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Structural, magnetic and theoretical analyses of anionic and 
cationic phthalocyaninato-terbium(III) double-decker complexes: 
Magnetic relaxation via higher ligand-field sublevels enhanced by 
oxidation† 
Yoji Horii,a* Marko Damjanović,* Keiichi Katoh b* and Masahiro Yamashita c,d* 

Crystal structural and magnetic analyses were performed for the anionic (1−) and cationic (1+) forms of phthalocyaninato-
Tb3+ double-decker single-molecule magnets (SMMs). Both charged species showed slow magnetic relaxations and magnetic 
hysteresis characteristic for SMMs. 1+ showed longer magnetic relaxation times (τ) and higher activation energy for spin 
reversal (ΔE) than 1− did. Ligand field (LF) splitting calculated using ab initio methods revealed that experimental ΔE values 
in 1− and 1+ were considerably larger than the first excited LF levels but rather close to the higher excited ones, indicating 
the magnetic relaxation via higher excited states.

Introduction 
Bis tetrapyrrole lanthanoid double-decker complexes are the 
multi-functional molecular materials acting as rotor units of the 
molecular machine,1 molecular semi-conductors2 and single-
molecule magnets (SMMs).3 Such versatile physical properties 
originate from their unique structures in which the magnetic 
lanthanoid centre is sandwiched by redox-responsive ligands. 
The co-planar arrangement of the tetrapyrrole ligands results in 
the formation of antibonding HOMO and bonding HOMO-1 
orbitals composed of the two ligand HOMO orbitals.1, 4 Because 
the bond order among the π-ligands is zero, they dissociate 
from each other without a lanthanoid ion. In other words, 
lanthanoid ions of the double-decker complexes act as an 
imaginary adhesive which connects the tetrapyrrole ligands. 
The oxidation (removal of the electron from HOMO) of the 
double-decker complex increases the bond order between the 
two tetrapyrrole ligands, decreasing their face-to-face distance 
(R). The structural characterization of the redox series of the 
porphyrinato-lanthanoid double-decker complexes (anionic, 
protonated, radical and cationic form) utilizing single-crystal X-
ray structural analyses was made by Yamashita et al.5 In their 
report, the decrease in R upon ligand oxidations has been 
observed. This structural deformation couples with the 
magnetic properties of the lanthanoid centre. The double-

decker complexes with Tb3+ are excellent SMMs, showing high 
activation energy for spin reversal and also chemical stability.3 
Ishikawa et al. have reported that the cationic form of the Tb3+ 
bis phthalocyaninato double-decker complex shows a larger 
activation energy (5.5 × 102 cm-1) for spin reversal (ΔE) than that 
of the anionic form (2.3 × 102 cm-1).6 This behaviour has been 
considered to correlate with the decrease in R upon oxidation. 
The shorter the R is, the shorter the ligand to metal distance is. 
Therefore, the ligand field (LF) around Tb3+ ion is expected to be 
enhanced by the oxidation. In contrast, recent theoretical 
calculations utilizing the complete-active space self-consistent 
field (CASSCF) method for various kinds of the Tb3+ bis-
phthalocyaninato double-decker complexes revealed that the 
LF splitting (and correspondingly the ΔE values) are much less 
dependent on the redox states and the molecular structures.7, 8 
The experimental ΔE values derived by ac magnetic 
susceptibility measurements for the until now reported Tb3+ 
double-decker complexes range from 200 to 900 cm−1,9-11 
whereas all the calculated values (first excited LF-level) 
reported so far are close to 300 cm-1. Therefore, in the 
compounds showing ΔE values larger than 300 cm−1, the 
magnetic relaxation via higher LF-levels is expected to occur.8 
Recently, the crystal structures and the magnetic properties of 
the dianionic form of Tb3+ double-decker complexes has been 
reported by Konarev et al.12 Although the dianionic form shows 
a short R value comparable with that of the one-electron 
oxidized form, no sign of SMMs has been observed in it. These 
results suggest that there is no simple correlation between the 
SMM properties and the R values. Not only the molecular 
structures but also the arrangement of the molecules in the 
crystal affects the SMM properties. Katoh et al. have reported 
the enhancement of the SMM properties of the Tb3+ double-
decker complexes utilizing a linear arrangement of these 
complexes, in which the head-to-tail arrangement of the 
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Figure 1. Crystal structures of (a) 1− and (b) 1+. n-Butoxy chains were omitted for clarity. Pink: Tb; red: O; blue: N; grey: C. The column crystal packing of (c) 1− and (d) 1+. In-plane 
crystal packing of (e) 1− and (f) 1+. SbCl6− units are disordered, and the conformation with highest occupancy is shown for clarity. Red, green, and blue parts represent double-decker 
units, counter ions and solvent molecules, respectively.

magnetic dipoles suppresses the magnetic relaxations by the 
quantum tunnelling of the magnetization (QTM).9, 13 In 
summary, magnetic properties of the double-decker SMMs are 
influenced by many factors. 
In this paper, we investigated the crystal structures and the 
magnetic properties of the anionic (1−) and the cationic (1+) 
forms of the Tb3+ double-decker complex composed of the 
2,3,9,10,16,17,23,24-octabutoxy phthalocyaninato (obPc) 
ligands. The oxidation from 1− to 1+ induces a decrease in R. In 
addition, the experimental ΔE value of the 1+ is larger than that 
of 1−, as reported by Ishikawa et al.6 However, CASSCF 
calculations done in this work revealed that LF splitting is 
slightly decreased by the oxidation. The experimental ΔE values 
for 1− and 1+ were close to the second and the third excited LF-
sublevels, respectively, indicating that the Orbach process (or 
thermally assisted QTM) via higher sublevels is enhanced by the 
oxidation. 

Results and discussion 
X-ray structural analyses 

A fine, cloudy precipitate of 1− has been synthesized by addition 
of TBA·Br to the anionic Tb(obPc)2

− species dissolved in DMSO. 

However, it is hard to get the single crystals suitable for X-ray 
analyses. Therefore, we obtained the high-quality crystals of 1− 
using the slow diffusion method. The crystal of 1− shows 
disorders on n-butoxy chains and DMSO molecule in the crystal 
packing at 263 K. However, the disorder is diminished at 120 K. 
Therefore, the crystal structure of 1− at 120 K is shown in Figure 
1. The crystals of 1+ were obtained by slow cooling of the 
solution of 1+ in toluene. Crystal structures of the anionic, 
neutral and cationic forms of porphyrinato double-decker 
complexes have been reported by Yamashita et al.5 They have 
reported that the porphyrinato-porphyrinato distances 
decrease upon oxidations. Similar behaviour was observed in 
compounds studied here. The obPc-obPc distances R (distance 
between the centroids of the coordinating N atoms of obPc) are 
2.853 Å for 1− and 2.766 Å for 1+ (see Figures 1a and 1b), 
supporting the observation that the longitudinal compression 
occurs by oxidation as reported by Yamashita et al.5 The R of 
charge-neutral complex 1 is an intermediate between that of 1− 
and 1+.14 These structural changes can be explained with simple 
molecular orbital theory. HOMO of 1− is an antibonding π-
orbital which has a node between the obPc ligands. The 
oxidation reactions remove the electrons from the antibonding 
HOMO of 1−, increasing the bond order between the obPc 
ligands and decreasing the distance R. The short R of 1 series  
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Figure 2. (a) χMT vs T plots for 1− and 1+ at 1000 Oe dc magnetic field. Solid curves 
represent the theoretical χMT values from ab initio calculations. (b) Hysteresis curves for 
1− and 1+ at 2 K. The sweep rate of the magnetic field is 30 Oe s−1. 

enhances the steric hindrance between obPc ligands, causing 
the wide stacking angles of obPcs holding metal ions (θobPc~45°) 
at which the interligand steric hindrance is minimized.15 The 
crystal packings of 1− and 1+ are affected by the counter ions 
and the solvent molecules. 1− contains TBA+ and DMSO as the 
counter cation and the crystal solvent, respectively. The flexible 
butyl groups of TBA+ enable these to adopt a flat structure so 
that they are stacked alternatively with 1− units, thus 
constructing the slipped column packing along the c-axis (Figure 
1c). The concaved distortion of the obPc ligand of 1− (see Figure 
1a) may arise from the incorporated TBA+ cation. In case of 1+, 
the densely packed column structure composed of the double-
decker units was observed (Figure 1d). Because spherical-
shaped SbCl6− ions make it difficult to construct the alternative 
stacking, SbCl6− ions are located on the peripheral positions of 
the column packing. The shortest intermolecular Tb3+-Tb3+ 
distance of 1+ (10.574 Å) is shorter than that of 1− (11.608 Å) 
because of the densely packed column structures of 1+. Inter-
column Tb3+-Tb3+ distances of 1− (18.3-20.2 Å, see Figure 1e) are 
shorter than those of 1+ (24.6-26.9 Å, see Figure 1f), suggesting 
that SbCl6− ions act as spacers to separate the columns. 
 
Magnetic properties 

The dc magnetic properties of 1− and 1+ are summarized in 
Figure 2. The experimental and theoretical χMT vs T plots for 1 
series are in agreement with each other (Figure 2a). The gradual 
decrease in χMT values in the T range of 300 to 20 K stems from 
the thermal depopulation of the LF sublevels. The hump below 
15 K in 1− relates to magnetization blocking. In case of 1+, an 
increase in χMT values was observed below 10 K due to 
intermolecular ferromagnetic interactions. χMT vs T plots for a 
magnetically diluted sample of cationic complex (1+*) did not 
show an increase in χMT values below 10 K (Figure S14), 
indicating the intermolecular ferromagnetic interactions. 
Theoretical χMT vs. T plots from ab initio calculations are 
consistent with the experimental data. Introduction of a mean-
field parameter zJ = 0.02 cm−1 reproduces the increase in χMT 
values in 1+, thus validating the theoretical calculations. Such 

ferromagnetic interactions are attributed to the intermolecular 
magnetic dipole-dipole interactions. Theoretical calculations 
indicated that magnetic easy axes of a series of 1 coincide with 
the C4 axes (perpendicular to the obPc plane) as shown in 
Figures S15 and S16. The Tb3+-Tb3+ distances within a column of 
stacked sandwich complexes are shorter than the Tb3+-Tb3+ 
distances between columns in the crystal packing of 1+, making 
the intra-column ferromagnetic interactions (head-to-tail 
arrangement of the magnetic dipoles) stronger than the 
antiferromagnetic interactions between the columns. In the M 
vs H plots, both complexes show butterfly-shaped magnetic 
hysteresis (Figure 2b). 1+ shows a more open hysteresis than 1− 
does. The hysteresis curve of 1+ at 0 Oe is open, indicating that 
intermolecular ferromagnetic dipole-dipole interactions on 1+ 
act as the bias field and suppress QTM.16 
To investigate the SMM properties of 1 series, we performed ac 
magnetic measurements for 1− and 1+ with and without a 2000 
Oe dc bias field. Both species show clear peaks in χM’’ (imaginary 
part of ac magnetic susceptibilities) vs. ν (ac frequency) plots 
without a bias dc magnetic field, as summarized in Figure 3a. In 
the presence of the bias field (2000 Oe), the χM’’ peaks of both 
species show a small shift to lower ν regions, indicating that a 
bias field quenches quantum tunnelling of the magnetization 
(QTM). Evidently, the peak tops of χM’’ shift to the lower ν 
regions by the oxidation from 1− to 1+, as reported by Ishikawa 
et al.6 All ac magnetic susceptibilities for 1 series were fitted 
using the generalized Debye model to acquire the spin 
relaxation time τ (Figures S4-S7). Arrhenius plots using the 
obtained τ are shown in Figure 3b. Arrhenius plots without a dc 
magnetic field are composed of two linear segments. The linear 
part in the high temperature region (above 30 K, i.e. below 0.33 
K-1) is attributed to an Orbach process and thermally assisted 
QTM (TA-QTM). The low temperature linear region (above 
0,033 K-1) is less temperature dependent, as indicated by a 
smaller slope, and is attributable to the Raman processes. 
Arrhenius plots at zero dc field could thus be fitted using the 
following equation: 

𝜏𝜏−1 = 𝜏𝜏0−1𝑒𝑒−Δ𝐸𝐸/𝑇𝑇 + 𝐶𝐶𝑇𝑇𝑚𝑚 (1) 
where the first and second terms represent the Orbach (or TA-
QTM) and the Raman processes, respectively.17 Optimized 
parameters obtained by fitting of the experimental data are 
summarized in Table 1. As reported previously, the activation 
energy for spin reversal ΔE increased by oxidation from 1− to 1+. 
ΔE value and frequency factor τ0 determined by an Arrhenius fit 
without a bias dc field are ΔE = 449(7) cm−1 and τ0= 1.3(3) × 10−11 
s for 1− and ΔE = 551(4) cm−1 and τ0 = 6.2(8) × 10−12 s for 1+ 
(Figure 3b and Table 1). m values of the Raman process are 
within the range of typical lanthanoid SMMs (2 < m < 4). When 
the low T part of the linear region in Arrhenius plots was 
analysed using τ = τ0eΔE/kBT, ΔE and τ0 values were 31(1) cm−1 and 
3.0(3) × 10−3 s for 1−, and 48(2) cm−1 and 2.0(3) × 10−3 s for 1+, 
respectively. Because there are no available energy levels close 
in magnitude to 30-50 cm−1, the magnetic relaxation in the low-
T region is attributed to the magnetic relaxation via virtual 
states (Raman process) rather than to Orbach (and TA-QTM) 
process. In the presence of bias dc field, Arrhenius plots for both 
complexes are linear and the contribution from the Raman  
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Figure 3. (a) χM’’ vs ν plots at 35 K in the absence (0 Oe) and presence (2000 Oe) of the 
dc magnetic field. Solid curves represent a fit using generalized Debye model. (b) 
Arrhenius plots with and without a dc bias field. The black curves correspond to the 
simulation at 0 Oe using Eq. 1. The red lines are Arrhenius fit using the data in the T range 
of 35-43 K for 1− and 42-48 K for 1+. 

Table 1. Optimized parameters obtained by fitting the Arrhenius plots. 

 τ0 / s ∆E / cm−1 C / s−1 K−m m 

1−@0 Oe 1.3(3) × 10−11 449(7) 3.0(3) × 10−3 3.15(4) 

1−@2000 Oe 2.2(5) × 10−12 499(6) - - 

1+@0 Oe 6.2(8) × 10−12 551(4) 3.3(5) × 10−4 3.57(5) 

1+@2000 Oe 3.7(3) × 10−12 574(2) - - 

 

process is negligible in the measured-T range. This is consistent 
with the theoretical investigation that the Raman process in the 
non-Kramers system is suppressed by the dc magnetic field.18 
Therefore, Arrhenius plots at 2000 Oe were fitted using 
Arrhenius term only. To exclude the small contribution of 
Raman process (tiny deviation from the linear trend at low T), 
the data points in the T range of 35-43 K for 1− and 42-48 K for 
1+ were used for Arrhenius fit. ΔE values obtained without using 
the Raman term are 499(6) cm−1 for 1− and 574(2) cm−1 for 1+. 
The moderate increase in ΔE values in the presence of bias field 
is attributed to the suppression of TA-QTM, and QTM among 
the ground doublet. AC magnetic measurements were 
performed for magnetically diluted samples for comparison 
(Figures S8-S11). Arrhenius plots for magnetically diluted 
sample show linear trends in the measured-T range (Figures S12 
and S13). The ΔE values for a magnetically diluted sample of the 
anionic double-decker complex (1−*) are 480(2) cm−1 at 0 Oe 
and 502(4) cm−1 at 2000 Oe (Table S3). Compared to undiluted 
1−, the diluted sample shows a tiny increase in ΔE, presumably 
due to the suppression of (TA-)QTM by quenching the 
intermolecular magnetic dipolar field. ΔE values of 1+* are 
528(11) cm−1 at 0 Oe and 530(8) cm−1 at 2000 Oe, and are larger 
than those of 1−*. Therefore, the increase in ΔE values upon 
oxidation correlates with the modulation of electronic 
properties of a discrete molecule. Moreover, ΔE values of 1+* 
are smaller than those of 1+, indicating that intermolecular 
ferromagnetic dipole-dipole interactions in 1+ block magnetic  

 

 
Figure 4. LF splitting from CASSCF calculations using the crystal structure 
coordinates of 1− and 1+. 

relaxations due to exchange bias effect, as reported by Katoh et 
al.9, 19 In other words, the ferromagnetic dipole-dipole 
interactions act as if a dc magnetic field is applied along the 
magnetic easy axis (C4 axis of the double-decker complex), 
suppressing (TA-)QTM. 
To validate experimental ΔE values, we performed the 
complete-active-space self-consistent field (CASSCF) method 
and spin-orbit coupling calculations with MOLCAS20 for 1− and 
1+. This was done by using the modified crystal coordinates, 
where the n-butoxy chains were replaced by methoxy groups. 
Figure 4 summarizes 13 of the LF sublevels (the energy values 
are summarized in Table S12). A series of 1 shows strong axial 
magnetic anisotropy as reported previously, where the ground 
quasi-doublet is composed by almost pure |±6> states.3, 8, 21 The 
first and the second excited states are also quasi-doublet states 
composed of almost pure |±5> and |±4>, respectively. In 
contrast, the electronic states of energy levels higher than the 
second excited sublevel (above 600 cm−1) mix with each other, 
inducing a large (1-10 cm−1) tunnelling gap. The energy gap 
between the ground doublet and the first excited doublet often 
corresponds to the experimental ΔE values. Recent SMMs 
having high ΔE values show the Orbach process and thermally 
assisted QTM (TA-QTM) via higher excited sublevels.22-26 The 
experimental ΔE values for 1− (499(6) cm−1 at 2000 Oe) and 1+ 
(574(2) cm−1 at 2000 Oe) are close to theoretical energy levels 
of the second (536 cm−1 for 1−) and the third excited quasi-
doublet (612-620 cm−1 for 1+), respectively, rather than those of 
the first excited quasi-doublet (325 cm−1 for 1− and 322 cm−1 for 
1+). These results indicate the Orbach process and TA-QTM via 
higher LF-levels. 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.27 According to the ab initio 
calculations, the second exited states in studied series of 1 are 
composed of almost pure |±4> terms, hence the linearity of 
magnetic easy axis between the ground, first and second exited 
states is sustained (Tables S13 and S14). Although ab initio 
calculations indicate that LF splitting of 1− and 1+ are similar with 
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each other, the experimental ΔE value of 1+ is larger than that 
of 1−. In 1 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 1+ is smaller than 
that in 1−. The mixing of wavefunctions relates to the calculated 
g-tensors for 1− and 1+ (Table S15). z-component of the g-tensor 
(gz) for third excited quasi-doublet of 1+ (gz = 8.13) is 
substantially larger than that of 1− (gz = 7.74), indicating the 
stronger axial magnetic anisotropy of the excited states of 1+. 
These improved axial magnetic anisotropies of 1+ enhance the 
relaxation via higher excited states due to suppression of the 
TA-QTM. As reported by Layfield et al., the SMM properties also 
depend on the molecular vibration modes.28 Suppression of the 
vibrational modes which couple with the LF levels prohibit the 
magnetic relaxations.19 Though significant changes in the 
vibrational frequencies upon oxidations were not seen in the 
frequency calculations (Figure S3 and Table S2), slight 
modulation of the vibrations cannot be ruled out from the 
possible mechanism for the enlargement of the ΔE value. In 
addition, intermolecular magnetic interactions should affect the 
SMM behaviour. Katoh et al. have reported that the 
ferromagnetic arrangement of the magnetic dipoles of the Tb3+ 
ions enhances the SMM properties of the double-decker 
complexes.9, 29 As proved by the dc magnetic measurements, 
intermolecular ferromagnetic interactions enhanced in the 1D 
crystal packing of 1+ act as the exchange bias.16 In addition, ΔE 
values of oxidized double-decker complexes decrease upon 
magnetic dilution. These results indicate that intermolecular 
ferromagnetic dipole-dipole interactions to some extent block 
magnetic relaxations via second excited levels, enhancing TA-
QTM via third excited sub-levels. 
 
Experimental Section 

The neutral form of the n-butoxy substituted double-decker 
complex (1) and phenoxathiin hexachloroantimonate (SbCl6·Ox) 
were synthesized according to the literature methods.30 
Tetrabutylammonium bromide (TBA·Br), hydrazine 
monohydrate and all the solvents used in the reaction were 
purchased from FUJIFILM Wako Pure Chemical Corporation. 
Synthesis of 1− 
The synthesis of bulk amount of 1− has been reported by our 
group.31 Single crystals suitable for SXRD measurements were 
prepared using the solvent diffusion method shown below. To 
a 2 mL microtube, 10 mg of 1 (0.0043 mmol), 100 µL of 
chloroform, 100 µL of dimethyl sulfoxide, 20 µL of hydrazine 
monohydrate (0.41 mmol) were added and mixed using 
ultrasonication until the color of the solution turned blue. Slow 
diffusion of dimethyl sulfoxide containing ~80 mM of 
tetrabutylammonium bromide for 2 weeks gave red block 
crystals of 1− suitable for SCXRD measurements (7.6 mg, 67%). 
Elemental analysis calculated (%) for C144H196N17O16Tb: C 67.03, 
H 7.66, N 9.23; found: C 66.80, H 7.49, N 9.17. 
Synthesis of 1+ 
To a 10 mL vial, 25 mg of 1 (0.011 mmol), 8.2 mg of SbCl6·Ox 
(0.015 mmol) and 3 mL of toluene were added and mixed using 
ultrasonication. The vial was put in the oven and heated at 

100 °C for 5 h, followed by slow cooling down to room 
temperature over 12 h afforded the crystalline 1+ (22 mg, 66%). 
Elemental analysis calculated (%) for C128H160N16O16TbSbCl6: C 
57.53, H 6.04, N 8.39; found: C 57.26, H 5.92, N 8.23. 

Conclusions 
We presented the detailed structural and magnetic analyses for 
anionic and cationic Tb3+ phthalocyaninato double-decker 
complexes. Crystal structures and crystal packings of the 
double-decker units depend on the charges of the molecules 
and the shape of the counter ions. 1+ shows large magnetic 
hysteresis and slower magnetic relaxation times than 1− does 
because of the intermolecular ferromagnetic interactions 
enhanced in the crystal packing of 1+. The strong axial magnetic 
anisotropy of 1 series was validated by ab initio calculations. 
Experimental ΔE values for 1 series are larger than the first 
excited sub-levels, indicating the magnetic relaxations via 
higher sub-levels. Our results suggest that the experimental ΔE 
values which vary from 200 to 900 cm−1 for all the Tb3+ double-
decker complexes reported so far stem from the differences in 
the excited LF sublevels participating in the Orbach process and 
TA-QTM. In contrast to the previous assumptions, no significant 
enhancement of the LF splitting via ligand oxidations were 
predicted from ab initio calculations upon oxidation of 1−. 
However, the excited quasi-doublets of 1+ are better protected 
from the contamination by small |mJ> states. Better axiality of 
the excited states in 1+ is likely to enhance the magnetic 
relaxation via the third excited quasi-doublet. In addition, 
intermolecular ferromagnetic interactions induced by the 1D 
packing of the 1+ units act as the exchange bias, enhancing the 
SMM properties.  
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