV—vis—NIR spectra. Green: 1-Tb,
Maroon: 2-Tb. (b) Time dependence of UV—vis—NIR spectra of 2-
Tb.

coefficients are summarized in Table S2. Significant differences
were observed between the spectra of the neutral (1-Tb and 1-
Y) and those of the one-electron oxidized forms (2-Tb and 2-
Y). Notable differences include a stronger peak at A = 339 nm,
the disappearance of peaks at A = 395 and 1014 nm, a blue
shift of the peak at A = 413 nm, the broadening and redshift of
the peak at 4 = 533 nm, the appearance of peaks at A = 704 nm,
and the broad one in 4 = 1250—2250 nm. These observations
are consistent with previous reports, where one-electron
oxidation of Tb,Pc; complex causes a significant change in
its electronic absorption.”””® Notably, the broad peak in the
NIR range is typically observed in tetrapyrrolic sandwich
compounds with 7 radicals: monocationic Tb,Pc;, neutral
TbPc, and phthalocyanine—corrole mixed-ligand com-
plexes.””****5°% Iy the case of LnPc,, two bands are observed
in the NIR range: the high-energy band is related to the radical

part and attributed to the SOMO—LUMO transition, while the
lower-energy band is assigned to an intramolecular charge
transfer (ICT), both of which are the fingerprints of the
presence of a delocalized organic radical.*””'

To assign the broad absorption band, TD-DFT calculations
were performed for 2-Y (geometry based on the crystal
structure). The calculations were carried out only for the
yttrium analogue for simplicity in the spin states to be
considered (only the doublet state) and due to the similar
absorption band features between 2-Y and 2-Tb. The
abstracted results of the TD-DFT calculations for 2-Y are
summarized in Section S7. The results suggest that various
electronic transitions may contribute to the observed
absorption band in the 1250—2250 nm range. The electronic
transitions (f > 0.0S above 4 = 1100 nm) occur from the
molecular orbitals distributed mainly over the Por rings (556,
557f) or delocalized over the whole complex (559«) to
orbitals distributed mainly over the Pc ring (5596 or 560¢,
S61a; see Figure S11). In short, these predicted transitions
(5598 « 55603, 559 « 557f, 560 « 559a, S61la « S559a)
are characterized as ligand-based IVCT with different CT
characters. To ensure the accuracy of the assignment, we also
carried out TD-DFT calculations on 2-Y-opt (optimized
structure of 2-Y), yielding similar assignments of the broad
absorption bands. The experimental broad absorption was also
analyzed based on Marcus—Hush theory.”> > The exper-
imental line width is larger than the calculated value, and the
presence of multiple excitation processes is anticipated by both
the TDDFT calculations and the experimental spectra (Figure
S29). Therefore, the actual line width could be narrower,
indicating that the compounds (2-Tb and 2-Y) are on the
borderline of the Robin-Day class II-III mixed-valence system.

Overall, these spectral changes indicate the formation of
cationic radicals, which were further proven by their crystal
structures and EPR (vide infra).

Furthermore, the sample used for UV spectroscopy was kept
under ambient conditions (Figures 3b and S$9a). Remarkably,
the UV—vis—NIR absorption spectra of the sample remained
unchanged even after 7 days, proving the air stability of 2-Tb
and 2-Y under ambient conditions. The IR spectra of 2-Tb and
2-Y are similar to those of 1-Tb and 1-Y, except for a broad
peak in 3000—3500 cm™" (Figures S8a and S9c) attributed to
O—H vibration, probably due to the condensation of water in
air caused by the cold sample. Furthermore, the presence of
the SbCl~ anion is proven by single-crystal XRD (vide infra).
ESI-MS of 2-Tb and 2-Y shows two sets of peaks, whose
isotropic pattern matches with those for z = 1 and z = 2,
respectively (Figures S8b,c and S9d,e).

2.3. X-ray Crystallographic Analyses of 1-Tb, 1-Y, 2-
Tb, and 2-Y. On obtaining crystals of 1-Tb, 1-Y, 2-Tb, and 2-
Y (vide supra) their solid-state structures were determined by
single-crystal XRD analysis (Figures 4 and S13). All of the
complexes showed a triple-decker structure with a symmetrical
Por—Ln—Pc—Ln—Por configuration. In the structures of 2-Tb
and 2-Y, hexachloroantimonate(V) was included in a one-to-
one ratio with the triple-decker complex. Considering charge
balance, this proves the complexes 2-Ln to be cationic organic
radicals, which was further proven by EPR (vide infra). Since
molecular symmetry has a great impact on the magnetic
properties,14 crystal parameters of 1-Tb, 1-Y, 2-Tb, 2-Y, and
Tb,PcPor, were compared in detail. First, the isostructural
character of terbium and yttrium analogues (1-Tb and 1-Y, 2-
Tb and 2-Y, respectively) was confirmed by similar values for
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Figure 4. Molecular structures of 1-Tb (a) and 2-Tb (b) represented
in the ellipsoids model. For both of them, the side view is shown on
the left, while the top view is shown on the right. Solvent molecules
and hydrogen atoms are omitted for clarity.

various crystal parameters and crystal packing indexes (Tables
1 and $6)."* Second, both 1-Ln and 2-Ln have inversion
centers, making the two Ln centers equivalent. Based on this,
the coordination geometries of the lanthanide centers are
compared, where all local symmetries are best described as
cuboid (Table $5)."* In addition, some crystal parameters were
selected to quantitatively compare the differences in geometry
(Table 1). Comparing 2-Ln to 1-Ln, some differences can be
observed, such as the elongation of the Ln—Ln distance, the
contraction of the Por—Pc distance, and a smaller twist angle
for both Tb and Y. Their parameters are similar to those of
Tb,PcPor,. Finally, the intermolecular distances in the crystal
packing structure were closely investigated. The intermolecular
Tb---Tb distances were estimated to be 13.11, 14.17, 15.97,
15.95 A and 12.71, 18.86, 15.76, 15.93 A for 1-Tb and 2-Tb,
respectively (Figure S12). The values for the Y analogues were
similar as well (Figure S14). Similar to Tb,PcPor,, their
terbium ions between molecules are well isolated."* To
summarize, both 1-Tb and 2-Tb are centrosymmetric, where
two Ln centers are in a cubic coordination environment. The
structures obtained here were utilized for DFT or CASSCF
calculations (see Section 2.5).

2.4. EPR Study of 2-Y. Prior to the EPR studies, a DFT
calculation on the structure of 2-Y predicted that the spin
density was fully delocalized over the Pc and Por ligands,

mainly on the carbon atoms (Figure Sab), similar to that of

the previously reported YPc, and YPcPor.*’
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Figure S. (a) Side and (b) top views of spin density distribution of 2-
Y (without the counteranion) derived from DFT calculation at the
TPSSh/def2SVP level (isocontour value = 0.0004). (c) Experimental
(black) and calculated (red) CW EPR spectra from a frozen solution
of radical compound 2-Y. Experimental parameters: fyny = 9.67742
GHz, AB,(,) = 0.1 mT, Pyyy = 0207 4W, and T = 92 K. (d)
Saturation curve for 2-Y. Integrated intensity as a function of MW
power.

To prove the presence of the radical, a CW-EPR
measurement was performed on a frozen solution of 2-Y in a
4:1 CD,Cl,/CDCl; mixture at 92 K (Figure Sc). It exhibited a
simple resonance centered at g = 2.0023. Fits to an isotropic
absorption yielded best-fit parameters: g = 2.00237(7), 6, =
0.25(1) mT, 61, = 0.14(1) mT. The lack of hyperfine splitting
is attributed to the low spin density on nitrogen atoms, as
observed in the cases of YPc, and YPcPor previously
reported.’*”” Indeed, the Mulliken spin density of nitrogen
atoms in 2-Y is similar to that of YPc, (Tables S3 and S4, as
well as Section S6). We also investigated the microwave power
dependence of the integrated intensity of the EPR signal
(Figure 5d). In agreement with related systems [YPc,] and
[YPcPor], the saturation curve indicated the very early onset of
saturation, which is typical of systems that exhibit long spin—
lattice relaxation times (T)).

2.5. CASSCF Calculations. In advance of the magnetic
study, we performed ab initio CASSCF calculations in order to

Table 1. Selected Crystal Parameters for 1-Tb, 2-Tb, 1-Y, 2-Y, and Tb,PcPor,

Compound Ln—Ln/A Por—Pc/A
1-Tb 3.74 3.11
2-Tb 3.75 3.09
1-Y 3.72 3.07
2-Y 3.73 3.05
Tb,PcPor,” 372 3.10

Por—Ln/A Ln—Pc/A Twist Angle/°“
1.24 1.87 7.61
1.21 1.88 4.16
1.21 1.86 7.55
1.19 1.86 4.17
1.24 1.86 3.90

“The angle between porphyrin (Por) and phthalocyanine (Pc) ligands, which was clearly described previously."* PBased on ref 14, the parameters
that are not described in the literature are recalculated using CCDC 989974.
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predict the magnetic properties of the neutral complex 1-Tb
and cationic radical complex 2-Tb. To keep the computational
effort and required time low enough, modified molecular
structures of the complexes were used, where one Tb ion was
replaced with diamagnetic Y and the phenyl groups were
replaced by methyl groups. For further details, see Supporting
Information.

As 1-Tb does not contain a radical, the calculation is
straightforward and was performed using standard approaches
of a (8,7)-CASSCF calculation, considering all possible spin
states S = 3, 2, 1, and 0, with the maximum number of CI roots
for each (see Section S4.1). Spin—orbit coupling was included
via RASSI, and the magnetic properties were derived by using
the SINGLE_ANISO routine. The 13 states corresponding to
] = 6 are shown in Table S7, and they are characterized by a
quasi-doubly degenerated ground state, which is well isolated
from the quasi-doubly degenerated first excited state (~200
cm™). The two ground states exist as a one-to-one mixture of |
+6>, which hampers 1-Tb from being a zero-field SMM (vide
infra) (Table S7). This behavior arises due to the ligand field
Hamiltonian, H;z = ZBIOJ (O is the Steven’s operator),
where non-negligible off-diagonal components B,f#o contribute
to transverse anisotropy (Table S8)."* The easy axis of
magnetization for terbium was found to align nearly parallel to
the axis of the molecule (Figure S16).

Subsequently, the calculation of 2-Tb was carried out.
Following the approach of previous reports,”*>” a CASSCF (9,
8) calculation was executed using only S = 7/2 and 5/2,
including only the seven lowest CI roots for each state (see
Section S4.2). This corresponds to a Tb(III) ion coupled
either ferromagnetically (S = 7/2) or antiferromagnetically (S
= 5/2) to a radical. The use of only the seven lowest CI roots
prevents configurations where electrons of Tb jump to the
ligand and vice versa. The 26 states are depicted in Figure S17.
All states are doubly degenerate. Overall, the energy diagrams
look comparable for 1-Tb and 2-Tb, except for the ground
state and the first excited state, whose degeneracy was lifted.
Notably, this method inherently includes the effect of the
radical and the exchange coupling J;,_g.q. It does, however, not
allow for any disentanglement of these effects.

It is common practice to simulate interactions between
magnetic centers using programs like PHI (vide infra) in order
to obtain values of magnetic interaction by employing the 27
ligand field parameters of a given lanthanide ion. As the
previously described calculation of 2-Tb already includes the
radical, the crystal field parameters are not applicable for such
treatment. We have, therefore, performed an additional
calculation of a fictional dicationic complex (2-Tb dication;
see Section $4.3). This fictional molecule corresponds to 2-Tb
with the radical removed. This allows us to extract the crystal
field parameters and employ them later in a simulation to
couple to a radical. The obtained energy diagram for the 2-Tb
dication is similar to that of 1-Tb, characterized by a
semidegenerate ground state (Figure S19). As described, the
energy diagram of 2-Tb was simulated using the crystal field
parameters of 2-Tb dication coupled to an additional S = 1/2
using the PHI package® (Figure $24). As expected, the energy
diagram is identical to that of the 2-Tb dication when J;,_g.q =
0 cm™" (besides all states being double degenerate), but as
Jio_rad increases, the levels are split, and the overall energy
diagram becomes closer to that of 2-Tb. The calculated energy
splitting of 2-Tb was best reproduced when considering J; ,_p.q

= —2.67 or 2.73 cm™". This result suggests that 2-Tb can be
modeled as a combination of the 2-Tb dication, a radical, and
an exchange coupling Ji, .-

To prove the validity of this method, we also performed a
similar calculation on 1-Tb, using only 7 CI roots and only the
highest spin state (1-Tb simplified, see Section S4.4). The
comparison between the full and simplified calculations is
shown in Section S4.3, revealing very similar results. Therefore,
for further discussion, we will use the results from the
simplified calculation.

2.6. Magnetometry on 1-Tb and 2-Tb. In order to study
the static magnetic behavior of neutral 1-Tb and cationic
radical 2-Tb, the direct current (DC) magnetic susceptibilities
were measured in the temperature range from 300 to 2 K
under an applied DC field of 1000 Oe (Figure 6a). The value
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Figure 6. (a, b) Temperature dependence of yT value of 1-Tb (a)
and 2-Tb (b), calibrated at 300 K. Circles in green and maroon
represent the experimental data, while the black solid lines are their
fitting. (c, d) Magnetization versus field plots of 1-Tb (c) and 2-Tb
(d). The circles correspond to the experimental data, and the solid
lines correspond to the fits.

of yyT for 1-Tb at 300 K was 24.9 cm>K-mol™, which is in
good agreement with the value expected for two Tb** ions
(23.6 cm®K-mol™).%! Upon cooling, yyT showed a slow
decrease, followed by an abrupt increase around 23 K,
suggesting ferromagnetic coupling between the two Tb(III)
ions. On the other hand, the T value for 2-Tb at 300 K was
24.6 cm*K-mol™’, which is also close to the expected value for
two Tb>* ions and one radical (24.0 cm®K-mol™). Like the
aumT of 1-Tb, that of 2-Tb also showed a slow decrease upon
cooling and an abrupt increase at 28 K. The small mismatch in
amT values at 300 K was calibrated by normalizing to the
expected values, as shown in Figure 6. Comparing the two
plots, the one for 2-Tb exhibited a larger drop-off, indicating
the presence of antiferromagnetic J;, p,q- In addition,
magnetization versus field (M(H)) curves were measured on
1-Tb and 2-Tb in the field range of 0—7 T at the temperature
range of 2—9 K (Figure 6¢). The yT(T) and M(H) data were
fitted simultaneously, considering two lanthanide centers
(Figure 6a inset), employing the Hamiltonian as follows:
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Hirp = 2Hi g + Hpy(1n-1n) (1)

where I:ILF is the ligand field (LF) Hamiltonian using the LF
parameters obtained from the calculation of 1-Tb simplified
(Table S13), and Hgyr,-1,) is the lanthanide—lanthanide
exchange Hamiltonian given as follows:

HEx(Ln—Ln) = _2’]Ln_LnSTb]'STbz (2)

where J;,,_;, is the lanthanide—lanthanide exchange coupling,
and Sy, is the spin operator for Tb center (S = 3). A single
isotropic exchange variable gave a satisfactory fitting, resulting
in Ji,_1. = 0.039 cm™. Additionally, the y\T(T) and M(H)
plots of 2-Tb were fitted simultaneously, considering a radical
and two terbium ions (Figure 6b inset), using the following
Hamiltonian:

Hy.rp = 2H g + Hiyin-1n) + 2Hgy(1n-Rag) (3)

where H; . is the LE Hamiltonian based on the LF parameters
calculated for the 2-Tb dication (the LF parameters are shown
in Table SI1), HEX(Ln 1n) is the lanthanide—lanthanide
exchange Hamiltonian defined as eq 2, and HEX(Ln Rad) 1S the
exchange Hamiltonian given as follows:

HEx(Ln—Rad) = =2 RaaSTb SRad (4)
where J;,,_g,q is the lanthanide—radical exchange coupling, and
Sraq 1s the spin operator for the radical center. The satisfactory
fitting was obtained with two single isotropic exchange
variables: J;, 1, = 0.025 cm™ and J;,_p.q = —0.45 cm™.

Alternating current (AC) magnetometry was performed on
both 1-Tb and 2-Tb to investigate their dynamic magnetic
properties. Initially, the field dependence of y\” versus
frequency plots at 2 K was investigated to examine the optimal
field (Figure S25a,d). In 1-Tb, the maximum was out of the
measurement range (1—1000 Hz). This finding was confirmed
by yu” versus frequency measurements of 1-Tb at zero field,
where the maximum was not observed in the scan window
within the temperature range (Figure S26b). Upon increasing
the field, the peak shifted to lower frequencies (Figure S25a),
suggesting that 1-Tb is a field-induced SMM. The optimal field
value of 1500 Oe was obtained based on the signal strength
and frequency. Overall, the dynamlc magnetic behavior of 1-
Tb is similar to that of Tb,PcPor,."* On the other hand, in the
case of 2-Tb, " (v) showed a peak located around 200 Hz
even at zero field, revealing its zero-field SMM character
(Figure S25d). The marked difference in the behaviors of 1-Tb
and 2-Tb evidenced that the radical has a substantial effect on
the magnetic properties.

Afterward, the temperature dependence of yy/ and y"
versus frequency plots was measured at 1500 Oe for 1-Tb and
in zero-field for 2-Tb (Figures 7a,b and S27). For 1-Tb, the
maximum in y,” vs T was around 10 Hz at 2 K, which showed
a gradual shift to higher frequencies upon heating and was
observed up to 11 K. On the other hand, for 2-Tb, the
maximum was seen already around 100 Hz at 2 K and was
observable up to 3.95 K.

The obtained results were fitted with a generalized Debye
model using CC-FIT2.°%® Figure 7c represents the relaxation
time (7 in log scale) versus temperature (inverse) plot. The
plot of 1-Tb was fitted employing a combination of Orbach
and Raman processes using eq S:
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Figure 7. (a, b) Temperaturedependence of y,” versus frequency of
1-Tb (a) and 2-Tb (b). The solid lines represent the fitting of data of
the corresponding color. (c) Relaxation time (z7') versus temperature
plot in log—log scale of 1-Tb and 2-Tb (circles in green and maroon,
respectively). The solid lines represent each process: Orbach
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-0,
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(5)
where the first term stands for the Orbach process, while the
second represents the Raman process. It yielded the following
parameters: 7, = (7.56 + 0.26) X 10765, Ug=43.6 £ 06K, C
=40 + 257!, n =171 + 0.03. On the other hand, the plot of 2-
Tb was fitted only considering an Orbach process using the
first term of eq S. It was best fitted with the parameters as
follows: U= 7.3 + 0.1 K, yielded the following parameters: 7
= (2.32 £ 0.09) x 107°

To understand their magnetic properties, the energy states
of 1-Tb and 2-Tb were simulated using PHL®® with the
parameters used to fit the DC data (LF parameters: Tables S11
and S13, and low-lying energy states: Table S18). For 1-Tb,
under zero field, the quasi-doubly degenerated ground states
are in a one-to-one mixture of |1+6, +6), which is commonly
found in non-Kramers system. On the other hand, the doubly
degenerated ground states of 2-Tb consist solely 1+6, +6, —1/
2) or |—6, —6, +1/2), which is reasonably explained by the fact
that 2-Tb is a Kramers system. The first excited states include |
+6, —6, +1/2) and so on, characterized by antiferromagnetic
coupling between the Tb centers. Remarkably, the energy gap
between the ground states and the excited states (= 3.6 cm™")
is close to the energy barrier U, of 2-Tb (= 7.3 K = 5.1 cm™).
For 1-Tb, a Zeeman diagram was created (Figure S28). Upon
applying the magnetic field of 1500 Oe, the degenerated states
(I+6, +6)) undergo Zeeman splitting. It is notable that
although this Zeeman diagram explains the magnetic behavior
well qualitatively, it does not match quantitatively, which was
also true for the previously studied Tb,PcPor,.'°
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3. DISCUSSION

In this study, we designed porphyrin—phthalocyanine mixed-
ligand triple- decker complexes functionalized with thiomethyl
groups. We first synthesized the neutral molecules (1-Tb and
1-Y) based on a refined approach for preparing lanthanide
heteroleptic triple-decker complexes with a symmetrical Por—
Ln—Pc—Ln—Por (1-Tb and 1-Y) structure.”' This method
leverages in situ-generated unstable intermediates to ensure the
regiospecific formation of the target complexes through
selective interactions governed by electronic and charge
density distributions. 1-Tb and 1-Y were characterized using
UV—vis—NIR, IR spectroscopies, HR ESI-MS, and 'H- and
BC-NMR (only with 1-Y). Cyclic voltammetry was performed
on 1-Tb and 1-Y, revealing their lowered oxidation potential
compared with those of other porphyrin—phthalocyanine
mixed-ligand triple-decker derivatives. This result validates
another key design objective: tailoring the redox state through
the incorporation of electron-donating groups.

1-Tb and 1-Y were converted into the corresponding
cationic radicals (2-Tb and 2-Y, respectively) by the addition
of an equimolar amount of the oxidation reagent (phenox-
athiine hexachloroantimonate (V)). 2-Tb and 2-Y were
characterized using UV—vis—NIR, IR spectroscopies, and
HR ESI-MS. As described in the introduction, to the best of
our knowledge, this is the first bulk study on radicals based on
triple-decker platforms. Remarkably, UV—vis—NIR spectra
remained unchanged for 1 week in the solution of 2-Tb and 2-
Y kept in air at room temperature, revealing their
unprecedented air stability. EPR proved the presence of an
organic radical § = 1/2 on 2-Y. The amplitude was saturated
quickly against increased microwave power, indicating its long
spin—lattice relaxation time (T;). In the field of molecular
electron-spin QIP, organic radicals have attracted increased
attention because their small spin—orbital coupling tend to
give long T,.°* Several attempts have been and are still being
made to harness YPc, as an electron—spin qubit.’”® The
results presented here may offer 2-Y as a new platform for an
electron—spin qubit. However, pulse EPR studies on 2-Y are
needed to validate this hypothesis.

Crystalline materials of 1-Tb, 1-Y, 2-Tb, and 2-Y were
obtained, which were suitable for single-crystal XRD, revealing
their symmetrical Por—Ln—Pc—Ln—Por configuration. The
monocationic character of the 2-Ln complexes was confirmed
by the one-to-one ratio of triple decker to SbCls™ anion in the
lattice of 2-Ln. Single-crystal XRD analysis provided essential
parameters for understanding their structural and magnetic
correlations. First, 2-Tb exhibited the elongation of the Tb—
Tb distance by 0.01 A, the contraction of the Por—Pc distance
by 0.02 A, and a smaller twist angle of 3.45°. Previously, Horii
et al.”” revealed that upon two-electron oxidation
([Tb,Pc, 1), crystal parameters in Tb,Pc; changed signifi-
cantly, including the contraction of the Tb—Tb distance by
0.08 A, the contraction of the Por—Pc distance by 0.07 A, and
a smaller twist angle of 12.4°. They performed a CASSCF
study and concluded that the contraction in Tb—Tb induced a
decrease in the energy barrier U, (from 279 to 217 cm™").
Considering the subtle differences in the crystal parameters,
the effect of the crystal field on the energy barrier differences
between 1-Tb and 2-Tb is expected to be less prominent. On
the other hand, the nearest intermolecular Tb---Tb distance
was 13.1 A for 1-Tb and 12.7 A for 2-Tb. Similar to the
previously reported Tb,PcPor,,'* it can be inferred that both of

them are sufficiently distant, allowing us to disregard the
intermolecular Tb---Tb magnetic interaction. Furthermore, the
phenyl groups perpendicular to the porphyrin plane and the
lattice solvents increase the intermolecular distance (Figures
S12 and S14), indicating that the intermolecular radical
radical magnetic interactions would also be minimized.

Static magnetic properties of 1-Tb and 2-Tb were
investigated by a combination of CASSCEF calculations and
bulk magnetometry. The yyT(T) and M(H) plots clearly
showed different behaviors between 1-Tb and 2-Tb. The
fitting of these plots was performed using the ligand field
parameters obtained from CASSCEF, yielding isotropic
exchange coupling values of J;,_;, = 0.039 cm™" for 1-Tb,
while J;,_;, = 0.025 cm™ and J;,_p.q = —0.45 cm™ for 2-Tb.
Jin1n is similar for both, and they are of the same order of
magnitude as those previously reported Tb,Pc;, Dy,Pc;, or
Tb,PcPor, (0.097 cm™, 0.2 cm™, and 0.012 cm™},
respectively).'“**%” Additionally, J;, p.q of 2-Tb is of the
same order as that of TbPc, and GdPc, (J;,,_g.q = 0.15 cm™!
and 0.2 cm™, respectively).'%® It is notable that exchange
coupling is essential for the electronic read-out of nuclear spin
states in spin-transport measurements.’

Dynamic magnetic properties of 1-Tb and 2-Tb differ
significantly. The field dependence of yy" versus frequency
plots revealed that 1-Tb is a field-induced SMM, while 2-Tb is
a zero-field SMM. We attribute this to the fact that 1-Tb is a
non-Kramers system, while 2-Tb is a Kramers system. In
addition, the temperature dependence of y),” versus frequency
plots and their fitting was performed on 1-Tb and 2-Tb. 1-Tb
was fitted with the combination of Orbach and Raman
processes. The plot of 1-Tb resembles that of Tb,PcPor,,
where the value of U, is similar (U,4 = 43.6 + 0.6 K for 1-Tb,
while U = 25.9-34.6 K for Tb,PcPor,)."*'® On the other
hand, the plot of 2-Tb was fitted solely with the Orbach
process to give Uyg = 7.3 = 0.1 K. This value is in good
agreement with the calculated energy gap, which supports the
validity of our calculation. Overall, 1-Tb and 2-Tb showed
significant differences in magnetic properties, namely the
switch from field-induced SMM to zero-field SMM. As
discussed in the introduction, various radical-bridged dinuclear
lanthanide SMMs have been investigated for their improved
magnetic properties.”"”>* Radical-containing ligands have been
adopted in transition-metal SMMs as well.”"*°"7" An
unambiguous “On/Off” switching of SMM activity was
found in a dinuclear cobalt complex with N,N-diaryl-f-
diketimines upon a ligand-centered redox reaction.”” On the
other hand, regarding dinuclear lanthanide complexes, a
switching behavior between field-induced SMM and zero-
field SMM upon ligand-centered redox reaction was observed
in systems with tetraoxolene ligands.””’* However, to the best
of our understanding, the contribution of structural change in
such systems remains unclear. It is notable that, as mentioned
in the introduction, the studies on radical-bridged dinuclear
lanthanide SMMs aim for strong Ji, p.q couplin§, typically
yielding a value of Ji,,_p.q well above 1 em™1'7?%7% In a weak
coupling regime, TbPc, stands as a good example. Upon
oxidation of anionic [TbPc,]”, neutral [TbPc,]° exhibits a
higher energy barrier due to structural change®”> and a larger
coercive field due to the suppression of QTM.”®”” Compared
with these previously studied systems, our system is
characterized by the following points: (i) switchable magnetic
properties between field-induced and zero-field SMM, (ii)
weak Ji,_ r.a coupling, and (iii) a radical effect that is



reasonably explained by the theoretical models enabled by
single- crystal structure analysis.

4. CONCLUSION

In summary, we have synthesized lanthanide porphyrin—
phthalocyanine mixed-ligand triple-decker complexes function-
alized with thiomethyl groups exclusively on Pc rings. A
lowered oxidation potential enabled the synthesis of radical-
bearing triple deckers with a well-defined crystal structure. To
the best of our knowledge, this is the first example of a radical-
bearing triple- decker complex with full bulk characterization.
Furthermore, the introduced organic radical is stable under
ambient conditions for over a week. Static magnetic measure-
ments and CASSCF calculations afforded t he exchange

coupling (Ji,_paa = —0.45 cm™"). AC susceptibility revealed
a transition from field-induced SMM to zero-field SMM, which
was well explained by the theoretical model.

Our findings p rovide v aluablei nsightsi nt he fi eld of
quantum technology. For instance, the radical-bearing yttrium
triple decker is a promising candidate as an electron spin qubit,
owing to its stability. Additionally, our approach suggests a
new strategy to create a switchable SMM, transitioning from a
field-induced SMM to a zero-field one. Above all, we highlight
the potential of our molecule as a nuclear spin qudit with an
increased Hilbert space. As explained in the introduction, one
of our key design objectives was to enhance binding with gold
electrodes. To achieve this, thiomethyl groups are positioned
exclusively on the middle phthalocyanine ligands, which
facilitates a junction configuration in w hich o nly t he middle
ligand interacts directly with the electrode. Combined with this
targeted chemical design, the defined] 1, p,qg ives these
complexes a distinct advantage over the previously studied
Tb,Pc; systems. Spin transport measurements on this
molecular platform are currently in progress.
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