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ABSTRACT

In this article, we present a comprehensive study of the highly oxidized species of multiple-decker
complexes composed of Terbium and Cadmium ions and two to five phthalocyaninato ligands, which
are stabilized by electron-donating n-butoxy chains. Highly extended n-radical delocalization enables
us to isolate up to +3e charged states for triple-decker complexes, +4e charged states for quadruple-
decker complexes and +5e charged states for quintuple-decker complexes. Paramagnetic 'H NMR
measurements for the series of triple, quadruple and quintuple-decker complexes revealed that ligand
oxidations lead to a decrease in magnetic anisotropy. These observations, along with the results from
magnetometry measurements, are in good agreement with predictions from ab initio calculations. In
addition, unusual paramagnetic shifts were observed in +2¢ charged quadruple and quintuple-decker

complexes, indicating that those two species are actually triplet biradicals, contrary to expectations.



With the combination of the '"H NMR analysis and DFT calculations, we revealed that the radicals on
+2e charged states are localized on the edges of the multiple-decker units. The X-ray structural analysis
for series of oxidized multiple-decker complexes revealed that all the species show an axial
compression induced by the ligand oxidations, resulting in the bowl-shaped distortion of the ligands,
which agrees with predictions from DFT calculations. In +4e charged quadruple- and quintuple-decker
complexes, the unusual coexistence of square antiprism (SAP) and square prism (SP) coordination
geometries around Tb(III) ions supported by solvent incorporation in one multiple-decker unit was
observed. Magnetic measurements revealed that the series of these deckers shows single-molecule

magnet (SMM) properties, which are controlled by the multi-step redox induced structural changes.

INTRODUCTION

Construction of extended m-systems is one of the main topics in synthetic chemistry.!-> The versatile
physical properties of these, such as redox, light absorption and emission and electroconductivity
closely relate to the applications in solar cells,* organic light emitting diodes,* electro-batteries>¢ and
so on. There are two kinds of m-extension, one of which is in-plane or lateral extension, and the other
being the longitudinal extension, so called n-w stacking.” The bottom up synthesis of the graphene
nano-ribbon> ® and the construction of porphyrin tape’ are representative examples of the in-plane
extension of m-system, in which the precisely designed monomer units are connected regularly with
sp? bonds, making it possible to control the morphology and the physical properties of resulting
products. Longitudinal infinite stacking of m-conjugated molecules is often seen in molecular
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conductors in crystals and polymeric chains in which the phthalocyanine (Pc) and/or porphyrin

(Por) are connected by siloxane,'* ligand-metal coordination bond,'> weak intermolecular
interactions'® and so on. In addition to the infinite stacks, the development of the Pc and Por chemistry

enables one to construct the stable oligomeric molecules with stacked m-system.'> !7-1° The series of
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phthalocyaninato-lanthanide-cadmium multiple-decker complexes are one rare example of such

oligomers. The history began with the first report of lanthanoid-phthalocyaninato double- and triple-
decker complexes as achieved by Kirin et al. in 1965%° and in 1967>*2°, followed by the synthesis of
their porphyrinato analogues reported and Buchler e al.?® Use of the mono nuclear lanthanides Pc and
Por complexes, namely single-decker complexes, as the precursor allows the selective synthesis for
mixed Pc-Por double- and hetero metallic triple-decker complexes.?’-?® Following the improvements
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in synthetic chemistry, the detailed analyses for electronic, structural’®- and magnetic

34-37, 40-41

properties of these complexes were done, revealing that these can be utilized for sensors,*?

4547 and excellent single-molecule magnets.*’ After a long while since

transistors,*-* molecular rotors
these studies, the first discrete quadruple-decker complex has been reported by Fukuda et a/ in 2011,
in which two Lu(III)-Pc double-decker complexes are connected by Cd(II), resulting in the tetrameric

Pc stack connected by Lu-Cd-Lu metal array.?! This novel strategy was further extended by Jiang et



al, and the quintuple- and sextuple-decker complexes have been reported in a short period of time.?!-
22 Among the multiple-decker complexes, double-decker complexes are the most thoroughly studied,
34, 40-41, 48 one possible reason being their versatile functionalities related to future applications. For
instance, redox induced structural changes of Por double-decker complexes, which are expected
theoretically and indirectly proofed experimentally, are utilized for rotating units of various molecular
machines.***” Very recently, Yamashita et al. have reported structural changes induced by ligand
oxidations in Por double-decker complexes using single-crystal X-ray (SXRD) measurements and
revealed that the ligand oxidations induce the axial compression, as expected by empirical and DFT
calculations.*” The axial compression in Pc double-decker complexes induced by oxidation is also
investigated by solution NMR studies*®. The conformational changes, especially the ligand rotations
in double-decker complexes have been directly observed34-37- 40-41.50 and controlled using scanning
electron microscope (STM) and scanning electron spectroscopy (STS), thus the single molecule
memory using double-decker complexes has been achieved.*33! In addition to the structural properties,
double-decker complexes with Tb(III) ions are outstanding SMMs#4: 5254 and used for spintronic
devices, utilizing the interactions between spins of Tb(III), conductive electrons and phonons of
nanocarbon materials.>>>° Compared with double-decker complexes, the redox, structural and
magnetic properties of other multiple-decker complexes are much less investigated, presumably being
due to the short history and the low-profile, difficulty in synthesis, purification and low crystallinity.
However, the more extended n-systems compared to double-decker complexes are promising for the
valuable and unprecedented functionalities. For instance, Fukuda et al. have reported that the mono-
oxidized form of quadruple-decker complexes shows light absorption in the longer wavelength
regions.®” Light absorption in the wide range of wavelengths is helpful for light-harvesting materials
in dye sensitized solar cells, for gathering the light from the sun as much as possible. In addition, non-
linear optical properties of multiple-decker complexes have been investigated by Jiang et al.??> From
the point of view of molecular magnetism, various groups utilize the multiple-decker complexes
having two Tb(I1I) and Dy(III) centers for analyzing the effect of intramolecular magnetic interactions
which should affect the SMM properties.** 32-34

In this article, we present a comprehensive study of oxidized multiple-decker complexes obtained
through electrochemical and chemical oxidations, utilizing theoretical calculations, paramagnetic
NMR measurements, single crystal X-ray diffraction (SXRD) and magnetic measurements. These
were done in order to gain a deeper understanding for physical properties of longitudinally extended
n-systems which may lead to various functionalities. Because the multiple-decker complexes in this
research are composed from the 2,3,9,10,16,17,23,24-octabutoxy phthalocyaninato (obPc) ligands
having electron donating n-butoxy chains, the oxidized states of them are stabilized. By using the bulk
electrolysis and UV-Vis-NIR measurements, we isolated and characterized the charged states of

multiple-decker complexes. To avoid confusion in the naming, we use here the numbers of obPc



ligands (n) contained in the complex, and the name of them is defined as [n], i.e. double- [2], triple
[3], quadruple- [4] and quintuple-decker [5] complexes. The charge of the complex (m) is expressed
as the superscript as [n]™", e.g. +2e charged triple-decker complex is named [3]**. We characterized
the structures and magnetic properties in solution using paramagnetic NMR analysis in the oxidized
complexes and revealed that magnetic anisotropy decreases with increasing the charges on the obPc
ligands, in agreement with magnetic measurements and theoretical predictions. Furthermore, even
though the [4]*" and [5]*" have even numbers of positive charges, the existence of m-radicals was
proven by NMR, ESR and supported by DFT calculations. Among multiple-decker complexes, we
succeeded in getting the crystal structures of [2]7, [2]*, [3]*", [4]**, [4]*" and [5]*" and revealed that
both molecular and packing structures of them are controlled by the size of the molecules and numbers
of counter ions. SMM properties of the multiple-decker complexes alter by the structural effect

induced by chemical oxidations and are also reported in this work.

RESULTS AND DISCUSSIONS

Electrochemical analysis of multiple-decker complexes

Redox behavior of the multiple-decker complexes has been briefly reported in our previous article.6!
Figure 1 summarizes the multi-redox wave of cyclic voltammograms and redox potentials of the
multiple-decker complexes in CH2Cl; containing 100 mM of tetrabutylammonium
hexafluorophosphate (TBA-PFs) and 0.5 mM of charge neutral complexes. The numbers of redox
waves increase with increasing the numbers of obPcs due to the longitudinal extension of the =-
systems. Since Tb(IIl) and Cd(II) do not participate in the redox reactions, these redox waves purely
originate from the extended m-system composed of obPcs. In case of [2], two reduction and two
oxidation waves were observed. [3] shows three reduction and four oxidation waves in CV. However
additional reduction waves at —2.5 V vs. Fc/Fc" were observed in DPV measurements. The number of
redox waves in [4] is the same as observed for [3]. However, the oxidation waves and the reduction
waves shift toward lower and higher potential regions, respectively. [5] shows four reduction and five
oxidation waves in the measurement range. Redox potentials of the multiple-decker complexes are
summarized in Figure 1. Potential differences of each of the redox waves become narrower with
increasing the number of stacks because the extension of m-system decreases the electronic repulsion
between surplus electrons in reduced species or holes in oxidized species. In those series, there is an
anomaly of redox behavior in [2] because the neutral form of [2] (]2]°) owns a m-radical, which is
different from other neutral complexes having no n-radicals. Comparison of [3], [4] and [5] indicates
that first reduction and first oxidation potentials, which are attributed to the LUMO and HOMO levels,
show an increase with increasing the stacking number. Generally, extension of the n-system increases
HOMO levels and decreases LUMO levels, giving rise to the smaller HOMO-LUMO gaps. The

negative shift of first reduction potential with increasing the number of ligands has been observed in



silicon phthalocyaninato oligomers as well,!” indicating that redox potentials are not determined solely
by charge delocalization in the extended m-system. To investigate electronic structure in the present
complexes, DFT geometry optimizations at the (U)TPSSH/Def2-SVP level®*%* were performed. To
reduce the computational cost, Tb(III) ions are changed to diamagnetic Y (III) ions of which chemical
properties and molecular structure are similar (or almost identical) to those of Tb(III), and the n-butoxy
chains are changed to methoxy ones. HOMO and LUMO of [3], [4] and [5] are summarized in Figure
1c. The electrons in HOMOs extend over the molecules, whereas the electrons of LUMOs tend to
localize on the inner ligands. From the point of view of localized orbitals scheme, the ligands in the
multiple-decker complexes have higher energies than free ligands because the ligands in the former
situation feel the electronic repulsion by the adjacent ligands. The numbers of the adjacent ligands of
outer and inner ligands are one and two respectively, making the inner ligands less stable. In addition,
difference in the charge of Tb(II) and Cd(II) should affect the electron-withdrawing properties of
coordinating obPc. With increasing the number of obPc, the numbers of less charged Cd(II) shared
with inner obPcs increase, resulting in the less electron-withdrawing nature of inner obPc which
increases the LUMO levels. According to these assumptions, the LUMO level of the [S] will increase
as seen in the electrochemical measurements because of the localized electrons on three inner ligands.
The theoretical calculations in gas phase predict that LUMO level in [5]° becomes lowest among the
studied complexes. Inclusion of solvation effects using the polarizable continuum model (PCM)%
makes the LUMO levels of [3]° lowest and those of [4]° and [5]° close to each other in energy.
Therefore, the theoretical predictions with PCM included are closer to experimental results. However,
the shifts of HOMO and LUMO levels among neutral multiple-decker complexes (~0.05 eV) are small
compared to the shift of first oxidation and reduction potentials (~0.1 eV), indicating the importance
of counter ions for determining the redox potentials. The smaller the molecular size is, the more the
ionic states are stabilized by the counter ions. Thus, we suspect that LUMO electrons localized in inner
ligands as well as the solvation by counter ions rise the first reduction potentials with increasing the

number of ligands.
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Figure 1. (a) Cyclic voltammograms and (b) redox potentials for multiple-decker complexes at room
temperature. Both electrochemical data were referred from our previous article.®' Each redox waves
in oxidized regions were characterized using electrochemical UV-Vis-NIR absorption spectra. (c)
Electron map and energy levels of LUMO and HOMO of [3]°, [4]° and [5]° with PCM model (isovalue
= 0.01). The electrons in LUMO localize on inner ligands, making the LUMO levels higher with

increasing the numbers of stacks.

Redox properties of the multiple-decker complexes were further investigated using in-situ UV-Vis-
NIR spectroscopy during the bulk electrolysis in CH>Cl, containing 0.01 mM of samples and 100 mM
of TBA-PFs. To prevent the evaporation of the solvent, the cell for electrolysis was sealed with a
rubber septum. Figure 2 shows the changes in UV-Vis-NIR spectra in CH>Cl, during the electrolysis.
The completion of the electrochemical reactions was confirmed by the decrease of current down to
~1% of the initial value. The present multiple-decker complexes have n-butoxy chains at peripheral
(P) positions of phthalocyaninato ligands. The electron donating nature of n-butoxy chains destabilizes
reduced states and stabilizes oxidized states. This was confirmed by the fact that the reduced states of
the multiple-decker complexes go back to neutral states immediately in the air whereas those of
oxidized states are stable for a while in the air.*® Figure 2 shows transient absorption spectra during
electrochemical oxidations. All spectra shown here give isosbestic points, indicating no decomposition
during the oxidation reactions. The numbers of the possible oxidized species correlate with the number
of the phthalocyaninato ligands. In case of the [3], up to +3e charged states were isolated using bulk
electrolysis. Oxidation from [3]3* to [3]*" gave no isosbestic points, indicating that [3]** is unstable
under the given experimental conditions. [4] series shows stable oxidized species up to the +4e charged
state. In case of [5] series, isosbestic points between [5]** and [5]%" states were observed. In other
words, the number of the stable oxidized states increased with increasing the numbers of the stacks.

Longitudinal extension of the m-system enabled the delocalization of positive charges of oxidized



species and stabilized the highly oxidized states effectively.

The changes in absorption spectra of [2] are almost identical to those found in the non-substituted
lutetium(I1) double-decker complexes extensively studied by Ishikawa et al.3%-31-33 A sharp and strong
absorption at 15840 cm™! and smaller peaks at 14740 cm™! in [2] are HOMO to degenerated LUMO+1
orbitals and HOMO-1 to degenerated LUMO respectively. The weak absorption at 6330 cm™! in [2]°
is related to the m-radical on the ligand, which has been observed at ~7100 cm™' in unsubstituted
complexes,® and it corresponds to the transition from the highest two-electron filled molecular orbital
to a singly occupied molecular orbital (LUMOB <« HOMO> transition). This band shifts to 10000
cm ! in [2]*, which corresponds to a HOMO-LUMO transition. In contrast to [2]°, colors of [3]° and
[4]° are visibly distinguishable from those of unsubstituted ones because of the bathochromic shift and
broadening of a strong absorption around 16500 cm™! (600 nm) induced by n-buoxy chains. TD-DFT
calculations for Y(III) analogues of closed-shell species were conducted in order to characterize the
absorption spectra. Two largest oscillator strengths f for [3]° are obtained at 15376 cm™! and 15377
cm! (both are /= 0.6068), being consistent with the experimental spectra showing the strong
absorption around 15600 cm ™. Both exited states contain a lot of configurations, but mainly stem from
ILUMO+2 «— HOMO-1> and |[LUMO+3 <« HOMO-1>, respectively. The second largest oscillator
strengths are given around 19000 cm™! (f= 0.176-0.1717), where four excited states composed of a
lot of configurations are predicted. The transitions to these excited states cause the electron transfer
among the inner obPc (Figure S285). The characteristic absorption of [3]*" at 6250 cm™' was
reproduced by TD-DFT calculations, which corresponds to [LUMO < HOMO> transition (5604 cm™,
f = 0.3751) accompanying the electron transfer from the outer to the inner obPc. The oscillator
strengths at 14400 cm™' and 16100 cm™! correspond to the absorption at 14100 cm™' and the shoulder
peak at 15700 cm™! in experimental spectra, respectively. These transitions induce the electron transfer
from the phenyl rings obPc to the pyrrole ring in obPc ligands. In [4]°, the strong absorption at 15300
cm! with a shoulder at 16900 cm™' was observed, although the single absorption peak has been
observed in unsubstituted and tert-butyl substituted analogues. Two distinct f at 15424 ¢cm™ (f =
0.1939) and 16789 cm™! (f = 0.3432) are consistent with the experimental spectra. In addition, the
broad tail extended over ~7000 cm™' was observed, at which the [LUMO « HOMO > (8708 cm ™', 1
=0.0095) is predicted. In the case of [4]**, the characteristic broad absorption at 5880 cm™! is attributed
to [LUMO «— HOMO -1> transition with the electron transfer from inner to outer obPcs. A [LUMO «
HOMO> transition at 1433 cm™! (Y= 0.0450) in [4]** is predicted by TD-DFT calculations, which is
out of range of the absorption measurements and longer than that of mono-oxidized state of tert-butoxy
substituted quadruple-decker complexes reported by Fukuda e al. (3065 cm™).¢” Comparison of solid
state IR spectra between the [4] series reveals no additional peaks in [4]?* at predicted range of [HOMO
« LUMO> absorption because of the overlapped vibrational absorption (Figure S336). In [4]*, the
absorption at 7900 cm™! is attributed to the [ HOMO+1 «<— LUMO-1>. Although a [HOMO « LUMO>



transition is predicted at 6248 cm™! (f=0.0632), no obvious absorptions were experimentally observed
because of the small f value. As will be discussed later, the HOMO-LUMO energy gap of [4]*" is
extraordinarily smaller than that of other [4] species, thus lowering energy of [HOMO « LUMO>
transition. Although the observation of this transition is impossible in our experimental setup, the
lower HOMO-LUMO gap is expected experimentally due the fact that only [4]*" shows a biradical
character among [4] series, according to the NMR and ESR analyses shown in the next section. In
addition, it is worth noting that the +2e charged state of a quadruple-decker complex substituted with
16 tert-butyl groups reported by Fukuda et al. is ESR silent, indicating the importance of the 32
electron donating n-butoxy groups for lowering the HOMO-LUMO gaps. Although TD-DFT
calculations for [S] did not show convergence due to huge molecular structure, the spectra of them are
resemble to those of [4]. In addition, [S]*" shows biradical character as seen in [4]*" as discussed in

NMR part, proofing the lower HOMO-LUMO gap than other charged states.
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Figure 2. Electrochemical UV-Vis-NIR spectra for (a) [2], (b) [3], (c) [4], (d) [5] series. The spectra

giving the isosbestic points and the oscillator strength are shown.

Solution NMR measurements

Paramagnetic solution NMR is a powerful tool to unveil the molecular structure and the magnetic
properties of lanthanoid-based complexes because the magnitude of the paramagnetic shift is affected
by the positions of the measured nuclei relative to spin density, as well as by the magnetic anisotropy
of lanthanide ions.%®-% The chemical shift of an NMR active nucleus in a paramagnetic complex can
be expressed as the sum of a temperature-independent orbital term (Jdorp) and temperature-dependent
hyperfine term (Jur). Jur is mainly composed of the Fermi contact shift (drc) and pseudocontact shift
(Svc) as shown in Eq.14870-77

Sobs = Oorb + Our = Sorb + Orc+dpc Eq. 1



Jrc stems from the interactions between the electron spin on the nucleus and the nuclear spin. In other
words, Jrc depends on the spin densities on the measured nuclei. dpc originates from the through-
space magnetic dipole-dipole interactions between the electron magnetic moment and the nuclear
magnetic moment. The contribution of the dpc becomes prominent when the metal complexes possess
strong magnetic anisotropy.”® Both the magnetic metal ions and the ligand-centered m-radicals
contribute to the Jrc and dpc, as is shown in Eq.2
8obs = Gorb + Smrc+OmpctOLrc Eq.2

where ompc and Owvrc represent the Fermi contact term and pseudocontact term from magnetic metal
ions and Oirc represents the contribution from the ligand m-radical. The pseudocontact shift of the
ligand m-radicals (dirc) is normally omitted because of rather small contributions due to the
insignificant magnetic anisotropy of organic radicals.” Needless to say, d.rc vanishes when the metal
complexes have no n-radicals on the ligands.*® Localized f-orbitals, which play a decisive role in the
magnetism of lanthanoid ions, enable us to treat the ompc using a point-dipole approximation. The
Tb(III) ions in the present complexes are affected by the ligand field of obPc ligands, thereby the
Tb(III) ions possess the strong axial magnetic anisotropy where the magnetic easy axis lies along the

C, axis of the multiple-decker complexes.” In this case, the dwmpc is expressed®® as

Xax

= 2g—-1 .
6MPC 12713 (3 cos“ 6 ) Eq 3

where yax is the axial component of the magnetic susceptibility of the lanthanoid center, r is the norm
of the vector (r) connecting the lanthanoid center and the nucleus, @ is the angle between the magnetic
easy axis and the r. The contribution of the dwvrc to the nuclei distant from the lanthanoid center is
small compared to dupc because the overlaps between the f-orbitals and the orbitals of the measured
nuclei (H and C) are small. In our previous research, we have reported the NMR spectra of [2] series
and revealed that the paramagnetic shift of these complexes can be expressed by Eq. 2 and Eq. 3.4%78
As mentioned above, the dmpc shows dominant contributions to the paramagnetic shift of non-radical
[2]” and [2]*, giving rise to large paramagnetic shifts toward negative regions. The overall '"H NMR
spectra of [2]™ and [2]* are similar with each other because the structural formulas of the molecular
units are unchanged by the chemical reactions. However, [2]* shows a larger paramagnetic shift
compared to [2]”. Finally, we have concluded that decrease of interligand distance (Robpc-obpc) and the
increase in yax value contribute to the larger dvrc induced by the ligand oxidation.*® However, in
contrast to the [2], the series of complexes from [3] to [S] does not show a simple increase in dmpc by
the ligand oxidations, as discussed below.

The oxidized complexes for NMR measurements were prepared by mixing the neutral complexes with
the oxidizer (phenoxathiin hexachloroanitimonate) in CD,Cl,. Oxidation numbers of the complexes
were controlled by changing the amount of oxidizer as precisely as possible and confirmed by

comparing the UV-Vis spectra of the samples with those obtained by bulk electrolysis. Figure 3



summarizes the annotations in '"H NMR. As is shown in Figure 3, obPc ligands can be distinguished
as either inner (obPc' and, for the central ligand in [5], obPc'') and outer (obPc®). The 'H NMR signals
were fully assigned with the combination of "H NMR spectra, 'H-'H COSY spectra and estimation of
ompc using DFT optimized structures. In case of some of the oxidized complexes it was more difficult
to observe crosspeaks in the 'H-'H COSY spectra (broader signals). Therefore, the NMR signals of
these complexes were assigned according to the dwpc calculated using Eq. 3 and DFT-optimized
structures, shapes of signals (coupling, FWHM) and comparison with the non-radical species. dor, Was
estimated by '"H NMR signals for Y (IIT) analogues of multiple-decker complexes at room temperature.
As shown in Figure 4, the 'H signals of the CH,r show complicated changes induced by the oxidations,
where the magnitude of paramagnetic shift shows both increase and decrease due to the oxidations. In
contrast, most of the signals of CH,a, CH»3, CH»y and CH3 show a decrease in the paramagnetic shift
with increasing the oxidation numbers, which is indicative of a decrease in yax. dobs Of CHar protons
heavily depends on the drc because these protons are close to the n-radicals of the ligands. In contrast,
"H NMR analysis for Y(III) analogues of the oxidized multiple-deckers indicate that changes of the
b (~1 ppm) are sufficiently small compared to those of dirc (~10 ppm) in order to be ignored.
Consequently, the chemical shift of the CH,, is simplified as the sum of ompc, dirc and less charge
dependent S as shown below.
obs = Gorb *+ Ompc + OLrc Eq. 4

The Orc of CHy is estimated by the spin densities at measured nuclei obtained from the DFT
calculations.*® The spin densities on the CH,° tend to be high compared to those of CH,, thereby the
magnitude relation of the 8, among CH,° and CH,' changes by the oxidations as seen in the 'H
NMR spectra of [4] and [5] series beyond —55 ppm.

In contrast to CHay, the protons of the butoxy chains (i.e. CHza,, CH2p3, CH,y and CH3) are less affected

by the w-radicals and charges on the ligands because these protons are far from the w-plane, making it

bu

possible to treat the drc as zero.*® In this situation, the chemical shifts of the butoxy protons & p

are
expressed as the sum of o and the geometry-dependent dvipc as shown below.

6(1)711;S ~ 80rb + 6MPC Eq- 5
Using the Eq. 3, Eq. 5 and the DFT-optimized structures of oxidized complexes to which n-butoxy

chains were added (Figure S254, S262 and S273), the yax values are determined from fitting as to

bu

minimize the difference in the experimental and expected J§,p

using the least squares method. After
getting the y.x values, the quality of fitting was evaluated by the agreement factor (4F) taking into
account the 657, as summarized in Figure 5, showing the consistency between the theoretical and the
experimental pseudocontact shift. The y.x values of the multiple-decker complexes are shown in
Figure 6. Except for the increase in the yax value by the oxidations from [3]** to [3]3*, yax values of
the multiple-decker complexes decrease with increasing the number of charges on the ligands,

indicating that the magnetic anisotropy decreases due to changes induced by the chemical oxidations.
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The results of the [3] series are in contrast to the NMR results of the [2] series, where the yax increases
with oxidation. As is discussed in the section of the magnetic analysis, the reduction of yax of Tb(III)
ions by the oxidations is the inherent nature of multinuclear complexes. The difference between the
[2] series and other complexes is in the number of the metal ions inside the molecules. The ligand
oxidations lead to an axial compression as well as to a decrease in intramolecular metal-metal distances
(Tb-Tb distance for [3] and Tb-Cd distances for [4] and [5]), decreasing the axial components of the
ligand field, thereby decreasing the magnetic anisotropy. The small y.x values in [3] compared to [4]
and [5] series comes from the difference between the +3e charges on Tb(III) and +2e charges on Cd(II)
ions adjacent to the Tb(III) ions, the former making the axial component of negative charges smaller
than the latter do. One possible explanation for the discrepancy observed in the [3]** case (Figure 6)
is that, as expected, the longitudinal compression due to oxidation reduces the y.x value. However, in
the [3]** and [3]* species the presence of organic radicals on the ligands counters this effect on the yax
value. This shielding effect from the organic radicals is less pronounced for the larger deckers, where
7 radicals are mostly located on the peripheral ligands, and very little between the Tb(III) ions (please

see spin density distributions in Figure S257 and S260).

@) (b)

Figure 3. Schematic structures of (a) [3], (b) [4] and (c) [5] with annotations of 'H observed in the 'H

NMR spectra. Only one half of each structure is shown for simplicity.
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Figure 5. Determination of y.x values for (a) [3], (b) [4] and (c) [5] using observed (Jbs) and calculated
(Ocatcd) "H NMR signals. Black circle points (@), showing the signals of butoxy protons, were used for
least square fit for minimizing the (Scaicd — dobs)’. The agreement factors (4F) were calculated as AF
=1 — [Z(Scaled — Fobs)* / Sobs’]"%, using all 'H signals, including CH, (m) and CH,° (A ). Solid black
lines on the graphs are the guides showing Saicd = dobs region. The green points on graphs for [4]** and
[5]** indicate the chemical shifts of the aromatic 'H for the singlet states (without considering the d.rc

contributions from triplet states).
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Figure 6. y.x values of (a) [3], (b) [4] and (c) [5] series derived by the 'H NMR analysis at 295 K.

Another point to be mentioned is the paramagnetic shift of CH,° protons in [4]?* and [5]** (Figure 5).
Since those two complexes have an even number of charges, the ligand n-radical and resulting Jrrc
are expected to be absent, only dvpc being the source of the paramagnetic shift. However, the observed
chemical shifts for CHy° in [4]** (=92.74 ppm) and [5]** (—94.2 ppm) are about twice as large as the
expected Swrc (—44.32 ppm for [4]*" and —55.65 ppm for [5]**). These discrepancies are solved by
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adding the d&irc derived by the DFT calculations for triplet states of [4]?" and [5]*" to the 83,
affording the —102.9 ppm and —105.9 ppm for [4]*" and [5]*, respectively, which are close to the
experimental chemical shifts. The remaining differences of the order of —10 ppm are mostly due to the

contributions of the organic radicals, as shown previously by a more elaborate analysis.”%?

Biradical properties of [4]*>" and [5]**

According to the NMR analysis, [4]*" and [5]** appear to have the n-radicals on the ligands, especially
on the obPc®. However, the relatively sharp "H NMR signals in [4]*" and [5]** (enabling us to acquire
"H-"H COSY spectra) compared to those in other radical complexes imply the contributions of singlet
(n-radical silent) states as well. To evaluate the existence of n-radicals, we performed the electron spin
resonance (ESR) for Y(III) analogous of oxidized complexes, which were prepared by the bulk
electrolysis in CH2Cl, and their formations were confirmed by checking that the absorption spectra of
Y(III) analogous are identical to those of Tb(IIl) complexes (Figure S334). Even though Y(III)
analogues of [4]** and [5]*" have even numbers of charges, these complexes are ESR active at room
temperature and the g-values of them are close to 2, which is common in organic radicals. By cooling
down to 80 K, both [4]*" and [5]** show complicated ESR signals being characteristic for a triplet
biradical with an axial zero-field splitting parameter D, in contrast to other monoradical species
(Figure S330, S331 and S332). The sign of the D values for [4]** and [5]*" were not determined from
the simulation. |D| values of [4]** (0.0032 cm™!) is slightly larger than that of [S]** (0.0029 cm™),
indicating that the [4]** has stronger dipole-dipole interactions between unpaired electrons than [5]*
does because of the smaller m-extended system in former compound. Focusing on the shape and energy
of molecular orbitals in the even-charged complexes, HOMO-LUMO gaps (AELumo-tomo) in [4]**
and [5]** (0.20 and 0.14 €V, respectively) are considerably smaller than those in others (0.47 to 1.21
eV) because HOMO and LUMO in [4]** and [5]** are non-bonding orbitals whose shapes are similar
with each other (Table 1, Figure S266 and S277). The small AELumo-nomo in [4]** and [5]** allows the
electrons to occupy the LUMO with small energy which results in the formation of biradical states. To
get deeper insight into biradical states, we performed natural orbital (NO) analysis for
antiferromagnetic (AFM) states using (U)B3LYP/6-31G*#3-87 with Stuttgart RSC 1997 ECP®-# for Y
and Cd. The occupancies for the lowest unoccupied natural orbitals (LUNO) for singlet states [4]**
and [5]*" were 0.922 and 0.961, respectively. In addition, diradical character y values for [4]*" and
[5]?* are 0.845 and 0.922, respectively, indicating the contribution of triplet ferromagnetic (FM) states.
The calculated exchange interactions between the two S = 1/2 spins among [4]** and [5]** are —34
cm!and -3 cm!, respectively, their magnitudes being small enough so that the triplet (ferromagnetic)
states are thermally accessible at liquid nitrogen temperature. These results are consistent with the
triplet biradical states observed using ESR measurements at 80 K. In addition, magnitude of J values

associates with the length of n-columns and the magnitude of |D| values.
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Table 1. HOMO and LUMO energies for multiple-decker complexes with even numbers of
charges. The energies are derived by the single-point calculations for optimized singlet
structures using TPSSh/Def2-SVP.

B3 B [4r° [4r [41* [51° [51* [51*
HOMO level / eV —4.12 -800 410 738  -1128  —4.06 -6.99  -10.37
LUMO level / eV -2.91 ~7.48 290 7.8 ~7.18 -2.93 ~6.85 -9.90
AELumo-nomo / €V 121 0.52 120 0.20 4.10 1.13 0.14 047

Table 2. Comparison of exchange parameters for biradical species of phthalocyaninato and

porphyrinato analogues.

J/em™
41" 34 (DFT)
[5]2* -3 (DFT)
[K4{Lu(CR4Pc)Pc},]* —0.35 (empirical)”®
Pc-Y-FPc-Y-Pc —207.4 (DFT),” —93 (experimental )’
Por-Y-FPor-Y-Por —487 (experimental)”

So far biradical compounds with Pc and Por have been synthesized by connecting two neutral double-
decker monoradical complexes and their J values are summarized in Table 2.7% %% Among them,
triplet state has been reported on K* ion induced supramolecular tetramer [K4{Lu(CR4Pc)Pc},]*
composed of crown-substituted double-decker complexes reported by Ishikawa et al, where the four
phthalocyaninato ligands align along the C4 axis to make the purely longitudinally extended nt-system.
In contrast, connecting the two double-decker complexes by in-plane n-extended ligand such as fused-
phthalocyanine FPc or fused-porphyrin FPor results in the formation of singlet biradical species
showing strong antiferromagnetic interactions between S = 1/2 spins. Weak J for [4]*" and [5]** in the
present study are similar to that of [K4{Lu(CR4Pc)Pc},]*". It is obvious that the J tends to be weak
when the biradicals are composed only by n-w stacks. These results clearly reflect the differences in
orthogonality of interligand orbital overlap, which is retained in the longitudinally extended n-system
with wide interligand stacking angles 6. By combining the in-plane and longitudinal extensions, we

can modulate the magnitude of J.

X-ray structural analysis

Among the series of multiple-decker complexes, we have succeeded in getting the crystal structures
of anionic [2] containing TBA and series of oxidized complexes, i.e. [2]F, [3]**, [4]*", [4]*, [5]*, as
summarized in Figure 7 and Figure 8. The charges of the multiple-decker complexes were estimated

by counting the number of counter anions (SbCls) per multiple-decker unit. In addition, UV-Vis
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spectra of the crystals dissolved in CH>Cl, are identical to those shown in Figure 2, confirming that
the charges of the molecules obtained from crystal structure analysis are consistent with
electrochemically synthesized complexes. It is obvious that all multiple-decker complexes show bowl-
shaped distortions on the outer obPc ligands induced through oxidations, in agreement with predictions
from DFT calculations.

Crystal structures in [2] series

The crystal structures of the anionic, neutral and cationic forms of porphyrinato double-decker
complexes have been reported recently by Yamashita et al.*° They have reported that the porpnyrinato-
porphyrinato distances decrease though oxidations. Similar behavior was observed in multiple-decker
series studied here. The obPc-obPc distances (Robpeobrec) Of [2]” and [2]* are 2.853 and 2.767 A,
respectively, supporting the observation that the longitudinal compression occurs by oxidation as
reported by Yamashita et al.** The Robpcobpe Of [2]° is an intermediate between that of [2]™ and [2]".
The detailed mechanism of these structural changes is utilized for enhancing SMM properties®>7 and
controlling the energy barrier for ligand rotation.”®. HOMO of [2]™ is an antibonding m-orbital which
has a node between the obPc ligands. The oxidation reactions remove the electrons from the
antibonding HOMO of [2], increasing the bond order between the obPc ligands and decreasing the
distance Robpc-obpc. The short Roppe-obpc Of [2] series compared to those of other multiple-decker
complexes enhances the steric hindrance between obPc ligands, causing the wide stacking angles of
obPcs holding metal ions (fopc~45°) at which the interligand steric hindrance is minimized. The
crystal packing of [2] series is affected by both the counter ions and the solvent molecules. [2]~
contains TBA™ and DMSO as the counter cation and crystal solvent, respectively. The flexible butyl
groups of TBA™ enable these to adopt a flat structure so that they are stacked alternatively with [2]~
units, thus constructing the slipped column packing along the c-axis. In [2]*, slipped column packing
consists of [2]* units and toluene molecules is surrounded by SbCls~ because of the spherical shape of
SbCls~ making it hard to stack alternatively with [2]* units.

Crystal structures in [3] series

Crystal structures of [3]° and [3]** are shown in Figure 7(b). In both complexes, the two Tb(III) are
crystallographically equivalent and are connected by an inversion operation. In [3]°, Gobpc, Robpe-obpe
and intramolecular Tb-Tb distance (Rtv-1v) are 31.77°, 3.047 A and 3.517 A, respectively. Oxidation
to the [3]%*, which corresponds to the removal of two electrons from an antibonding HOMO of [3]°,
makes the Robpc-obpe and the Ry shorter (2.980 A and 3.435 A, respectively), resulting in the wide
Oobpe (44.21°) in order to avoid the steric interaction between the phenyl rings of obPcs. Due to the
large interligand steric effect induced by longitudinal compression, the outer obPcs of [3]** show bowl-
shaped distortions. Similar structural changes are predicted by the geometry optimization of [3]** at
the TPSSh/Def2-SVP level (Figure S253).92%% 9 [3]** constructs the slipped column structure

surrounded by SbCls™ ions extended along the a-axis, as seen in [2]*.
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Crystal structures of [4] series

In case of [4] series, we have succeeded in getting the crystal structures of [4]** and [4]**, whereas the
structure [4]° was previously reported. The space groups of [4]** and [4]*" are P4/ncc and P4/nmm,
respectively, and four-fold axes exist along Tb-Cd-Tb lines (c-axes). Due to the positional disorder of
two obPcs of [4]*, giving the identical geometries in each disordered state, one representative
geometry is shown in Figure 7(c). Same as with the other multiple-decker series, [4] series show bowl-
shaped distortions on the outer obPc ligands induced by oxidations. In [4] series, although two Tb(III)
ions are crystallographically inequivalent, the Oobpe values of two Tbl and Tb2 (Figure 7(c)) of [4]°
are similar with each other (22.32° and 23.65°). In [4]**, Oobpc of Tb1 and Tb2 are 42.27°and 38.68°,
respectively. Unexpectedly, differences in Ooppe are further enhanced in [4]**, in which two kinds of
Oobpe (45.00° for Tb1 and 16.54° for Tb2) are seen. In other words, square antiprismatic (SAP) and
square prismatic (SP) geometries exist in one [4]** unit. Considering that the [4]*" dissolved in CD>Cl»
shows a limited number of 'H signals due to the symmetric structure of [4]**, the asymmetric structure
of [4]** seen in SXRD seems to be induced by the steric effects from the solvent molecules and SbClg™
incorporated into the crystal. The geometry optimization for [4]**, which estimates the structure of
[4]4" in gas phase, affords the symmetric structure, further supporting the importance of intermolecular
forces in the crystals for asymmetric conformation seen in SXRD. Although it is a preliminary result,
we got the incomplete crystal structure of [4]** crystalized by toluene and revealed that the SAP and
SP geometry coexist in one molecule (Figures S324 and S325), indicating that asymmetric
conformation of [4]*" in the crystal a universal property. In the structure of [4]*" with toluene, SP
conformations are stabilized by the toluene molecules incorporated into the grooves of obPcs.
Although the position of solvent molecules of [4]*" with TBT/TCE could not be determined due to
heavy disorder, the residual electron densities in the grooves around SP structure imply that solvent
incorporation stabilizes SP geometry.

In contrast to previous examples ([2], [3] series and [4]°), [4]** and [4]*" show 1D column packing
along c-axes because the long molecular structures of them are disfavored for the formation of slipped
columns. In addition, oxidations of [4]° induce the bowl-shaped distortions of outer obPcs, including
n-butoxy chains, impeding the construction of intermolecular 7-7 stack structures. In addition, the 1D
packing is seen in preliminary SXRD results of [4]*" prepared in toluene. Therefore, we speculate that
the long molecular structure and the absence of intermolecular n-rt stacks cause the construction of
1D structures, as seen in [4]** and [4]*".

In [4]**, column packing which consists of [4]*" units and tert-butyl toluene (TBT) molecules is
surrounded by SbCls™ anions. The shortest intermolecular Tb-Tb distance and pitch of the column are
9.937 A and 16.480 A, respectively. The intermolecular face-to-face dimension of outer obPcs is 7.294
A, which is longer compared to those of [2]*, [3]?" and [4]° because the bowl-shaped distortion on

outer obPcs and solvent molecules (TBT) prevent formation of the intermolecular m-m stacks.
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Assembly of 1D columns along the c-axis provides a square lattice as well as 1D voids extending
along the c-axis. The observation of electron densities in these voids indicates that they not empty but
filled with disordered solvent molecules.

In [4]*, 1D column packing along c-axis, which consists of [4]*" units and SbCls~ anions, was
observed. The two additional SbCls~ compared to [4]*" are incorporated into the voids made by
strongly bowl-shape distorted outer ligands of [4]*". As a result, the intermolecular Tb-Tb distance and
the pitch of the column increase to 12.917 A and 19.410 A, respectively. Obviously, these two SbCls™
act as the spacer to increase the intermolecular distances. The remaining two SbCls™ anions in [4]*
surround the 1D columns such as the SbCls™ of [4]**. As similar to [4]**, 1D column packing of [4]**
assembles to square lattice, making the 1D voids along c-axis which should be filled with disordered
solvent molecules. Furthermore, the similar 1D packing and voids are seen in the incomplete structure
of [4]*" with toluene molecules, indicating that the packing of [4]*" is controlled by the molecular
structure of [4] and the number of counter ions rather than the solvent molecules.

Crystal structures of [5] series

In case of [5] series, we have succeeded in getting the structure of [5]*". In contrast to the wave-like
distortion of obPcs in [5]°, outer obPcs of [5]** show bowl-shaped distortions due to longitudinal
compression effects induced by the oxidation. Although Tb(III) ions of [5]° are crystallographically
equivalent with each other, two kinds of Tb(III) ions, one of which being of SAP and the other being
of SP coordination geometry, were observed in [5]*', as seen for [4]*'. It is obvious that the solvent
molecules (benzene) located in the grooves formed by the ligands stabilize the SP geometry (Figure
7(d)). Alternative stacking of [5]*" units and one disordered SbCls~ generates 1D column packing
along the a-axis as seen in the crystal structures of [4]*". We also succeeded in getting the incomplete
structures of [5]*" containing toluene molecules by the slow diffusion using CH>Cl> and toluene
(Figures S326 and S327), where [5] units containing SP and SAP geometries construct the 1D column
packing along c-axis. Furthermore, the SP geometry is stabilized by the toluene molecules
incorporated to the groove of SP geometries, showing the importance of solvent molecules for the
coexistence of SP and SAP geometries in one multiple-decker unit.

Summary for the crystal structures and packing of the oxidized multiple-decker complexes

In summary, all the multiple-decker complexes show axial compression by the oxidations as indicated
by DFT calculations. The HOMOs of the neutral multiple-decker complexes are antibonding orbitals
showing nodes between obPcs. Oxidation reactions remove electrons from antibonding HOMOs,
increasing the bond orders between obPcs. As a result, longitudinal compression induced by the
oxidations was observed by the X-ray analysis. However, the existence of two kinds of geometry
around Tb(III) ions (SAP and SP) in [4]* and [5]*" were not expected from theoretical calculations.
The SP geometries seem to be stabilized by the interactions between the solvent molecules and counter

ions.
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The XRD analyses show that the crystal packing of the multiple-decker complexes is dependent on
the length of the molecules, distortion on outer obPcs, the numbers and arrangements of the counter
ions and co-crystallized solvent molecules. Short molecular heights of [2] and [3], as well as the
planarity of outer obPcs seen in neutral multiple-decker complexes permit the slipped column packing.
In contrast, 1D linear column packing is favored in the longer molecules such as [4] and [5] series. In
addition, TBA™ anions and [2]~ stack alternately and construct columns because of the flat structure
of TBA™. The octahedral structure of SbCls~ makes these surround the column packing as seen in [2]*,
[3]?* and [4]*", instead of being incorporated inside the column structure. This relationship is violated
when the excess of SbCls~ exist as seen in [4]*" and [5]**, where the SbCls~ and multiple-decker units
construct 1D column packing by stacking alternatively. The bowl-shaped distortions on outer obPc of
highly oxidized species also take a vital role in creating the space to be filled by SbCls™ ions and the
thus resulting 1D packing. Keeping in mind the magnetic properties discussed below, and the existing
knowledge about the sensitivity of the magnetic properties of similar SMMs to the coordination
environment!?-192, we underline the conclusion that not only the molecular structure, but also the
packing of molecules in the crystal play an almost equally important role in lanthanide-
phthalocyaninato based SMMs. We predict that there is much to be achieved from systematically
varying and strictly controlling crystal growth mechanisms of future SMMs, especially when under

exposure of magnetic and electric fields.!3-108
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Figure 7. Comparison of molecular structures of (a) [2], (b) [3], (c) [4] and (d) [5] series. Numbers in
the figures indicate the Robpc-obpe and Gobpe. Fobpe are the distances between centroids coordinating four
coordinating N atoms of obPcs. O.pc are averaged torsional angles. Butyl chains and counter anions
(SbClg") were omitted for clarity. Color coding: pink = Tb, yellow = Cd, red = O, blue =N, gray = C,
white = H.
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Figure 8. Crystal packing of (a) [2]7, (b) [2], (¢) [3]*", (d) [4]*", (¢) [4]*" and (f) [5]**. Multiple-decker
complexes, metal centers (Tb or Cd), counter ions (TBA™ for [2]” and SbCls~ for others) and solvent
molecules are shown in red, brown, green and blue respectively. List of solvent molecules: DMSO;
(a), toluene; (b) and (c¢), TBT; (d) and (e), benzene; (f). The numbers in the figure show intermolecular
Tb-Tb distances and inter ligand distances (distances between n-planes) respectively in units of A. In

(d) and (e), the pitch of the columns is indicated in A.

Magnetic properties

The magnetic properties of oxidized phthalocyaninato double-decker SMMs have been reported by
Ishikawa et al., where oxidation of phthalocyaninato double-decker complexes increases the activation
energy for spin reversal (AE) due to the decrease in inter-ligand distances.”>*7 X-ray structural analysis
for [2] series in the present research supports the decrease in Robpc-obpe With increasing the oxidation
numbers.

Magnetic properties for [2]

The DC magnetic measurements for [2]” and [2]* are summarized in Figure S1 and S5, respectively.
The hump below 15 K seen in [2]” is assumed to relate to magnetization blocking of [2]™. In case of

[2]*, an increase in ymT values was observed below 10 K due to intermolecular ferromagnetic
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interactions. Details of the electronic structures of [2] series were obtained from ab initio calculations
using the crystal structure coordinates of [2] series with modifying the n-butoxy groups to methoxy
ones in input files. The experimental and theoretical ymT vs T plots for [2] series are in agreement with
each other. Introduction of a mean-field parameter zJ = 0.02 cm™! reproduces the increase in ym7T
values in [2]%, thus validating the theoretical calculations. All [2] species show strong axial magnetic
anisotropy as reported previously33-37-40-41.102 'wyhere the ground doublet is composed by almost pure
|+6> states, first excited |[+5> states being above 300 cm™' in energy (Figure 9). To investigate the
SMM properties of [2] series, we performed ac magnetic measurements for [2]” and [2]* with and
without a 2 kOe dc bias field. Both species show clear peaks in ym” (imaginary part of ac magnetic
susceptibilities) vs. v (ac frequency) plots without bias a dc magnetic field, as summarized in Figure
10(a). In the presence of the bias field (2 kOe), the ym” peaks of both species show a small shift to
lower v regions, indicating that a bias field quenches quantum tunneling of the magnetization (QTM),
due to the Zeeman splitting in the ground doublet.'” Evidently, the peak tops of ym™ shift to the lower
v regions by the oxidation from [2]” to [2]*, as reported by Ishikawa er al®® All ac magnetic
susceptibilities for [2] series were fitted using the generalized Debye model to acquire the spin
relaxation time 7 (Figures S2, S3, S6 and S7). Activation energy for spin reversal AE and frequency
factor 7o with the bias field determined by an Arrhenius fit are AE = 488(5) cm™! and 7o = 3.4(7) x
1072 s for [2]” and AE = 580(2) cm™! and 7o = 3.0(2) x 1073 s for [2]* (Figures S4 and S8). The
experimental AE seems to be close to the theoretical energy levels of second excited states (536 cm™
for [2]” and 524 cm™! for [2]*) rather than first excited states (325 cm™! for [2]” and 322 cm™ for [2]%).
Therefore, in the present [2] series the magnetic relaxations via [+4> might occur. It is known that the
coincidence of the magnetic easy axes of ground and excited doublets decrease the magnetic transition
probabilities and enhance the magnetic relaxation via higher sublevels. According to the ab initio
calculations, second exited states of [2] series are composed of almost pure |+5>, hence the linearity
of magnetic easy axis between the ground, first and second exited states is sustained. Although ab-
initio calculations indicate that [2]” and [2]* are similar with each other, experimental AE values of
[2]" is substantially larger than that of [2]™. In [2] series, a small portion of [+3> and |+2> mixes to the
first excited and second excited doublet (|£5> and |+4>), respectively. The amount of such mixing in
[2]" is smaller than that in [2]7, enhancing the relaxation via second excited state in [2].

Magnetic properties for [3]

In [3], ymT vs T plots show an increase at low temperature due to intramolecular ferromagnetic
interactions between Tb(III) ions. Given the relative positions of two Tb(III) ions derived by crystal
structures and the ab initio derived ligand-field splitting, the contribution of the intramolecular
magnetic dipole-dipole interactions between Tb(III) ions was evaluated. As shown in the Supporting
Information, the ym7T values in [3] series were fitted by taking into account the magnetic dipole-dipole

interactions. As seen in Figure 9, significant easy axis magnetic anisotropy is expected across [3] series
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due to almost pure |=6> ground states. Magnetic easy axes of Tb(IIl) ions in [3] series are
perpendicular to obPc planes, stabilizing a head-to-tail ferromagnetic arrangement of magnetic dipoles.
AC magnetic susceptibilities for [3] series at zero dc field show a single peak, which is fitted by using
the generalized Debye model. In contrast to [2] series, the peak top of ym” shifts to higher v regions
by the oxidations. In other words, the 7 becomes faster with the ligand oxidations. The application of
bias dc field scarcely affects the ym™ vs v plots of [3], indicating that QTM is suppressed by the
intramolecular MD interactions acting as the bias field.®!: 11113 From the Arrhenius plots at 2 kOe, the
AE values were confirmed to be 233 cm™! for [3]° and 172 cm™! for [3]?". Again, AE of [3] becomes

smaller by the oxidations, in contrast to observations for the [2] series.
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Figure 9. Ligand field splitting for multiple-decker complexes calculated by CASSCF!'+!18
calculations, using the coordination fragment around Tb(III) ions with 421 of electron pairs for [2]7,
420 electron pairs for [2]*, 455 electron pairs for [3]°, 454 electron pairs for [3]** and 444 electron
pairs for others. Since the [4]°, [4]** and [4]*" and [5]*" contain crystallographically inequivalent
Tb(III) ions, two kinds of diagrams are displayed. Energy differences between ground and first exited
doublets, which correspond to AE, are shown in cm™! units. More details are given in the Supporting

Information.
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Figure 10. Selected ym™ vs v plots for (a) [2] at 35 K, (b) [3] at 10 K, (c) [4] at 10 K and (d) [S] at 10
K at 0 Oe (upper) and at 2 kOe (lower) bias field. Solid curves and dotted curves represent fits using

the generalized and extended Debye models, respectively.

The experimental AE values of [3] series are similar to the first exited energy levels by the ab initio
calculations. In addition, CASSCF calculations support the decrease in AE values by the oxidations
from [3]° to [3]**. Significant decrease in BY term from 322 cm! to 149 cm! indicates that axial
component of ligand field diminishes by the oxidation. Although the AE values should be a function
of the large numbers of geometrical parameters, the AE in the present case seems to be dependent on
the intramolecular Tb-Tb (or Tb-Cd) distances (Rtp-m; M = Tb or Cd) because the approach of the
positively charged metal ions to the Tb(III) center decreases the axial component of negative charges.
This trend was investigated by point charge calculations using McPhase 5.2!'"? instead of high-cost
CASSCEF calculations (Supporting Information). The structural models for point charge calculations
were prepared by using the coordination geometry of [3]° and the displacement parameters reported
by Arifio and Coronado et al.'?° The charges on coordinating N atoms and the opposing of Tb(III) ions
are set to —0.5e and +3e, respectively. The energy difference between ground and first excited states
is expected to be 242 cm!, which is in good agreement with the experimental AE and CASSCF results.
In [3] series, the oxidation reaction to the [3]** species induces the longitudinal compression and
shortens the Rrvv. Figure S320 illustrates the linear decrease in the first excited energy with
decreasing Rrv-tv. When the experimental Rty of [3]** is used, the excited energy is 170 cm™!. The
good agreement between experimental AE values and point charge results indicate a decrease in Rrp-

b as induced by the oxidations makes a significant impact on the decrease in AE. The decrease in the
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magnetic anisotropy as induced by the oxidation is consistent with the decrease in yax values as
determined from NMR analysis.

Magnetic properties for [4]

In all the [4] series, an increase in ym7T values was observed at low T due to ferromagnetic interactions
between Tb(III) ions. The inclusion of intramolecular magnetic dipole-dipole interactions makes it
possible to reproduce these increases, indicating the negligible contribution from exchange or
intermolecular magnetic interactions. Ab initio ligand field splitting indicates that ground doublets of
all the Tb(III) ions in [4] series are composed of the states [£6>, suggesting the strong easy axis
magnetic anisotropy on Tb(III) ions. It is noteworthy that the wavefunctions of the ground (0.71]|+6>)
and first-excited states (0.70/=6>) are independent on Gyp. values, even though it is known that SAP
geometries (Gobpe = 45°)'21-122 are one of the most promising candidates for enhancing lanthanoid SMM
properties. The wavefunctions as well as the first ligand-field splitting energy seem to be affected by
coordinating Cd(II) ions, which cause asymmetric coordination geometries around Tb(III) ions, rather
than G,ppc values.

v’ vs vplots for [4] series without bias magnetic fields show unusually broad peaks because of the
unquenched quantum tunneling of the magnetization (QTM) in the weak intramolecular magnetic
dipole-dipole interactions between Tb(III). Previously, Katoh et al. have reported that the dual
magnetic relaxations are observed in [4]° and [5]° even though the two Tb(III) ions are equivalent.®!
123 We speculate that ferromagnetic states |+6, +6> and antiferromagnetic states [+6, F6>, which are
almost degenerated with each other due to weak coupling, enhance these relaxations. The dual
magnetic relaxations and resultant two relaxation times 71 and n for [4]° were acquired using the
extended Debye model which contains two generalized Debye models. As similar to the previous
report, slower T-dependent 7 and faster less T-dependent 7> were observed in [4]°. Although similar
broadening in ym” vs T plots was seen in [4]*" and [4]**, it was possible to fit the shape of the peak
with the generalized Debye model because 71 and 7, of these two species are close with each other. As
seen in Figure 10, in the absence of a bias field, the peak top v of [4]° is smallest (7 is longest) among
[4] series. The peak tops of ym” shift to the lower v regions with the application of a 2 kOe dc bias
field because of the quenching of QTM induced by Zeeman splitting. At 2 kOe, the [4]* shows longest
rvalues. However, the positions of the peak top vare less dependent on oxidation states compared to
[2] and [3] series. In addition, the ac magnetic susceptibilities are fitted using the generalized Debye
model even though two crystallographically inequivalent Tb(III) ions exist in all species, being
consistent with the ab initio results where the magnetic properties on Tb(III) ions in [4] series are less
affected by variation in the coordination environment compared to [3] series. AE values for at 2 kOe
are 237(6) cm™! for [4]°, 194(9) cm™! for [4]** and 242(11) cm™! for [4]**. These values are close to
the first excited levels in the ab initio derived ligand field splitting.

Magnetic properties for [5]
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The ymT vs T plots of all [5] series show a small increase in the low temperature regions, indicating
the ferromagnetic interactions between Tb(IlI) ions. 4b initio ligand-field splitting and the inclusion
of intramolecular magnetic dipole-dipole interactions reproduce the ym7 vs T plots of [5] series,
indicating the negligible contribution from the intermolecular magnetic interactions. Both species
show clear v dependences in ac magnetic susceptibilities without a bias dc field. However, the
application of a bias field makes the 7 much slower due to suppression of QTM. The magnetic dipole
interactions in [5] series is too weak to fully suppress the QTM, in contrast to [3] series of which ac
susceptibilities are scarcely affected by a bias field. The single but broad peaks are seen in ym” vs v
plots for [5] series and these arise from the almost degenerated |+6, £6> and [£6, ¥6> as a result of
the weak Tb(III)-Tb(III) interactions. In the presence of a bias field, these dual magnetic relaxations
become a sharp single relaxation that could be fitted by the generalized Debye model, as seen in [4]°
and previous results.%! The AE and 7 values of [5]° with the bias fields were 251(6) cm™! and 2.9(7)
x 107 s, respectively. The experimental AE and first exited energy of ab initio ligand field levels are
similar with each other. The ac magnetic susceptibilities for [5]*" are similar to those for [5]°. An
Arrhenius fit at 2 kOe affords the AE = 256(13) cm™!, being similar to ab initio first excited ligand
field level (239-270 cm™).

Summary of the magnetic properties

As our group have mentioned about the correlation between the y.x values derived from NMR analysis
and the AF values derived from ac magnetic measurements, the similar correlation was seen in the
present study. In [2] series, the oxidation reaction from [2]° to [2]* lengthens the 7 values and enhances
the AE values. Experimental AE values are larger than the first excited ligand field energy levels, but
rather close to the values of second exited state. Although ab initio LF splitting for [2]" is larger than
that of [2]*, the latter complex sustains collinearity of spin directions between ground, first and second
excited states, causing the larger experimental AE values. The experimental increases in AE values are
consistent with the small increase in yax values by NMR analysis. In clear contrast to [2] series, the
[3] shows decrease in AE values and yax values by the oxidations from [3]° to [3]*". 4b initio
calculations as well as empirical point-charge calculations support these experimental results. We
speculate that the approach of +3e charged Tb(III) ions via axial compressions that are induced by
ligand oxidations decrease the effect of negative charges on inner obPc ligands, thereby the axial
component of the ligand field parameters around Tb(III) ions are decreased. Compared to [3], multi-
nuclear complexes with Cd(IT) ions do not show large changes in the magnetic properties via ligand
oxidations owing to the approach of less positively charged Cd(II) to the Tb(III). Although [4]*" and
[5]4* have two kind of Tb(III) centers (SAP and SP geometries), ac magnetic susceptibilities of them
show a single peak, indicating that magnetic relaxations for SAP and SP centers are similar with each
other. 4b initio calculations also support the smaller dependency of coordination geometries on the

ligand field levels and the wavefunctions of the ground doublet. However, the changes of AE values
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are not as simple as the monotonic decrease in y.x values from NMR analysis (Experimental and
theoretical AE sometimes slightly increase and sometimes slightly decrease due to the oxidations).
Although no definite reason for this discrepancy may be given, the difference in measurement
conditions, that is, whether the samples are in solution (NMR measurements) or solid states (SQUID

measurements), would certainly affect the relation between ya.x and AE.

CONCLUSION

In this article, we performed the comprehensive study for the lanthanide-phthalocyaninato multiple-
decker complexes in high valence states with the help of redox measurements, solution NMR, SXRD
and magnetic measurements. Electron donating n-butoxy chains in the present complexes enable us to
isolate the high valence states of multiple-decker complexes. The solution paramagnetic NMR studies
revealed the decrease in the magnetic anisotropy in the series of [3] to [S] with increasing oxidation
numbers of the complexes, and the unexpected existence of n-radicals in [4]** and [5]**. The decrease
in magnetic anisotropy stems from the oxidation induced axial compression in the complexes causing
the approach of intramolecular metal ions and resultant decrease in axial component of the ligand field.
In addition, ESR spectra of [4]** and [5]*" show multiple signals characteristic for a triplet biradical
with zero-field spitting. Crystal structure analysis revealed that the oxidations decrease Robpc-obpc
distances as anticipated from DFT calculations. In addition, [4]*" and [5]** show an unusual
coexistence of SAP and SP geometries, the latter being supported by solvent inclusion in the gap made
by eclipsed stacking of obPc ligands. The crystal packings of oxidized complexes are affected by both
the shapes of the multiple-decker units and counter ions. The shorter multiple-decker complexes ([2]
and [3] series) and longer ones with planner obPc® ligands ([4]° and [5]°) construct the slipped columns
structure inside which the intermolecular -7 interactions are maximized, whereas longer and oxidized
multiple-decker complexes ([4]**, [4]** and [5]**) form the 1D column packing along their C4 axis
because the bowl-shaped distortion on outer obPc ligands induced by the ligand oxidations prevent
the intermolecular n-n interactions. Especially, highly distorted obPc® ligands of +4e charged species
serve the space by which the counter ions SbCls™ are accommodated to the column packing. Ab initio
calculations were used for fitting experimental data and revealed that all the multiple-decker Tb(III)
complexes show strong axial magnetic anisotropy, as reported previously and proofed by the
experimental magnetic analysis in this research. Experimental AE values and ab initio ligand field
splitting for [2] series suggest the Orbach process to be prevalent via second excited states. In [3],
ligand oxidations induce the reduction of AE values due to a decrease in Rrp-1v, Which in turn decreases
the axial component of ligand field due to the approach of the neighboring +3e charges to the Tb(III)
center. These behaviors are fully consistent with the '"H NMR analysis, the ab initio calculations and
empirical point-charge calculations. In contrast to [3] series, the SMM properties for [4] and [5] series,

i.e. Tand AE values, are less dependent on the ligand oxidations. The decrease in the Rry-cq causes the
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approach of +2e charges to the Tb(III) ions, of which impact to the ligand-field splitting on Tb(III) is
small compared to the approach of +3e charges.

From the above results, we demonstrate the versatile electrochemical, magnetic and structural
properties of highly oxidized multiple-decker complexes. The ligand oxidations and the magnetic
properties of the lanthanoid center couple with each other by the oxidation induced structural
deformations. Durability to the multistep oxidation procedure in the present series of complexes lead
to the multistep molecular switch incorporated to the molecular magnet and the molecular machines.
Not only for the structural deformation, we present the strategy to synthesize the novel dicationic
biradical species, where the longitudinal extension of the m-plane with electron donating groups and
following a two electron oxidation results in the exceptionally low HOMO-LUMO energy gap.
Importantly, the spin densities on the outer ligands become high. By extending the stacked m-structure,
the distance between the monoradical spin units increases though both of them are connected by the
n-plane. We believe that loss of two electrons from m-stacked molecular wires will lead to the low
energy consumption information transport by reading and changing the spin states on the terminals of

the wires.

EXPERIMENTAL SECTION

4-tert-Butyltoluene and phenoxathiin were purchased from Tokyo Chemical Industry and Kanto
Chemical, respectively. 1 M antimony pentachloride in CH>Cl, was purchased from Sigma-Aldrich.
The deuterated solvent (CD,Cl,, Sigma-Aldrich, 99.9% deuteration) was dried with conventional
methods (3 A molecular sieves) and degassed before use. All other reagents including the solvent used
for column chromatography were purchased from FUJIFILM Wako Pure Chemical Corporation. All
the reagents were used without further purification. The obPc ligand, [2]°, [3]° and [5]° were
synthesized according to literature methods®! 123124 using reagents purchased from Wako chemicals.
Synthesis for phenoxathiin hexachloroantimonate Ox-SbCls

To a 30 mL of Schenck tube, 1.0 g of phenoxathiin (5.0 mmol) and 10 mL of dried CH>Cl, were added
in a flow of N2 gas. Addition of 6 mL of 1 M SbCls/CH,Cl; solution gave a blue solid. The solvent
was removed, the blue solid was washed three times using 20 mL of CH>Cl, and canula and was dried
in vacuo (2.22 g. 83%). Elemental analysis calculated (%) for Ci2HsSOSbCls: C 26.95, H 1.51, N
0.00; found: C 27.02, H 1.60, N 0.00.

Chemical synthesis for [2]*

To a 10 mL of vial, 25 mg of [2]°, 8.2 mg of phenoxathiin hexachloroantimonate and 3 mL of toluene
were added and mixed them using ultrasonication. The vial was put in the oven and heated for 100 C
for 5 h, followed by slow cooling down to room temperature over 12 h afford the crystalline [2]* (22
mg, ). Elemental analysis calculated (%) for C12sH160N 16016 TbSbCls: C 57.53, H 6.04, N 8.39; found:
C57.26,H 5.92, N 8.23.
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Chemical synthesis for [2]~

The synthesis of bulk amount of [2]™ has been reported by our group.*® Single crystals suitable for
SXRD measurements were prepared using the solvent diffusion method shown below. To a 2 mL
microtube, 10 mg of [2]°, 100 pL of chloroform, 100 uL of dimethyl sulfoxide, 20 pL of hydrazine
monohydrate were added and mixed using ultrasonication until the color of the solution changed to
blue. Slow diffusion of dimethyl sulfoxide containing ~80 mM of tetrabutylammonium bromide for
~2 weeks gave red block crystals suitable for SXRD measurements (7.6 mg, 69%). Elemental analysis
calculated (%) for C144H196N17016Tb: C 67.03, H 7.66, N 9.23; found: C 66.80, H 7.49, N 9.17.
Chemical synthesis for [3]**

44 mg of [3]°, 16 mg of Ox-SbCls and 2 mL of toluene were added to a 10 mL screw vial and mixed
using ultrasonication. The resultant oil compound was stored at ca. 20 °C for 1 week, affording the
crystalline sample of [3]** (46 mg, 88%). Elemental analysis calculated (%) for
C192H240N24024Tb2Sb>Cly2: C 54.20, H 5.69, N 7.90; found: C 54.13, H 5.63, N 7.76.

Chemical synthesis for [4]*

5.04 mg of [4]° and 1.15 mg of Ox*SbCls were mixed in ca. 0.5 mL of 1,1,2,2-tetrachloroethane by
ultrasonication. Slow diffusion of excess 4-tert-butyltoluene (TBT) to the solution for ca. 1 week gave
the crystalline sample of [4]*" (4.5 mg, 78%). Elemental analysis calculated (%) for [4]*" containing
0.5 equivalent of TCE C»57H321N3203Tb2CdSboClig: C 55.71, H 5.84, N 8.09; found: C 55.63, H 5.81,
N 8.01.

Chemical synthesis for [4]*

5.78 mg of [4]° and 2.89 mg of Ox/SbCls were mixed in ca. 0.5 mL of TCE by ultrasonication. Slow
diffusion of excess TBT to the solution during ca. 1 week gave the crystalline sample of [4]*" (6.2 mg,
84%). Elemental analysis calculated (%) for [4]*" containing 0.2 equivalent of TBT
C262.6H320.6N32032Tb2CdSb4Clo4: C 50.75, H 5.35, N 7.21; found: C 50.53, H 5.16, N 6.91.

Chemical synthesis for [5]*

5.77 mg of [5]° and 2.29 mg of Ox-SbCls were mixed in ca. 0.5 mL of TCE by ultrasonication. Slow
diffusion of excess benzene to the solution over ca. 1 week gave the crystalline sample of [5]*" (5.8
mg, 82%). This sample spontaneously melts after drying because of the remaining 1,1,2,2-TCE. For
collection of samples, we replaced the mother liquor with pure benzene by centrifuging and
exchanging the solvent. Elemental analysis calculated (%) for C320H400N40040Tb2Cd2SbaClas: C 52.45,
H 5.50, N 7.65; found: C 52.26, H 5.44, N 7.53.

Measurement and Calculation Details

Bulk electrolysis for multiple-decker complexes were conducted using Metrohm Autolab PGSTAT101
and ALS Model 2325 Bi-potentiostat with the Ag/Ag™ reference eletrode, platinum working electrode
and platinum reference electrode separated by vycor bridge udner N> atmosphere. UV-Vis-NIR

absorption spectra are aquired using Agilent Cary 5000 UV-Vis-NIR and SHIMADZU UV-3100PC in
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a quartz cell with a path length of 1 mm at room temperature. For electrochemical UV-Vis-NIR
measurements, the reaction product solution of the bulk electrolysis was transferred to a sealed quarts
cell using Hamilton syringe. NMR spectra were recorded at a magnetic field of 9.4 T with a Bruker
Avance Il instrument equipped with a BBO probehead and at a magnetic field of 14.09 T with a Bruker
Avance Il instrument equipped with a cryo-probehead. SXRD measurements were performed using
Rigaku Varimax with Saturn724+ with CrysAlisPro 3.9'?° and Rigaku VariMax with RAPID II with
RAPID AUTO. Initial structures were obtained using SHELXT (2014/7) and refined with SHELXL
(2014/7) 126 combined with Yadokari-XG.'?” Powder X-ray diffraction pattern was acquired by Rigaku
RINT-2000 with a glass capillary. Magnetic measurements were performed on Quantum Design
SQUID magnetometers MPMS2, MPMS-XL and MPMS3.Details about the DFT and 4b initio ligand

field calculations are given in Supporting Information.
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