Volume 53
Number 28

28 July 2024
Pages 11587-12008

Dalton
Transactions

An international journal of inorganic chemistry

rsc.li/dalton

ISSN 1477-9226

ROYAL SOCIETY PAPER

Keiichi Katoh et al.

O F CH EMIST RY Spin dynamics phenomena of a cerium(i) double-decker

complex induced by intramolecular electron transfer




Open Access Article. Published on 18 April 2024. Downloaded on 1/18/2026 12:10:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Dalton Trans., 2024, 53,
11664

Received 15th February 2024,
Accepted 17th April 2024

DOI: 10.1039/d4dt00436a

Spin dynamics phenomena of a cerium(i) double-
decker complex induced by intramolecular
electron transfery

Kana Kobayashi,® Michiyuki Suzuki,? Tetsu Sato,? Yoji Horii,® Takefumi Yoshida,®
Brian. K. Breedlove,? Masahiro Yamashita (2 9 and Keiichi Katoh () *¢

Switchable spin dynamic properties in single-molecule magnets (SMMs) via an applied stimulus have
applications in single-molecule devices. Many SMMs containing heavy lanthanoid ions with strong uniaxial
magnetic anisotropy have been reported to exhibit SMM characteristics in the absence of an external
magnetic field. On the other hand, SMMs containing light lanthanoid cerium(in) (Ce®*) ions exhibit field-
induced slow magnetic relaxation. We investigated the chemical conversion of a diamagnetic Ce** ion
(4% to a paramagnetic Ce®* ion (4f}) in Ce-phthalocyaninato double-decker complexes (TBA*[Ce
(obPc),]™ (1) and TBA*[Ce(Pc),]™ (2)) which exhibit field-induced SMM behaviour due to a 4f! system. The
phthalocyaninato ligands with electron-donating substituents (obPc®~ = 2,3,9,10,16,17,23,24-octabutox-
yphthalocyaninato) in 1 have a significant effect on the valence state of the Ce ion, which is reflected in its
magnetic properties due to the mixed valence state of the Ce ion. Given that Ce double-decker com-
plexes with mn-conjugated ligands undergo intramolecular electron transfer (IET) to the Ce ion mixed
valence state, characterised by a mixture of 4f° and 4f! configurations, we examined the dynamic dis-
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Introduction

Single-molecule magnets (SMMs) are possible candidates for
bits in ultra-high-density memory devices and qubits in
quantum computers (QC).' SMMs are basically ‘single
domain magnets’ since the magnetic interactions between
molecules can be ignored due to the fixed number of metal
ions and well-ordered magnetic structures.* Furthermore,
SMMs show slow magnetic relaxation rates and quantum tun-
nelling of the magnetisation (QTM) in a single molecule due
to the nature of the electronic structures, which is different
from bulk magnets. To make SMMs practical for QC and
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order inherent in IET influencing magnetic relaxation.

quantum information processing (QIP),>® the energy barrier
for spin reversal (U.) and fast QTM processes must be
controlled.®® In crystals, the degenerate orbitals of d and f
electrons forming the electronic states reflect the ligand field
(LF). As a result, the LF directly influences the uniaxial mag-
netic anisotropy. Several groups have recently reported the
rational molecular design of lanthanoid(m) (Ln*")-based
SMMs, which have distinctive features, including slow mag-
netic relaxation and QTM.''® Although many articles and
reviews show that molecular design is essential for SMM
behaviour, controlling the magnetic relaxation pathway is still
challenging.'®>*

Since SMM properties are rooted in large uniaxial magnetic
anisotropies, it is effective to use heavy Ln*" ions, such as
Tb**, Dy**, and Er** ions, for high-performance SMMs.>*
However, cerium(m) (Ce*) SMMs with a 4f" electron configur-
ation have been reported.>**° In 2013, Kajiwara and co-
workers pointed out that the shape of the charge density distri-
bution of a Ce*" ion was oblate, which is the same as those of
Tb*" (4f%) and Dy** (4f°) ions."”?**! Therefore, the total
angular momentum J in the axial direction of the main axis of
the Ce®" ion is stabilised in the axial LF, and SMM behaviour
occurs. In the Ce®*" ion ground state of J = 5/2, 6 (= 2/ + 1) levels
are degenerate (*Fsj, S = 1/2, L = 3, ] = 5/2, g7 = 6/7), and the
energy is split by adding an LF, meaning a Kramers doublet

This journal is © The Royal Society of Chemistry 2024
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(KD) structure remains. However, whether the KD term (|M;| =
5/2, 3/2, and 1/2) has the lowest energy depends on the LF.
Ce** complexes have an energy gap between the ground state
and the first excited state, which has been reported to be ca.
20 cm™" and are wide enough to prevent spin reversal.**™*
However, the magnetic relaxation of Ce*" type SMMs occurs
via a Raman process below 10 K.>*>*>** The spin state of the
4f' electron is the origin of the slow magnetic relaxation
phenomenon. In addition, since the stable isotopes of Ce (iso-
topic nuclides '*°Ce, '**Ce, '**Ce, and "*°Ce) have no nuclear
spin, investigating the magnetic relaxation phenomena,
including the ground state and excited state, will provide
important insights into the molecular design of Ce-based
SMMs.***

In Ce compounds with sandwich structures, like cerocene
and phthalocyaninato multiple-decker complexes, where Ce is
sandwiched by m-conjugated ligands, the valence state of the
Ce ion may be in an intermediate electronic state between tri-
valent (Ce*") and tetravalent (Ce**).”>***® Precise determi-
nation of the valence state of Ce ions in a mixed valence state
has been attempted using various methods, including X-ray
absorption near edge structure (XANES) and cyclic voltamme-
try (CV).**°° However, the determination of the valence state
of a Ce ion still has many uncertainties, and it has been
reported that its valence state can change depending on the
influence of the substituents attached to the ligands.

From the viewpoint of magnetic switching properties, the
total angular momentum of Ce®" ions is J = 5/2, and Ce** com-
pounds are paramagnetic with a 4f' configuration. On the
other hand, the total angular momentum of Ce*" ions with a
4f° configuration is J = 0, making it diamagnetic. In this sense,
Ce"*-phthalocyaninato (Pc®>”) double-decker complexes (Ce
(Pc),) are best suited for magnetic switching since Ce*(4f%) =
Ce*"(4f") occurs easily (Fig. 1). We studied the Ce** ion (4f")
spin dynamics via an intramolecular electron transfer (IET)
between the Ce®* ion and the Pc ligands of Ce-Pc double-
decker complexes (TBA[Ce(obPc),]” (1) and TBA[Ce(Pc),]™ (2))
(TBA" = tetrabutylammonium, obPc*~ = 2,3,9,10,16,17,23,24-
octabutoxyphthalocyaninato, Pc>~ =  phthalocyaninato).
Moreover, we focused on the effects of IET on the magnetic
relaxation process due to the dynamic disorder of the mole-
cular structures.

[Ce**(Pc™) (Pc*) ]° [Ce3*(Pc?) (Pc?) |-

Reduction g Q
%N\(__@ N =N —NN,
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Fig. 1 Schematic illustration of redox-active Ce**-phthalocyaninato
double-decker complex Ce(Pc),, which has magnetic switching due to
ease of reduction/oxidation of the Ce ion.
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Experimental

All reagents were purchased from Wako Pure Chemical
Industries, Ltd, TCI, Strem Chemicals, Inc., and Sigma-Aldrich
Co. LLC and used without further purification. Complexes 1
and 2 were prepared according to previously reported literature
procedures.*®°17>3

Synthesis of TBA'[Ce(obPc),]™ (1)

Neutral Ce(obPc), was synthesised as follows. Ce(OAc);-H,O
(335 mg, 1.0 mmol), and 1,8-diazabicyclo[5,4,0Jlundec-7-ene
(DBU) (1 mL) and 4,5-dibutoxyphthalonitrile (2125 mg,
7.8 mmol) were added to 1-hexanol (20 mL). The solution was
refluxed under argon for 24 h. After cooling, the obtained solid
was purified by using column chromatography (C-200 silica
gel, Wako) with chloroform (CHCls) as the eluent. The cerium
double-decker complex Ce(obPc), (obPc*~ =
2,3,9,10,16,17,23,24-octabutoxyphthalocyaninato) was obtained
from the dark green band by removing the solvent. Green
needle-like crystals of Ce(obPc), were obtained recrystallised
by layering a dichloromethane solution with n-hexane
(964 mg, 0.41 mmol, yield 41%). Single crystals suitable for
X-ray diffraction analysis were obtained by diffusing ethanol
into a chloroform solution. ESI-MS: m/z: 2318.07 [M]" (caled
2318.90) Anal. caled (%) for CipsH;60N16016Ce: C; 66.30, H;
6.96, N; 9.66 found. C; 66.30, H; 6.89, N; 9.62.

The reduced cerium(m) double-decker complex TBA'[Ce
(obPc),]” (1) (TBA" = tetrabutylammonium) was prepared by
adding Ce(obPc), (82 mg, 0.035 mmol) and 1.6 mL of hydra-
zine monohydrate (N,H,-H,0) to 16 mL of dimethyl sulfoxide
(DMSO), heating to boiling with a heat gun, and sonicating for
30 min until the neutral form green completely disappeared,
resulting in the solution turning blue, which is the colour of
anionic [Ce(obPc),] . Since the redox potential of the Ce**/Ce**
couple is higher than the redox potential of N,H,-H,0, Ce*"
ions can be reduced to Ce** ions with N,H4-H,O.
Tetrabutylammonium bromide (TBA-Br) (500 mg) dissolved in
5.0 mL of DMSO was added to the above solution; upon slow
diffusion, a light blue solid precipitated out. A light blue solid
of 1 was obtained (67 mg, 0.026 mmol, yield 75%). MALDI-MS:
m/z: 2318.12 [M]" (caled 2318.90) Anal. Caled (%) for:
C14aH106N;,0,6Ce-H,0: C; 67.05, H; 7.74, N; 9.23 found. C;
66.97, H; 7.74, N; 9.20.

The following was performed to obtain a single crystal. A
mixture of Ce(obPc), (0.78 mg), DMSO (0.58 mL), and
N,H,-H,0 (0.02 mL) was heated at 120 °C for 1 h, affording a
blue solution of the anionic double-decker complex ([Ce
(obPc),]7). After cooling to room temperature, the undissolved
solids were removed using a membrane filter. Slow diffusion
of the anionic double-decker solution into a DMSO solution of
TBA-Br (0.4 M) afforded plate-like crystals of 1.

Synthesis of TBA'[Ce(Pc),]™ (2)

Ce(Pc), was synthesized using the method reported in ref. 53:
“A mixture of 1,2-dicyanobenzene (2150 mg, 16.8 mmol),
Ce(NH,),(NO3)s (500 mg, 0.912 mmol), and DBU (1.5 mL) in
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150 mL of 1-hexanol was refluxed for 20 h. The solution was
allowed to cool to room temperature and then filtered. The
precipitate was washed with CHCI; and then dried in the air.
The crude purple product was extracted with ten 200 mL por-
tions of CHCl;. The green extracts were combined, concen-
trated, and purified using column chromatography (C-200
silica gel, Wako) with CHCl; as the eluent. The green fraction,
which was the first fraction, was collected while being careful
not to contaminate with the H,Pc. The green fraction was con-
centrated, and n-hexane was added until the compound preci-
pitated (600 mg, 0.515 mmol, 57%). Deep green needle-like
crystals were obtained by diffusing n-hexane into a chloroform
solution. ESI-MS: m/z 1164.20 [M'] (caled.1164.21)".>

The cerium(m) double-decker complex TBA'[Ce(Pc),]” (2)
was prepared by adding Ce(Pc), (78 mg, 0.067 mmol) and
1.2 mL of N,H,-H,O to 30 mL of DMSO, heating to boiling
with a heat gun, and sonicating for 30 min until the green
neutral form completely disappeared to afford a blue solution,
which is the colour of the anionic form [Ce(Pc),]”. TBA-Br
(600 mg) was added to the above solution, and then the solu-
tion was heated with a heat gun and sonicated for 30 min.
After adding 300 mL of distilled water and leaving it overnight,
the resulting blue solid of 2 was collected by using suction fil-
tration and recrystallised by liquid-liquid diffusion using
acetone/n-hexane to obtain a purple block-like crystalline solid
(73.5 mg, 0.0522 mmol, yield 78%). Elemental analysis calcd
(%) for CgoHggN,,Ce: C 68.26, H 4.87, N 16.92; found: C 67.63,
H 4.87, N 16.59.

X-ray crystal structure analysis

A single crystal was mounted on a loop rod coated with
Paratone-N (HAMPTON RESEARCH). Data were collected on a
Rigaku Saturn 724+ CCD diffractometer with graphite mono-
chromated Mo «a radiation (1 = 0.71075 A) at 7= 233 + 2 K for
1 and T =100 + 2 K for 2. An empirical absorption correction
based on azimuthal scans of several reflections was applied.
The data were corrected for Lorentz and polarization effects.
All non-hydrogen atoms were refined anisotropically using a
least-squares method, and hydrogen atoms were fixed at calcu-
lated positions and refined using a riding model. SHELXL
(2014/7 and 2018/3) was used for structure refinement, and the
structure was expanded using Fourier techniques.

Powder X-ray diffraction (PXRD) patterns of crushed poly-
crystalline samples of 1 were acquired using Bruker X-ray diffr-
actometer (D2 PHASER) operated at 30 kV and 10 mA using a
low-background sample holder in the diffraction angle (26)
range of 3°-60° in steps of 0.02° at 1 s per step. PXRD patterns
for crushed crystalline samples of 2 loaded into capillaries
(diameter: 0.8 mm, length: 80 mm, Hilgenderg) with the
mother liquor were collected at 298 K using a Rigaku X-ray
diffractometer (AFC-7R/LW) operated at 50 kv and 300 mA in
the 26 range of 3°-60° in steps of 0.02° and at 2 s per step.
Visualization and analysis of the crystal structure and PXRD
patterns were simulated from the single crystal data by using
Mercury 4.0.

1666 | Dalton Trans., 2024, 53, 11664-11677
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Physical property measurements

Electrospray ionization mass spectroscopy and elemental ana-
lyses were performed at the Research and Analytical Centre for
Giant Molecules, Tohoku University. Ultraviolet-visible-near
infrared (UV-vis-NIR) spectra for chloroform solutions were
acquired on a JASCO V-670 spectrophotometer in a quartz cell
with a pathlength of 1 cm at 298 K. Infrared (IR) spectra were
acquired on a JASCO FT/IR-6600 and FT/IR-6100V in a KBr
matrix at 298 K.

Electrochemistry (cyclic voltammetry (CV) and differential
pulse voltammetry (DPV)) was performed using an ALS/HCH
Model 620D electrochemical analyser. A 0.1 M TBA-PF; (tetra-
butylammonium hexafluorophosphate) dichloromethane solu-
tion was used as the supporting electrolyte. A glassy carbon
(3 mm diameter) electrode was used as a working electrode, Pt
wire was used as a counter electrode, and Ag/AgCl was used as
a reference electrode.

X-ray absorption fine structure (XAFS) measurements were
conducted on sample pellets (4 mmg) in the BL9A beamline of
the Photon Factory (2.5 GeV, 450 mA), operated by the High
Energy Accelerator Research Organization (KEK), under propo-
sals 2017P016 and 2019G117. The X-rays were monochroma-
tized with a Si(111) water-cooled double crystal monochroma-
tor (resolution: AE/E ~ 2 x 10~* (9 keV)). A Ni-coated double
flat mirror was used to reduce the higher harmonics.
Chromium foil was employed to calibrate the Ce Ly-edge. The
XAFS data was processed using the ATHENA program.’*
Deconvolution analysis of XANES spectrum was performed
based on the literature.>*>°

Magnetic susceptibility measurements were performed on
Quantum Design SQUID magnetometers MPMS-XL, MPMS-3,
and PPMS ACMS system. Direct current (dc) measurements
were performed in the temperature (7) range of 1.8-300 K and
dc magnetic fields (H) of —70 to 70 kOe. Alternating current
(ac) measurements were performed in the ac frequency (v)
range of 1-1000 Hz with an ac field amplitude of 3 Oe in the
presence of an H for 1 (zero to 3 kOe) and 2 (zero to 16 kOe)
and the v range of 10-10 000 Hz with an ac field amplitude of
3 Oe in the presence of a dc field 750 Oe for 2 by using an
ACMS. Measurements were performed on randomly oriented
powder samples, placed in gel capsules and fixed with n-eico-
sane to prevent them from moving during measurements.
Using Pascal’s constants, all data were corrected for the
sample holder, n-eicosane, and diamagnetic contributions
from the molecules.

Theoretical calculations

Calculations using a complete active space self-consistent field
(CASSCF) method with spin-orbit (SO) coupling (CASSCF-SO)
were performed using the ORCA 5.0.3°” program with the
basis set SARC2-DKH-QZVP*® for the Ce ion,
SARC-DKH-TZVP* for N donor atoms, and DKH-def2-SVP>°
for non-coordinating atoms. The molecular geometry of the
[Ce(Pc),]” unit was taken from the crystal structure and used
for the calculations without geometry optimization. For the

This journal is © The Royal Society of Chemistry 2024
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calculations on [Ce(obPc),]”, the butoxy groups were replaced
with methoxy groups to reduce the computational costs. The
positions of the methoxy protons were optimized at the
B3LYP-D3BJ/Def2-SVP level®®®* using Y as the metal centre.
Seven of the doublet states were mixed with SO coupling. The
number of the doublet states corresponds to the number of
cases where one electron is present in any of the seven f orbi-
tals. The SINGLE_ANISO module was used to convert the
CASSCF-SO results into the wavefunctions in terms of M; and
to calculate the transition magnetic moment among the
ligand field sublevels.

Results and discussion
Structural characterisations

The characteristics of SMMs are related to their crystal struc-
tures, and the coordination environment of the metal centre is
particularly important. Therefore, we analysed the crystal
structures of 1 and 2 (Fig. 2 and 3). In Fig. 2, the structures of
the neutral (a and c) and reduced complexes (b and d) were
significantly different due to the Ce ionic radius (trivalent:
1.14 A and tetravalent: 0.96 A). The structures of neutral com-
plexes are shown in Fig. S1 and S3.f In addition, the ionic
radius of the Ce ion in Ce(Pc), is intermediate between those
of Ce*" and Ce** ions (1.01 A).%*%*

Complex 1 has a butoxy group in the Ce(obPc), unit and a
butyl group in the counter ion TBA", and the alkyl chains
should be disordered around room temperature. Initially, we
obtained the diffraction pattern at 120 K but could not obtain
enough reflection spots for structural analysis. Therefore,

(a)

= N

~ 7 b

—

Ce(obPc),

(c)

Ce(Pc),

View Article Online
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Fig. 3 Crystal structure of Ce—Pc double-decker complexes (a) 1 and
(b) 2: (top) top view and (bottom) side view. n-Butoxy substituents, H
atom, and tetrabutylammonium in complexes were omitted for clarity.
Ce®*: light blue, C: grey, and N: blue.

when we compared the lattice constants at 253 K (a = 33.8093,
b =11.2719, ¢ = 36.7273, a = 90.0000, B = 95.3320, y = 90.0000)
and 120 K (a = 34.8002, b = 11.2341, ¢ = 69.9285, a = 90.0000,
= 96.3154, y = 90.0000), we found that the c-axis was about
twice as long at 120 K, and we could confirm a decrease in
symmetry. Since we were able to obtain sufficient reflection
spots at 233 K, we performed structural analysis and found
that 1 was in the monoclinic space group /2/a, and the alkyl
chains of [Ce(obPc),]” unit and TBA' unit were disordered
(Fig. S2 and Table S1}). The presence of the butoxy groups of
the [Ce(obPc),]” unit causes the Pc ligand to have a signifi-

(b)

TBA*[Ce(obPc),]~ (1)

(d)

N

N
TBA*[Ce(Pc),]™ (2)

\ —~—

Fig. 2 Molecular structure of Ce-double-decker complexes which is neutral forms (a and c) and reduced forms (b and d) discussed in the main
text. The molecular structure of these complexes changes significantly before and after reduction. Ce**: light orange, Ce**: light blue, C: grey, N:
blue and O: red. H atom and tetrabutylammonium (TBA¥) in complexes were omitted for clarity. See the main text and Sl for structural information.
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cantly distorted structure, such as saddle-shaped distortion.
The stacking angle (¢) between the two Pc*~ ligands was deter-
mined to be ca. 22° (Fig. 3a). Thus, the Ce’" sites in 1 have dis-
torted SP or SAP geometries. The Ce*" ions are spaced between
the two Pc*~ ligands with distances of 3.16 A from the mean
plane of the four Njq, of the two Pc*>~ ligands. Crystal-packing
diagrams of 1 are shown in Fig. S2.f The intermolecular
Ce---Ce distance along the b axis was determined to be 11.3 A,
and Ce---Ce distance along the a and ¢ axes were determined
to be over 16.9 A. Each molecule of 1 along the b axis is rather
well separated from neighbouring molecules due to the alkyl
chains of the [Ce(obPc),]” unit and TBA' counter ion.
However, the structure from the microcrystalline PXRD data at
293 K and simulated from X-ray single crystallographic data at
253 K for 1 almost overlap. At the same time, some poly-
morphs are present due to the temperature dependence of the
diffraction pattern (Fig. S371).

Complex 2, shown in Fig. 3b, crystallized in the tetragonal
space group P4/ncc. It has a square prismatic (SP, quasi-D,p)
coordination environment, which is the same structure pre-
viously reported by Hiickstddt et al (Table S2,f CCDC
148306).>> 2 has a Ce** ion between two Pc®” ligands and is co-
ordinated with TBA" as a counter ion. ¢ between the two Pc?~
ligands was determined to be ca. 4°. Thus, the Ce’* site in 2
has a slightly distorted SP geometry. The Ce*" ion is spaced
between the two Pc®~ ligands with distances of 3.16 A from the
mean plane of the four Nj, of the two Pc®~ ligands. Crystal-
packing diagrams of 2 are shown in Fig. S5.f The inter-
molecular Ce---Ce distances along the a and ¢ axes were deter-
mined to be 12.13 and 11.24 A, respectively. Each molecule of
2 along the ¢ axis is rather well separated from neighbouring
molecules due to the TBA" counter ion. Furthermore, PXRD
patterns for 2 at 293 K are similar to those simulated from
X-ray single crystallographic data at 100 K (Fig. S67).

The coordination environments of neutral and reduced
from the crystal structures are significantly different (Fig. 2, 3,
S1 and S47). Since the ionic radius changes depending on the
Ce valence state, the Ce-Nj,, average distance is 2.432 A for Ce
(obPc), and 2.418 A for Ce(Pc),. On the other hand, it is
2.528 A for 1 and 2.542 A for 2 due to the changes in the ionic
radii.®*®* Considering the LF in the context of the oblate
charge density distribution of the Ce** ion with M; = +5/2, both
1 and 2 exhibit uniaxial magnetic anisotropies with either SAP
and/or SP geometries. Therefore, 1 and 2 should exhibit SMM
characteristics.>® However, referring to the ab initio calcu-
lations on single ion Ce*" complexes by Singh et al., zero-field
SMM behaviour is unlikely to occur in the D,q,4, geometry of 1
and 2.*° Thus, based on the crystal structure data, we con-
ducted a computational chemistry approach to investigate the
presence of uniaxial anisotropy (details will be explained in
the following section on magnetic measurements and theore-
tical calculations).

Electronic structure characterisations

In Ce(Pc),, the tetravalent Ce state can be changed to the triva-
lent state since the Ce®* to Ce*" oxidation midpoint potential
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is relatively 1ow.®>®® On the other hand, Ce-Pc triple-decker
complexes in which Ce®* ions are stable can be oxidised to the
Ce*" state.”””®® Both oxidation states of these complexes are
stable in solution, and the complexes in either oxidation state
can be isolated as solids. Since Ce*”** ions of Ce multiple-
decker complexes can undergo electrochemical and chemical
oxidation-reduction, switchable metal centres [4f° (nonmag-
netic) = 4f' (paramagnetic)] are possible. Several examples of
switching between SMMs and paramagnetic properties and
spin dynamics phenomena by using the redox process of the
metal ion and ligands have been reported.”*”~%* Therefore,
since Ce-Pc multiple-decker complexes can be reversibly
switched from diamagnetic to paramagnetic/SMMs, they are
attractive for use as switches.

In both CV and DPV, Ce(obPc), showed five redox waves
(Fig. S7-1 and S7-2, Tables S3-1 and S3-2}). Ce(obPc), under-
goes one more redox process than Tb(obPc), does because the
Ce ion is redox-active, unlike the Tb ion. The five redox waves
observed for Ce(obPc), have also been observed for other Ce
double-decker complexes.*®*® From the redox properties of Ce
(Pc),, Red1 of the Ce(obPc), was attributed to the Ce*"/Ce’*
Couple.48’49’84

Fig. S8-1f shows a UV-vis-NIR absorption spectrum of Ce
(obPc),. Absorption bands were observed at 357, 476, 649, and
688 nm. The absorption at 357 nm is the Soret band, and the
absorptions at 649 nm and 688 nm were attributed to the Q
bands. In addition, the broad absorption band at 476 nm was
assigned to a ligand-to-metal charge transfer (LMCT) tran-
sition from the Pc ligand to the Ce*" ion.*”®® On the other
hand, when Ce(obPc), was reduced with hydrazine monohy-
drate, the bands shifted slightly. The Soret band was at
354 nm, and the Q band was at 642 nm. The LMCT band
(448 nm) observed for Ce(obPc), was also observed for 1 due to
the mixed valence of the Ce*"’*" ion with IET between the Ce®*
ion and the Pc ligand. On the other hand, the LMCT band was
not observed for 2 due to the Ce®*" ion, indicating the effects of
the Ce* ion in the complex (Fig. S8-21). Considering the
charge balance of the [Ce(obPc)?]” unit, no radicals are gener-
ated in the reduced Pc ligands (Fig. $8-11).”” The anionic state
of the Pc ligands was estimated to be [Ce**(obPc®7)(obPc®7)]”
and [Ce**(obPc**7)(obPc>®7)]”, respectively. The absence of
the intervalence(v) absorption band in the near-infrared
region above 1200 nm indicates that there are no n radicals on
the Pc ligands (Fig. S8-1 and S8-21). On the other hand, when
Ce(obPc), is oxidised by one electron, it becomes cationic,
[Ce**(obPc)"~(obPc)* ", and an IV absorption band is observed
in the near-infrared region (Fig. $8-31).”” In other words, spec-
troscopic measurements clearly show that no radicals are
present on the Pc ligands of the [Ce(obPc)*]” unit in 1. From
the spectrum, the reduced form [Ce**(obPc)* (obPc)* |~ could
be prepared using hydrazine monohydrate. Ce(Pc), can also be
reduced using the same method to synthesise [Ce(Pc),]”. In
other words, it is possible to synthesise 1 and 2 by chemical
reduction (refer to the Experimental section).

It has been reported that the vibrational mode around
880 cm™" in the IR spectrum is sensitive to the ionic radius of

This journal is © The Royal Society of Chemistry 2024
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lanthanoids.®® For Ce(Pc),, it is 883 ecm™, but the band is at
878 cm™" for 2. In addition, pyrrole stretching (1300-1350 cm™")
and isoindole stretching (1370-1484 cm™") are sensitive to the
ionic radius of lanthanoid ions, and we confirmed that they were
shifted for Ce(Pc), and 2 (Fig. S9-1 and $9-21).*> On the other
hand, the peak near 880 cm™ for the vibration mode of Ce
(obPc), and 1 was not shifted. However, the isoindole stretching
frequencies were different, reflecting the oxidation state of the Ce
ions (Fig. $9-3 and S9-47).

For neutral Ce(Pc),, the IET of [Ce*"(Pc)> (Pc)*] =
[Ce**(Pc)~(Pc)*7] occurs because the energy level of the Ce**
ion 4f' orbital is very close to the energy level of the Pc’~ fron-
tier orbital (Fig. $101).**® Furthermore, for Ce[(15C5)4Pc],
((15C5)4Pc = bis-[tetra-(15-crown-5)-phthalocyaninato])
Langmuir monolayers, molecular orientation-induced IET has
been observed.®® Recently, findings indicate the mitigation of
IET in Ce(Pc), upon adsorption onto an Au(111) substrate,
thereby enabling the discernment of the [Ce®"(Pc)~(Pc)*]
state. This observation implies that IET can be regulated
through the manipulation of the interface.>**”

XAFS allows element-selective measurements, from which
information on the local structure and electronic states can be
obtained. XAFS spectra are analysed in the energy region from
the absorption edge, divided into XANES (from the absorption
edge to about 50 eV) and EXAFS (from the XANES region to
about 1000 eV). In particular, XANES spectra provide infor-
mation on the electronic and geometric structures of X-ray
absorbing atoms. We measured XANES spectra to investigate
the electronic states of several types of Ce-based compounds
(Fig. 4). When analysing XANES spectra, the simplest evalu-
ation method is the fingerprint method, which estimates the

Ce(obPc),

Ce(Pc),

’ CeO,

Normalized absorption

CeCl,

5700 5720 5740 5760 5780 5800
Energy / eV
Fig. 4 Ce Lj-edge XANES spectra of reference materials (CeO, and

CeCls) and Ce(Pc), based complexes. See ESI for the assignment of each
peak.

This journal is © The Royal Society of Chemistry 2024
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electronic state and geometric structure by measuring the
Ce(Pc), based complexes and evaluating the degree of spectral
matching. Therefore, we compared the spectra with previously
reported analogous compounds and estimated the valence
state of the Ce ions.*®

XANES spectra of neutral and reduced Ce(Pc), derivatives
were acquired to clarify the valence state of the Ce ion in 1, the
energy difference between 2p and 5d levels of the electronic
states of Ce** and Ce"" ions is different by ca. 10 eV.*® Ce Ly
edge spectra of 1 and 2 are shown in Fig. 4, together with
those of reference samples CeO, and CeCl;. A white-line peak
for the Ce®" state appears at 5726 eV (labeled as a), which is
associated with the 2p — 4f'sd dipole-allowed
transition.>>**®® For 1 and 2, a white-line peak appeared at
5726 eV at the same energy as the white line of CeCl;.
However, the feature in spectra of 1 and 2 was slightly broader
than that of CeCl;. In addition, the absorption labeled ¢ (5736
eV, 2p — 4f°5d transition) in the spectrum of 1 is probably
due to the influence of the electron-donating alkoxy substitu-
ents, as pointed out by Bian et al.*® Peak c was not observed in
the spectrum of unsubstituted 2. On the other hand, the two
absorption energies observed for Ce(Pc), and Ce(obPc), were at
lower energies than that of CeO, (labeled a’, b’ and ¢’ in
Fig. 4).*® These absorbance energy shifts are due to differences
in the coordination environments and electronic structures.

The mixed valence state of Ce ion has been reported to be
the Ce double-decker complexes.*®®*%” The characteristics of
the valence state for the Ce double-decker complexes are
shown in Tables S4-1 and S4-2.1 Table S4-21 shows the results
of estimating the ratio of Ce*" and Ce*" ions using a Gaussian
function from XANES spectrum (Fig. S111). From the analysis,
2 has 1 mol of Ce*" ions, and 1 has ca. 0.8 mol of Ce*" ions
with ca. 0.2 mol of Ce*" ions. The spectral shape, absorption
energy, and relative intensity of XANES spectra reflect the elec-
tronic structures, which have the weight of orbital mixing
between the Ce ion and the ligands. The IET indicates that the
f orbital of 1 is mixed with the obPc, ligands. The valence state
of the Ce ion in each compound is reflected in the magnetic
properties (vide infra).

Static-field magnetic properties

From the dc measurements, Ce(obPc), and Ce(Pc), exhibited
diamagnetic properties above 10 K. For Ce(obPc),, a diamag-
netic response was generated at 1.8 K (Fig. S12}). On the other
hand, the field dependence of the magnetisation (M-H) for
powder samples of Ce(Pc), exhibits paramagnetic properties at
2 K (Fig. S13%). Here, focusing on the IET, both Ce(obPc), and
Ce(Pc), are in Ce*"/Ce®* mixed valence states, with the para-
magnetic signature observed for Ce(Pc), indicative of a higher
ratio of Ce* in comparison to Ce(obPc), (Fig. S10 and
Table S4-21).%

Fig. 5a and b show the magnetic susceptibilities (yy) of 1
and 2 in the temperature (7) range of 1.8-300 K in an H of 5
kOe. For clarity, we first show the results for 2, which has
1 mol of Ce* ions (Fig. 5b). The value of y\T of 2 at room T
was 0.68 cm® K mol™, which is lower than the value for one
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Fig. 5 T dependence of yuT for powder samples of (a) 1 and (b) 2 obtained in the T range of 1.8—-300 K in an H of 5 kOe. Field dependence of the

magnetisation (M—H) measured on powder samples of (c) 1 and (d) 2 at 1.8

K. The solid lines were simulated by using the PHI software package (see

main text and Fig. S157). The ligand field parameters (LFPs) of 1 and 2 were obtained by using CASSCF calculations (see main text).

free isolated Ce** ion (0.8 cm® K mol ™", *Fs, g7 = 6/7). The
gradual decrease in y\T mainly originates from LF effects,
such as the thermal depopulation of the Stark sublevels. This
behaviour has been reported for other Ce®" complexes.?***
The field dependence of the magnetisation (M-H) on powder
samples of 2 was measured at 1.8 K (Fig. 5d and S14t). The
theoretical saturated magnetisation (Mj,,) value of completely
oriented Ce** ions (1 mol) with uniaxial anisotropic and
ground KDs of M; = +5/2 was 2.14Nug [Mgac = g7 (6/7) x Mj (5/2)].
However, Mg, for 2 was 1.03Nug which is close to the expected
Mg, of a randomly oriented Ce** ion (1 mol) with uniaxial an-
isotropy (Mgsae = 1/2g/M; = 1.07Nug). In addition, using a
pseudo-spin ¢ = 1/2 approximation approach for Mg, of 2 at
1.8 K, Mg, (= 1/2gZEHSEff) was determined to be 1Nup using
g™ ~ 4 from the CASSCF calculations (Table S5t). The T
dependence of yT and H dependence of M data for 2 were
used to determine the magnetic properties using the PHI soft-
ware package with the LFPs (Table S6}) from CASSCF calcu-
lations.”® Experimental results could be explained using the
parameters obtained from the theoretical calculations (c.f.
Theoretical calculation section).

On the other hand, 1 exhibits a mixed valence state with
Ce*" (ca. 0.8 mol) and Ce** ions (ca. 0.2 mol) as determined by

1670 | Dalton Trans., 2024, 53, 1664-11677

using XANES analysis (Table S4t). Therefore, the y\T value of
1 is smaller than that of 2 (1 mol of Ce®" system) in the T range
used (Fig. 5a). In addition, the Mg, value of 1 is smaller than
that of 2 (Fig. 5¢). The T dependence of T and H dependence
of the M data for 1 were used to determine the magnetic pro-
perties by using the PHI software package with the LFPs
(Table S6t) from CASSCF calculations (c.f Theoretical calcu-
lation section).’® First, when we performed a simulation on 1
with 1 mol of Ce*" ion, it had similar behaviour to 2, and the
differences reflect the LFPs (Fig. 5a and c: green solid lines).
The results of this simulation differ significantly in the theore-
tical values on the vertical axis compared to the experimental
values. Therefore, we performed a simulation with the net
abundance ratio of Ce*" ion in 1 with 0.86 mol, and we were
able to nearly reproduce the experimental values (Fig. 5a and
c: violet solid lines). This is effective when assuming
Ce* :Ce'™ = 0.8:0.2 based on XANES spectrum analysis
(Table S4-21) and attributing magnetic properties to the Ce**
component. On the other hand, the orange dashed line rep-
resents the results of the simulation with [Ce*(obPc)*~
(obPc)*>7]™:[Ce**(obPc)* (obPc)®"]” = Ce**:radical = 0.8:0.2
based on XANES spectrum analysis (Table S4-21). However,
this did not reproduce the experimental data (Fig. 5a and c).

This journal is © The Royal Society of Chemistry 2024
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The experimental values were nearly reproduced by the red
solid line (Ce®":radical = 0.8:0.1). The simulation results of
the M-H curve are presented in Fig. S15.1 A yT value for the
radical (S = 1/2) of 0.375 em® K mol™" was used in the simu-
lation. In these simulations, the Ce*" and radical components
are added together. Considering the XANES spectrum and
magnetic propeties of the neutral species (Table S4-2 and
Fig. S13f) and the simulation results of the M-H curve
(Fig. S15%), the magnetisation value of the radicals in the
[Ce**(obPc)* (obPc)™~]™ unit resulting from IET are lower than
the ratio obtained from the XANES spectrum. However, it is
currently unknown how stable the [Ce*"(obPc)* (obPc) ]
state, which results from IET, is.

Both 1 and 2 have uniaxial magnetic anisotropy, and the
origin is the Ce** ion with ground KDs of M; = +5/2. The mag-
netic behaviour can be reproduced with the LFP obtained from
CASSCF calculations. By considering the net abundance ratio
of the Ce®" ion from XANES spectral analysis (Table S41), it is
possible to understand the magnetic behaviour of 1. In com-
parison to the Th*" system, the coordination environments of
1 and 2 are markedly different, but there are no drastic differ-
ences in their magnetic behaviours.”® In other words, the pres-
ence of structural polymorphs of 1 is thought to have little
effect on the T dependence of the y\T values and the M-H
properties.

Dynamic magnetic properties

View Article Online
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signals were v dependent in the range of 1-1000 Hz in
different T ranges. No v dependence was observed down to 2 K
in an H of zero, indicating that 1 and 2 undergo slow magnetic
relaxation phenomena in an H # 0 (Fig. S167).

To investigate the magnetic relaxation properties of 1 and 2, v
dependent measurements were performed in the v range of
1-1000 Hz at 4 K (Fig. S17 for 1 and Fig. S18t for 2). When an H
was not applied, no ac signal was observed. This is the same
behaviour as that reported for other Ce** complexes, indicating
that QTM is dominant.>**® However, when an H > 0 Oe was
applied, field-induced slow magnetic relaxation behaviour was
observed for 1 and 2. To determine the slow magnetic single
relaxation processes of 1 and 2, we analysed the data by using a
generalised Debye model (eqn (S1)-(3)f) to estimate z.°* Fig. 6a
shows the H dependence of 7. These results confirm that QTM is
suppressed in an H and that a direct process is enhanced. Since
QTM is suppressed when an H is applied, r becomes slow with
an increase in H and reaches a maximum (z,,,). The magnetic
field (H, ) at which the 7 values of 1 and 2 exhibit the lowest rate
is 250 Oe for 1 and 750 Oe for 2. In addition, the 7z for 1 is
approximately twice as slow as that of 2 (Fig. S19t). = is almost
constant between 100 and 3000 Oe due to the Raman process.
Above 4000 Oe, 7 « H " with n = 4 due to the Kramers Ce*" ion,
suggesting that the direct process is promoted (eqn (1)).

' =a;/(14+aH?) +bH*T +¢

(1)

The ac magnetic susceptibilities of powder samples of 1 and 2  where the first and second terms are from the tunnelling and

were acquired. The in-phase (yy) and out-of-phase (y"um)

(a) (b)

direct processes, respectively, and the constant ¢ represents the
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and (c) shows the T dependence of 7 of 1 and 2 in the appropriate H obtained from y”\ versus v plots (Fig. S20 and S211). Red solid lines were fitted
by using eqgn (2). Green solid lines were fitted by using z* = CT™. (d) and (e) shows the logarithmic representation of ¢ below 10 K of 1 and 2 in each
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field-independent terms,
(Table S71).3*°

To investigate the slow magnetic relaxation phenomena in
detail, we prepared y'\; and y"\ versus v plots. We analysed the
data by using a generalized Debye model (eqn (S1)-(S3)f) to
estimate 7z for 1 in an H of 250 Oe and 2 in an H of 750 Oe
(Fig. S20 for 1 and S217 for 2). For 1, a T range of 1.8-11 K and
a v range of 1-1000 Hz were used, and for 2, a T range of
1.8-20 K and a v range of 1-10 000 Hz were used (Fig. S21 and
S22%). Fig. 6b and c show the T dependences of z of 1 and 2
(Fig. S23%). The U values of 1 and 2 were estimated from an
Arrhenius plot (z versus T~*) to be 42 em™ (60 K) and 40 cm™*
(58 K) with 7, values of 7.98 x 10°® s and 7.40 x 10~° s, respect-
ively. C was determined to be 2.8 x 107> s™* K™ (m = 4.1) for 1
and 1.4 x 102 s™" K™ (m = 5.1) for 2 from Arrhenius plots
using eqn (2), where the first and second terms denote Raman
and Orbach processes.”

which are a Raman process

v =CT™ + v, exp(—Uest / ks T) (2)

The U (40 cm ™) and 7, (107 s) values of 1 and 2 are
larger than those of related Ce** SMMs.>*%*374% Therefore, we
must consider another magnetic relaxation process instead of
an Orbach process due to the small number of phonons below
10 K. The energy gap between the ground state and the first
excited state estimated from CASSCF calculations, which will
be explained later, was approximately 900 cm™", which is one
order of magnitude larger than the U.y estimated from the T
dependence of 7. From the results of the CASSFC calculations,
it is necessary to consider under-barrier Raman
processes.>>**** 1t is possible to reproduce the T dependence
of 7 considering the Raman process (r « T"; m = 5.4 for 1 and
5.3 for 2) (Fig. 6b and c). In addition, we found a linear
relationship from the logarithmic representation of 7 versus T
plot for 1, which suggests that the magnetic relaxation mecha-
nism may be a Raman process (Fig. 6d and e).”® A linear
relationship at 7' < 10 K can be reproduced when m = 5.0-5.8.
It has been reported that m can take values from 1 to 6 for
Raman processes involving optical-acoustic phonons.”® In
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addition, the vibrational energy barriers (Ug) of 1 and 2 were
estimated to be ca. 40 cm "."*> Thus, we are considering
measuring the vibrational modes in the terahertz region. The
Raman process of Ce**-based single-ion SMM is summarised
in Table 1.3%%°

From the T and H dependences of 7, 1 and 2 exhibit field-
induced SMM characteristics. As reported by Singh et al., it is
clear that 1 and 2 do not exhibit magnetic relaxation character-
istics without an H.*° In addition, the magnetic relaxation
phenomenon of 1 is accompanied by IET with spin-phonon
coupling because the ionic radius of the Ce ion changes
between 1.14 A (trivalent) and 0.96 A (tetravalent). The ionic
radius of the Ce ion in Ce(Pc), is 1.01 A, which is intermediate
between those for Ce®* and Ce®" ions in the 8-coordinate
system.®*®* Since the ionic radius obtained from X-ray struc-
ture analysis is an averaged value, we performed XAFS, which
is effective for separating and observing local structures and
electronic states in an element selective manner. In addition,
the timescale of IET is slower than the measurement time of
XAFS (~107"7 s). From spectroscopic measurements, the holes
generated within the Ce double-decker complex are delocalized
across the two ligand systems on both vibrational (107" s) and
electronic (107" s) timescales.’® In other words, this timescale
is related to the electron transfer rate between the Ce ion and
the Pc ligands. In addition, the timescale of valence fluctu-
ations for Ce*"*" jons, which is on the order of 107 s,
changes with the molecular vibration (phonon frequency
(@)).”” The dynamic disorder with @ in SMMs mainly depends
on the intramolecular vibrations. Therefore, we should con-
sider the influence of IET with dynamic disorder and phonon
coupling on the magnetic relaxation phenomena in addition
to spin-phonon interactions (Fig. 7).°® In this case, since the 7
of 1 is nearly twice as slow as that of 2, the influence of IET
cannot be ignored.

On the other hand, since the Ce---Ce distance between
molecules is more than 10 A, we believe that Ce---Ce inter-
actions do not influence the magnetic properties of 1 and 2.
Therefore, magnetically diluted samples with non-magnetic
isostructural complexes were not tested. For Tb** and Dy**

Table 1 Optimised parameters from Raman process of single ion Ce** based single-molecule magnets

Coordination number and/or pseudo-

Complexes symmetry H/Oe C/sT"K™" m/s™! Direct Ref.

TBA[Ce(obPc)] (1) 8-Coordinate sandwich saddle-shaped 250  0.009 5.4 — This work
distorted Dy, or Dyg

TBA[Ce(Pc)] (2) 8-Coordinate sandwich Dy, 750  0.017 5.3 — This work

[CeCd;(Hquinha)z(n-BuzPO),15]-3EtOH-2H,0 8-Coordinate hexagonal bipyramidal D}, 1500 — 6.9 — 35

[Ce(fdh);(bpy)] (fdh = 1,1,1-fluoro-5,5-dimethyl- ~ 8-Coordinate paddle-wheel shape 2000 0.4 6 — 39

hexa-2,4-dione)

[Ce(NO;);L] (L = “BuPO(NHiPr),) 9-Coordinate muffin-like structure 200  1.44 6.8 99.5 40

[Ceo.20Lag.71(NO3);L3] 30 0.8 7.55 306.5 40

[Ce(18-crown-6) (Cl,Cat) (NO;)] (X4Cat = 10-Coordinate sphenocorona Dep, 1500 1.22 5 (fixed) — 42

tetrahalocatecholate)

[Ce(18-crown-6) (Br,Cat) (NO;)] 10-Coordinate sphenocorona Dgp 800  1.87 5 (fixed) — 42

[Ce(Cp™)2{(CeF5«"-F)B(CeFs5)s}] (Cp™ = Bent-metallocene structure 1000  0.0308 5.4 — 43

CsH,Bus-1,2,4)

[Ce(Cp™),(CD)] Bent-metallocene structure 1000 0.00475 6.5 — 43
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[ET

Fig. 7 Schematic illustration of the intramolecular electron transfer
(IET) in [Ce(obPc),]™ unit of 1 with the dynamic disorder (see main text).

complexes, magnetic dilution is possible with the isostructural
Y*" complex. However, since the structures of 1, 2, and the Y**
complex are significantly different due to the different ionic
radii, magnetic dilution is impossible.®* On the other hand,
La®* ions (4f% 1.16 A) have approximately the same ionic
radius of Ce*" ions (4f*: 1.14 A) and is nonmagnetic, meaning
isostructural TBA'[La(obPc),]” and TBA'[La(Pc),]” complexes
should form. Thus, it should be possible to dilute 1 and 2
magnetically.*’ In addition, although structural polymorphism
is thought to have little effect on the SMM properties of 1 and
2, we plan to investigate this point in detail with Ce(Pc),-based
complexes in several coordinating environments.

The origin of the uniaxial magnetic anisotropy of 1 and 2
and the magnetic relaxation phenomenon will be discussed in
the next section via ab initio calculations (vide infra).

Theoretical studies on the magnetic anisotropy and spin
dynamics mechanism

To gain insight into the magnetic structures of [Ce(obPc),]” for
1 and [Ce(Pc),]” for 2, CASSCF calculations were performed
using the crystal structure coordinates without TBA". The
ground doublet of [Ce(obPc),]” and [Ce(Pc),]” was composed
of 99.2% and 98.5% of M; = +5/2, respectively, confirming the
axial magnetic anisotropy (Table S5t). The magnetic easy axis
of [Ce(obPc),]™ and [Ce(Pc),]” coincides with the quasi-C, axis,
which is consistent with the oblate electron density of the Ce**
ion stabilised by the axial ligand fields of the Pc®~ ligands
(Fig. S24t). However, the small difference in the composition
of M; = +5/2 of the ground doublet results in the difference in
the g, values of the ground doublet (4.01 for [Ce(obPc),]” and
3.96 for [Ce(Pc),]”). The magnitude of the LF splitting for [Ce
(obPc),]” is greater than that for [Ce(Pc),]” due to the larger
axial component of the LFPs (B, and B,,) for [Ce(obPc),]”
(Table S61). The first excited KDs of [Ce(obPc),]” and [Ce
(Pc),]” were located at 955 and 921 cm™', respectively
(Fig. S25-1, S25-2, and Table S77). These energy values are
much larger than the Uy values expected from the experi-
mental ac magnetic measurements (Fig. 6b and c). In other
words, the magnetic relaxations via an excited LF level (Orbach
process and thermally assisted QTM) do not occur in the relax-
ation mechanism (see dynamic magnetic properties). The
magnetic dipolar transition moment of the ground doublet of
[Ce(obPc),]” (0.151) is smaller than that of [Ce(Pc),]” (0.202)

This journal is © The Royal Society of Chemistry 2024
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due to the better axiality of [Ce(obPc),]” as shown by the larger
g, value (Table S5-31). In other words, the magnetic relaxations
driven by a transversal component of the internal magnetic
field (QTM) are suppressed for [Ce(obPc),]” and not for [Ce
(Pc),]7, consistent with the slower 7 and small H, _ values of 1
compared to 2.>° From theoretical investigations on Ce*'-
based SMMs reported by Singh et al., D,q4n geometries are
unfavourable for axial magnetic anisotropy.”® However, Ce**-
Pc double-decker complexes shown here have strong axial mag-
netic anisotropy, although their point group symmetries are
classified as D,qy4n. There is no contradiction between our
results and previous theoretical investigations because the
axial magnetic anisotropy is due to the position of the negative
charges on the axis rather than the point group symmetry. In
the Ce*-Pc double-decker complexes, the coordinating N
atoms gather in the axial position of the Ce*" ion due to the
small cavity of the Pc®>~ ligands compared with the Ce** ion,
enhancing the axial ligand field.

Conclusions and perspectives

In this study, we clarified the influence of IET on spin-phonon
coupling for magnetic relaxation behaviour.”® We focused on
the fact that orbital mixing between Ce ions and r-conjugated
planar ligands causes the IET and selected Ce-Pc-based
double-decker compounds for this work.

We investigated the chemical conversion of the diamagnetic
Ce'" forms (4f°) Ce(obPc), and Ce(Pc), into the paramagnetic
Ce*" forms (4f") 1 and 2, both of which exhibit field-induced
SMM behaviour. In particular, the Ce ion in 1 undergoes the
mixed valence states of Ce**/Ce** via IET between the Ce ion
and the Pc ligands. On the other hand, the valence state of the
Ce ion in 2 is trivalent without IET. The valence states of the
Ce ion in each compound are reflected in the magnetic pro-
perties. Since the magnetic relaxation time (7) of 1 is nearly
twice as slow as that of 2, the dynamic disorder is expected
due to the mixed valence states of Ce*"/Ce®*". From the mag-
netic field dependence of the spin dynamics, the appropriate
magnetic field of 1 with IET is 250 Oe, which is smaller than
that of 2 (750 Oe) without IET. If the magnetic field can be
reduced by controlling the IET, it should be possible to
prepare Ce-based SMMs without an external magnetic field.

The Ce**/Ce® mixed valence states due to IET can be con-
trolled by changing the type of electron-donating groups and
controlling the orbital mixing between the Ce ion and the
ligands. In other words, it would be possible to control the
valence state of the Ce ions by separating the frontier orbitals
of the Pc ligands from the 4f" orbital of the Ce** ion.*® The
above concepts apply not only to the mononuclear Ce-Pc
double-decker complexes but also to dinuclear Ce-Pc multiple-
decker complexes.?”*® For example, an advantage of dinuclear
Ce complexes is that the valence state of each Ce ion can be
changed separately by changing the number of porphyrinoids
ligands inserted between the Ce ions.” In addition, we have
synthesised Ce-Pc multiple-decker complexes with up to seven
layers of Pc ligands with four Cd*" ions in between the Ce ions
(quadruple- to septuple-decker complexes).'®®'** The modu-
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lation of the spin dynamics via supramolecular chemistry
holds promise for realizing Ce SMMs. Furthermore, proton
switching,'®® dimerization,'®*'°* fullerene co-crystals,'®® and
one-dimensional expansion approaches'®'%” by regulating the
coordination geometries and intermolecular interactions are
conceivable.'®® The spin dynamics of a Ce ion can be altered
by adjusting the interactions between conduction electrons
(holes) due to molecular orbital overlap®® and the interactions
between frontier orbitals and Ce f orbitals induced by the dis-
tortions of the =-conjugated porphyrinoids with electron-
donating substituents.

In addition, we will use these Ce complexes to investigate
the control of the spin dynamics due to IET. The Ce(Pc),
system exhibits a distinctive feature wherein IET occurs
between the Ce ion and Pc ligands, thus manifesting its intri-
cate electronic configuration. In contrast, mixed valence states
have been documented for numerous metal complexes and in-
organic compounds. To the best of our knowledge, instances
of IET occurring between other Ln ions and Pc ligands have
not been reported. However, the electron transfer between Ln
ions and radical ligands significantly influences the magnetic
properties.'®®™* In other words, diverse valence states owing
to electron transfer between Ln ions and ligands are possible.
Thus, Ln ion-based SMMs exhibiting mixed valence states can
be synthesised through judicious molecular design.
Furthermore, this paper was centred on the investigation of
the IET phenomenon in its reduced form [Ce(obPc),] .
However, from the analysis of the electronic spectra, in solu-
tion, cationic [Ce(obPc),]" forms through the one-electron oxi-
dation of 1, whereas a radical species concurrently forms on
the Pc ligands. Our ongoing research endeavours will further
explore the intricacies of electron transfer dynamics between
Ce' and Pc’~ ligands, extending our inquiry into solid state
environments. By applying IET to the spin dynamics of Ce por-
phyrinoid-based complexes, it will be possible to investigate
the effects of dynamic disorder on SMM properties.
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