
FULL PAPER    

 
 
 
 
 

Slow Magnetic Relaxation in Lanthanoid Crown Ether Complexes: 

Interplay of Raman and Anomalous Phonon Bottleneck 

Processes 

Elodie Rousset,[a] Matteo Piccardo,[a] Marie-Emmanuelle Boulon,[b] Robert W. Gable,[a] Alessandro 

Soncini,[a] Lorenzo Sorace,[b] and Colette Boskovic*[a] 

Abstract: The combination of lanthanoid nitrates with 18-crown-6 (18-

c-6) and tetrahalocatecholate (X4Cat2-, X = Cl, Br) ligands has 

afforded two compound series [Ln(18-c-6)(X4Cat)(NO3)]·MeCN (X = 

Cl, 1-Ln; X = Br, 2-Ln; Ln = La, Ce, Nd, Gd, Tb, Dy). The 18-c-6 

ligands occupy equatorial positions of a distorted sphenocorona 

geometry, while the charged ligands occupy the axial positions. The 

analogues of both series with Ln = Ce, Nd, Tb and Dy exhibit out-of-

phase ac magnetic susceptibility signals in the presence of an applied 

magnetic field, indicative of slow magnetization relaxation. When 

diluted into a diamagnetic La host to reduce dipolar interactions, the 

Dy analogue exhibits slow relaxation up to 20 K in the absence of an 

applied dc field. Concerted magnetic measurements, EPR 

spectroscopy and ab initio calculations have allowed elucidation of the 

mechanisms responsible for slow magnetic relaxation. A consistent 

approach has been applied to quantitatively model the relaxation data 

for different lanthanoid analogues, suggesting that the spin dynamics 

are governed by Raman processes at higher temperatures, 

transitioning to a dominant phonon bottleneck process as the 

temperature is decreased, with an observed T-6 rather than the usual 

T-2 dependence (T is temperature). This anomalous thermal 

dependence of the phonon bottleneck relaxation is consistent with 

anharmonic effects in the lattice dynamics, which was predicted by 

Van Vleck more than 70 years ago. 

Introduction 

Since their discovery more than 25 years ago, single-molecule 
magnets (SMMs), i.e. compounds which show slow relaxation of 
the magnetization at low temperature, have offered much promise 
for applications that can make use of slow magnetic relaxation 
and/or magnetization quantum tunnelling (QTM).[1] Proposed 
potential applications of such nanoscale molecular materials 
include high density data storage, quantum computing or 
molecular spintronics.[2] In particular considerable attention has 
been paid in the last decade to SMMs based on single trivalent 

lanthanoid (LnIII) ions, due to their structural simplicity and ease 
of functionalization.[3] 

Highly favorable conditions for SMM behavior include an 
isolated doubly degenerate ground microstate, with easy axis 
anisotropy, i.e. dominated by a large mJ component. Compared 
to d-block metals, many lanthanoid(III) ions possess a large 
magnetic moment and a significant orbital angular momentum 
that gives rise to the magnetic anisotropy. Moreover, the energy 
splitting of 4f-ions affords J multiplets arising from the spin-orbit 
coupling, that are further split by the crystal field (CF) into mJ 
microstates. 

It is well established that the local lanthanoid(III) 
coordination geometry and symmetry are crucial considerations 
for the design of complexes with these features.[4] The choice of 
a suitable ligand environment thus depends on the oblate or 
prolate nature of the quadrupole moment of the f-electron cloud 
of the lanthanoid(III) ion corresponding to the highest mJ value.[5] 
For instance, to minimize the repulsion between ligand electrons 
and the f-electron cloud of oblate ions like trivalent Ce, Pr, Tb, Dy, 
a high density of ligand electrons along the local lanthanoid(III) 
symmetry axis can maximize the magnetic anisotropy of the 
complex.  

This electrostatic approach relies on the assumption that 
relaxation in lanthanoid(III) complexes occurs predominantly 
through an Orbach process, generally involving the first energy 
level above the ground level.[6] In the past couple of years, the 
design strategy outlined above has proved extremely effective for 
achieving high performance Dy-SMMs;[7] new rationally designed 
complexes have successively broken the records of highest 
energy barrier  to magnetization reversal and/or hysteresis 
temperature.[4a,b] Most recently, the compound 
[(Cpttt)2Dy][B(C6F5)4] (Cpttt = 1,2,4-tri(tert-butyl)cyclopentadienide) 
has set a new record with an energy barrier of 1277 cm-1 (1837 
K) and magnetization hysteresis up to 60 K.[8] Although practical 
applications for SMMs now seems closer than ever, at least at 
liquid nitrogen temperatures, efforts to understand the underlying 
mechanisms of magnetization relaxation remain of paramount 
importance for the development of high performance SMMs.  

The last few years have seen reconsideration of the role that 
different pathways can play in determining the relaxation of the 
magnetization.[6a, 9] In zero field, relaxation of Ln-SMMs is often 
dominated by QTM between the quasi-degenerate levels of the 
lowest energy Kramers doublet (KD) or via a higher energy KD 
through a thermally-activated mechanism. In both cases, the 
presence of dipolar and/or hyperfine interactions is crucial to 
remove the orthogonality of the wave functions, which inhibits 
QTM.[10] The rate of quantum relaxation is independent of the 
temperature and can be shifted or suppressed by the application 
of an external magnetic field that removes the degeneracy of the 
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KDs. The magnetization can then relax via three temperature-
dependent pathways: (i) direct relaxation within the lowest KD, (ii) 
Orbach relaxation, involving higher energy KDs, and (iii) Raman 
relaxation, involving a virtual intermediate state. As the Orbach 
process involves higher energy microstates, it is usually 
characterized via an effective energy barrier (Ueff), as well as the 
infinite-temperature relaxation time (0). In the past, the dynamics 
of numerous Ln-SMMs have been described primarily in term of 
an Orbach mechanism; however, the effective energy barrier to 
magnetization reversal, Ueff, determined by fitting measured 
relaxation times to an Arrhenius expression, is frequently less, 
and in some cases much less, than the relevant energy gap 
determined by spectroscopy and/or calculations.[11] It is now 
recognized that the dynamic behavior of many Ln-SMMs is more 
complex and the resulting temperature dependence of the 
relaxation rate is a combination of the different dependencies of 
the above mentioned processes.[9a, b] 

Moreover, lattice-related processes can also be highly 
influential, including phonon bottleneck effects at low 
temperatures. A phonon bottleneck is due to inefficient exchange 
between the spins and the thermal bath mediated by low-
frequency phonons, with the resulting slowing down of the 
relaxation process.[12] This is an environmental effect that 
depends both on the crystallite size and on the concentration of 
paramagnetic ions, and is particularly relevant when the 
relaxation occurs through the direct process, which involves low 
energy resonant phonons. However, these processes have 
generally been neglected in the quantitative modeling of the 
relaxation of Ln-SMMs. 

Elucidating the roles of the multiple processes involved in 
the relaxation of the magnetization will ultimately allow 
optimization of SMM performance. Achieving the requisite 
understanding of SMM relaxation necessarily relies on a 
multipronged approach that combines magnetic, spectroscopic 
and theoretical analysis of SMMs and compounds that exhibit 
slow magnetic relaxation. 

According to the electrostatic approach outlined above,[5,7] a 
suitable electronic structure to engender SMM behavior might be 
anticipated for an oblate lanthanoid(III) ion with a neutral O6-donor 
18-crown-6-ether (18-c-6) ligand coordinated in nominally 
equatorial positions and axially-positioned anionic ligands. Such 
complexes have been long known, first reported by Bünzli in the 
1980s, with [Ln(18-c-6)(X)3] systems (where X = NO3

-
,
[13]

 Cl-,[14]
 

ClO4
-,[15] CF3COO-,[16] or SCN-[17]) as well as with smaller[16a, 18] or 

larger[19] crown-ether ligands and their derivatives.[18b, 20] Dynamic 
magnetic studies were conducted on Ln/crown-ether systems 
where the crown-ether acts as a capping ligand;[21] however, it is 
only recently that Kajiwara[22] and Zheng[21c] reported SMM 
behavior for complexes of the earlier lanthanoids (CeIII, PrIII and 
NdIII) and DyIII included in crown ethers, along with analogues with 
aza-functionalized crown ether ligands.  

The aim of the present work was to explore more 
complicated co-ligands with the proven 18-crown-6 and thus 
modulate the lanthanoid coordination environment by 
incorporating a dianionic o-catecholate ligand in an axial position. 
We report herein the resulting families of [Ln(18-c-
6)(X4Cat)(NO3)]·MeCN compounds, where X = Cl gives the 

tetrachlorocatecholate 1-Ln series (with Ln = La (1-La), Ce (1-Ce), 
Nd (1-Nd), Gd (1-Gd), Tb (1-Tb) and Dy (1-Dy) ) or X = Br for the 
tetrabromocatecholate series 2-Ln (with Ln = La (2-La), Ce (2-
Ce), Nd (2-Nd), Gd (2-Gd), Tb (2-Tb) and Dy (2-Dy)).  While most 
Ln-SMMs are based on Dy and Tb, calculations performed on 
model cerium(III) complexes indicate the possibility of achieving 
high energy barrier Ce-SMMs in the presence of high symmetry 
and a suitable ligand environment.[23] This is important as cerium 
is one of the most abundant lanthanoid metals, although 
examples of slowly relaxing Ce(III) compounds are relatively 
scarce.[24] With this in mind, we investigated the range of 
lanthanoid metals and indeed observed slow magnetization 
relaxation for various lanthanoid complexes in the series.  For 
these species, we have demonstrated the dominance of Raman 
rather than Orbach relaxation. Furthermore, upon reducing 
dipolar effects by dilution of the Dy analogue, we have identified 
an unusual phonon bottleneck effect at low temperature, which, 
to the best of our knowledge, has been included for the first time 
in a quantitative model of the magnetic relaxation. 

Results and Discussion 

 
Synthesis 
 
The reaction of lanthanoid(III) nitrate salts with 18-crown-6 and 
deprotonated tetrahalocatechol (X2Cat2- where X = Cl, Br) affords 
neutral mononuclear complexes of general formula [Ln(18-c-
6)(X4Cat)(NO3)] (Ln = La, Ce, Nd, Gd, Tb, Dy) in generally good 
yield (Scheme 1).  
 

 

Scheme 1. Synthetic pathway to the formation of [Ln(18-c-6)(X4Cat)(NO3)] 
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All tetrachlorocatecholate compounds are colorless, while 
the tetrabromocatecholate compounds are yellow. The 
compounds are obtained as the trivalent lanthanoid complexes, 
although the dark color of the mother liquor from the cerium 
reactions suggests oxidation to a cerium(IV) species in solution, 
as reported previously for Ce complexes with dioxolene ligands.[25] 
Attempts to crystallize the cerium(IV) byproduct affords dark 
purple oils instead. The formation of this byproduct is likely 
responsible for the lower yield of around 40 % obtained for the Ce 
analogues, as well as the necessity for increased reflux time in 
this case. To the best of our knowledge, compounds 1-Ce and 2-
Ce are the first structurally-characterized Ce-dioxolene 
complexes with cerium(III) rather than cerium(IV).[25] The rapid 
crystallization of the neutral complex and incorporation of 
electron-withdrawing substituents on the dioxolene ligands 
appears to inhibit in situ oxidation of either metal or ligand in the 
isolated complex. The other lanthanoid analogues are obtained 
with yields in the range 60-95%. The yield decreases from left to 
right across the period, due to the weaker interaction between the 
smaller lanthanoid(III) ions and the 18-crown-6 ligand. In fact, for 
the later lanthanoids Ho, Er and Yb, the synthesis yields only the 
previously reported cocrystallized of 18-crown-6 and 
[Ln(NO3)3(H2O)3].[13b, 26]  

One molecule of acetonitrile cocrystallizes with the 
lanthanoid complexes for all 1-Ln and 2-Ln compounds. 
Microanalyses and thermogravimetric analyses (Figures S1 and 
S2) of bulk samples indicate the solvation is maintained. The 
purity of the bulk compounds was also confirmed by X-ray powder 
diffraction (Figures S3 and S4). The compounds 1-Ln and 2-Ln 
are insoluble in all common solvents, preventing any solution 
characterization. 

Investigation of the magnetic properties required dilution of 
the Tb and Dy complexes into diamagnetic hosts (see later). 
Typically, isomorphous yttrium compounds are employed; 
however, the size-constraining effect of the 18-crown-6 prevents 
the formation of yttrium analogues of the present compounds, 
restricting our choice to La as a host. The percentage of dilution 
obtained by ICP-OES (Table S1) is consistent with magnetometry 
data (Figure S5) and confirmation that the dilution occurs within 
each crystal comes from EPR studies. 
 
Structure description 
 
Compounds 1-Ln (Ln = La, Ce, Nd, Gd, Tb and Dy) crystallize as 
an isomorphous series in the triclinic space group P-1 (Table S2). 
Due to the lower solubility of the tetrabromocatecholate 
analogues, the 2-Ln series crystallizes more rapidly, which 
affords higher yields but poorer diffracting single crystals. A 
tendency to form twinned crystals is also apparent. Although a 
well-diffracting single crystal of a 2-Ln compound has proved 
elusive, it was possible to perform twin processing of a 2-La 
dataset using two components, achieving a successful refinement 
from one of the components (Table S3). To reduce the size of the 
crystals mounted, and potentially avoid twinning, we attempted to 
obtain a better 2-Ln dataset using synchrotron radiation for 2-Ce 
(Table S3). Although overcoming the radiation damage was 
successfully achieved by collecting at a lower energy, the quality 

of the structure solution was no better than that for 2-La. 
Compounds 2-La and 2-Ce are isomorphous and the lanthanoid 
complex is approximately isostructural to the 
tetrachlorocatecholate analogues of 1-Ln. These poor-quality 
structures allowed the identification of the atom connectivity of the 
2-Ln series as per 1-Ln and the generation of calculated powder 
diffraction patterns (Figure S4). Powder diffraction data for the 
remaining analogues of 2-Ln indicate that they are isomorphous 
with 2-Ce. 

Figure 1. Ball and stick structural representation of the lanthanoid(III) 
complexes in 1-Ln (top) and 2-La (bottom) and the sphenocorona coordination 
polyhedron around the lanthanoid centers (center); hydrogen atoms have been 
omitted for clarity. Color code: Ln (pink), O (red), N (Blue), C (black), Cl (green), 
Br (orange). 

The lanthanoid centers in 1-Ln are 10-coordinate for all 
complexes. Continuous shape measurements performed with the 
Shape 2.1 software[27] suggest that the coordination geometry is 
best described as a sphenocorona (Figure 1 and Table S4), with 
approximate C2v point symmetry, which is among the rarest for 
10-coordinated lanthanoid species.[28]. The Shape distortion 
parameters for 1-Ln are in the range 2.104–3.015, where the 
further the value is from zero, the greater the distortion from ideal 
geometry. The six O atoms from the crown-ether occupy the 
nominal (bent) equatorial plane and the four O atoms from the 
catecholate and nitrate ligands occupy the axial sites. Due to the 
difference in steric hindrance of the two apical ligands, the crown 
ether shows a distortion toward the nitrate anion and the eclipsed 
disposition of the axial ligands is characterized by a dihedral angle 
of 77.68(5)° between the two respective planes of inclusion. The 
lanthanoid contraction is evident in the variation of the Ln-O 
distances throughout the series, which decrease from 2.361(3)-
2.698(3) Å for 1-La to 2.234(4)-2.657(3) Å for 1-Dy (Table S5). 
The trivalent oxidation state of the cerium center was confirmed 
by Bond Valence Sum (BVS) analysis (Table S6).[29] 
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Figure 2 Static magnetic susceptibility data (black dots) and ab initio calculated profiles (red lines) for 1-Ce, 1-Nd, 1-Tb and 1-Dy. Inset: magnetization data at the 
indicated temperatures (black data points) and ab initio calculated profiles (red lines). 

 
For all compounds, the acetonitrile molecule of 

crystallization is situated in a solvent accessible void, where it can 
adopt different orientations, two of which have been modeled for 
all compounds. Around this void, the crystal structures exhibit 
disorder, localized mainly on two adjacent methylene groups of 
the 18-crown-6 as well as the nitrate anion. Examination of the 
crystal packing of 1-Ln (Figure S6 to S8) sees the lanthanoid 
complexes oriented in a head to tail arrangement along the c axis 
(Figure S8), with no particular supramolecular interactions evident. 
The shortest intermolecular distance between lanthanoid centers 
is ~7.9 Å (Table S5). 

Although the term isostructural is used throughout this work, 
it must be noted that the Shape parameters calculated for the 
complexes of the larger, early lanthanoids 1-La and 1-Ce, are 
very close for the tetradecahedral and sphenocorona coordination 
geometries (Table S4). However, the infrared spectra (Figure S9 
and S10) are essentially superimposable for all analogues within 

each 1-Ln or 2-Ln family, providing further evidence for the 
isostructural nature of the metal complexes.  

 
Static Magnetic Properties 
 
The static magnetic susceptibility data of both 1-Ln and 2-Ln 
families were measured as a function of temperature with an 
applied field of 0.1 T (2-40 K) and 1 T (40-300 K). The thermal 
dependence of the MT products, where M is defined as the molar 
magnetic susceptibility, are presented in Figure 2 for compounds 
1-Ce, 1-Nd, 1-Tb and 1-Dy, ESI Figure S11 for the 
tetrabromocatecholate equivalents 2-Ce, 2-Nd, 2-Tb and 2-Dy 
and Figure S12 for the two gadolinium analogues 1-Gd and 2-Gd. 
The MT profiles for each of the pairs of 1-Ln and 2-Ln analogues 
are in very close agreement in all cases (Figure S13), indicating 
similar CF effects arising from the tetrachloro- and 
tetrabromocatecholate ligands. The room temperature values of 
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the MT products are 0.69/0.72, 1.49/1.50, 7.89/7.88, 11.51/11.30 
and 13.50/13.48 cm3 K mol-1 for 1-Ce/2-Ce, 1-Nd/2-Nd, 1-Gd/2-
Gd, 1-Tb/2-Tb and 1-Dy/2-Dy, respectively, consistent with the 
expected free-ion values of 0.80, 1.64, 7.87, 11.82 and 14.17 
cm3 K mol-1 for CeIII, NdIII, GdIII, TbIII and DyIII complexes. The MT 
products for 1-Gd and 2-Gd are essentially constant across the 
temperature range (Figure S12), as expected for spin-only GdIII 
ions and Curie-Weiss behavior is observed (Figure S14). The MT 
products of all other compounds decrease as the temperature 
decreases, either due to the thermal depopulation of the energy 
levels split by the CF or the presence of a relevant temperature 
independent paramagnetism (TIP) contribution (resulting MT will 
decrease with T), while the Curie contribution from the lowest 
energy level remains constant (assuming it is reasonably well-
isolated). 

Isothermal field-dependent magnetization data were 
collected at 1.9, 2.5 and 4.5 K with applied fields up to 50 kOe 
(insets, Figures 2 and ESI Figure S11 and S12). At 1.9 K in the 
maximum field of 5 T, the magnetization curves of the complexes 
of the early lanthanoids, Ce and Nd, do not saturate, in contrast 
to the curves for the later lanthanoids analogues Gd, Tb and Dy. 
Qualitatively, the lack of saturation for the early lanthanoids is 
consistent with a relatively large TIP contribution, while saturation 
for Tb and Dy derivatives is indicative of well isolated ground 
states 
 
Ab Initio Studies 
 
As compounds 1-Ln and 2-Ln exhibit very similar magnetic 
behavior, ab initio calculations were performed on the 1-Ln family 
only, both to reduce the computational cost of the calculations, 
and because better quality structural data are available for the 1-
Ln family. The acetonitrile molecule of solvation was omitted from 
the calculations (Tables S7-S11). The energy levels and 
wavefunction compositions calculated for 1-Ln are available in 
the ESI (Tables S12-S21), together with the g tensors calculated 
for the lowest energy levels (ESI Table S22). 

The calculated thermal dependence of the MT products and 
magnetization curves are overall in good agreement with the 
experimental data (Figure 2), especially for the strongly oblate 
ground states of 1-Ce, 1-Tb and 1-Dy, while some larger 
deviations between theory and experiment are observed for the 
weakly oblate ground state of 1-Nd, for which the subtleties of the 
CF energy spectrum can be more difficult to describe.[30] 
Problems with the electronic structure of NdIII (and in general ions 
with less than half-filled 4f shells) might arise from a higher 
sensitivity  to covalent effects, especially dynamical correlation 
with ligand electrons, which is absent from these calculations. 
Dynamical correlation is known also to be crucial to better 
describe excited spin-orbit multiplets, which in less than half-filled 
4f ions, are lower in energy and hence more amenable to mixing 
via the crystal field potential. This is a problem that should affect 
CeIII to a lesser extent, given its single 4f electron. The 
computational results show in fact that the CF splitting of the 
(2J+1)-fold degeneracy of the ground multiplets in 1-Ce, 1-Nd, 1-
Tb and 1-Dy, always stabilizes a (quasi)degenerate 
(pseudo)doublet ground state dominated by maximal angular 

momentum projection (mJ = ±J), and a well-separated first excited 
(pseudo)doublet with (mJ = ± (J-1)) (Figure 3 and Table 1). In 1-
Gd, as expected, mixed spin-orbit and CF effects remove the pure 
spin degeneracy of 8S only in second order, resulting in much 
smaller energy splittings, which are described by the ab initio 
calculations only when excited CF-split Russell-Saunders terms 
with non-zero orbital angular momentum L are allowed to mix with 
the ground term via spin-orbit coupling (see computational 
experimental section). The ground KDs of 1-Ce (mJ = ±5/2), 1-Gd 
(mJ = ±7/2), and 1-Dy (mJ = ±15/2) are calculated to be close to 
pure mJ = ±J states (Figure 3 and Tables S17-21). The respective 
effective geff values calculated within the pseudo-spin S = ½ 
formalism, present relatively small transverse components (gx

eff 
and gy

eff smaller than 0.5 for 1-Ce, smaller than 0.020 for 1-Gd 
and 1-Dy), and gz

eff axial components (3.843, 13.943, and 19.795 
for the three ions) close to the values expected for a pure mJ = ±J 
KD (4.286, 14 and 20). The magnetic anisotropy easy-axis 
orientation is calculated to be almost coincident with the Cl4Cat-
Ln-NO3 axis (Figure 4). 

 

Figure 3 Energy splitting and wavefunction composition (mJ contributions 
higher than 10%) of the lowest crystal field split (pseudo) KDs calculated from 
the ab initio modelling of 1-Ln. 

Since TbIII is not a Kramers ion, the lowest doublet of 1-Tb 
forms a ground pseudo-KD featuring a tunneling gap of ∆E = 0.09 
cm-1, with gx

eff = gy
eff ~ 0 components[31] and a gz

eff component 
equal to 17.874 (cf. gz

eff =18 for a pure mJ = ±6 ground doublet). 
The orientation is again coincident with the Cl4Cat-Tb-NO3 axis, 
consistent with the oblate character of the TbIII ion and the ligand 
charge distribution. The mJ decomposition of the corresponding 
wave functions accordingly shows the ground pseudo-doublet to 
be dominated by a superposition of the mJ = ±6 Ising states. 

On the other hand, the ground state of 1-Nd, while 
dominated by the maximal angular momentum component mJ = 
±9/2, features sizeable contributions from a mixture of different mJ 
states, where the largest contributions come from mJ =±7/2, and 
mJ = ±5/2 components (Figure 3). This mixing leads to a low axial 
anisotropy, with a geff tensor for the 1-Nd ground KD characterized 
by relatively large transverse components gx

eff = 0.876, gy
eff = 
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2.124, and a relatively low axial component gz
eff = 4.103 with 

respect to gz
eff = 6.545 for a pure mJ = ±9/2 level. Not surprisingly, 

the orientation of the main magnetic z axis significantly diverges 
from the Cl4Cat-Nd-NO3 axis found for the other four compounds, 
by an angle of about 28 degrees (Figure S15). 

 

Table 1. Calculated energies, and g tensors of the lowest-lying Kramers 
doublets (KDs) for 1-Ce, 1-Nd, 1-Gd, and 1-Dy, and the lowest-lying states 
approximated as KDs for 1-Tb, with corresponding values estimated from 
EPR spectroscopy. 

Compound KD Energy 
 / cm-1 

gx
eff gy

eff gz
eff 

1-Ce 1 0.0 0.262 0.402 3.843 

   (<0.5)[a] (0.81 
±0.01)[a] 

(3.590 
±0.005)[a] 

 2 443.0 1.035 1.415 2.159 

 3 891.7 0.726 1.015 3.485 

 4 2369.4 1.446 2.492 4.593 

1-Nd 1 0.0 0.876 2.124 4.103 

   (0.727  
± 0.005)[a] 

(2.01 
± 0.01)[a] 

(3.850 
± 0.002)[a] 

 2 94.0 0.352 0.631 4.887 

 3 224.2 0.442 1.284 5.005 

 4 408.0 0.312 1.917 3.893 

1-Gd 1 0.0  0.010 0.012 13.943 

 2 0.589 0.596 0.681 9.786 

 3 0.966 5.333 5.250 4.824 

 4 1.258 0.996 2.042 12.730 

1-Tb 1 0.0 / 0.1 0.000 0.000 17.874 

     (17.7±0.2)[a] 

 2 169.5/170.
6 

0.000 0.000 14.663 

 3 334.7/349.
9 

0.000 0.000 11.218 

1-Dy 1 0.0 0.012 0.017 19.795 

 2 251.1 0.276 0.420 16.805 

 3 380.8 1.291 1.526 13.525 

 4 497.5 3.784 5.864 9.431 

[a] From EPR Spectroscopy.  

 

 

Overall, the (quasi)-degenerate mJ = J (pseudo) doublet, 
and first excited mJ = J-1 (pseudo) doublet, as determined by ab 
initio calculations, are consistent with the MT (Figure 2 and S11) 

decrease with the temperature due to TIP contribution. The MT 
values obtained at the lowest measured temperatures of 2 K are 
all non-zero, corresponding to an almost pure Curie contribution 
with a small TIP correction. 

Figure 4 Two views (~90° rotation) of the orientation of the calculated main 
magnetic axes for the ground KDs of 1-Ln (Ln = Ce, Tb and Dy). The 
corresponding orientations for 1-Nd is available in Figure S15. 

 
EPR Spectroscopy 
 
Electron Paramagnetic Resonance (EPR) spectroscopy is a 
powerful technique to obtain information about the magnetic 
anisotropy of the ground doublet (or pseudo-doublet for non-
Kramers ions) of lanthanoid complexes.[9d, 11b, 32] The response of 
the ground doublet to the applied field can be modeled using an 
effective Zeeman Hamiltonian, for which the determined 
anisotropic g-values contain encoded information about the 
composition of the ground wave function. In the present work, we 
used EPR, both for an independent determination of the low 
temperature magnetic anisotropy of the complexes, and to 
provide additional independent experimental data to assess the 
accuracy of the ab initio results. In all cases measured (Figure 5 
and S16) analogues of both 1-Ln and 2-Ln exhibited very similar 
spectra, consistent with the very similar electronic structures of 
the two systems. Except when otherwise stated, simulations were 
performed on the 1-Ln series to provide a more direct comparison 
with calculations 
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Figure 5. X- and W-band EPR spectra of 1-Ln and 2-Ln analogues in the specified conditions (black) with simulations as described in the text (red). 

 
Compounds 1-Ce and 2-Ce. The experimental EPR 

spectra of the cerium analogues measured at low temperature (10 
K) show a clear parallel-type transition at low field and a much 
broader one at higher field (Figure 5, top left). Given the absence 
of Ce isotopes with non-zero nuclear spin, a simulation of the 
spectrum was then performed on the basis of the Seff = 1/2 
effective spin Hamiltonian: 
 ^ ∙ ∙   (1) 

 
The simulation parameters that provided the best agreement with 
the experimental spectrum were gx

eff < 0.5 (not visible), gy
eff = 0.81 

± 0.01 and gz
eff = 3.590 ± 0.005. When compared with the results 

of ab initio calculations (i.e. 0.262, 0.402, and 3.843), it is evident 
that the dominant easy axis nature of the complex is confirmed. 
However, the measured axiality of the ground doublet, estimated 

as the difference between gz
eff and the average of gy

eff and gx
eff, is 

smaller than calculated. At the same time the experimental 
rhombicity is more than three times higher than calculated.  

Compounds 1-Nd and 2-Nd. The experimental EPR 
spectra of 1-Nd and 2-Nd show the clear features of a completely 
rhombic system (Figure 5, top right). A set of peaks is observed 
below 200 mT which can be attributed to parallel transitions of 
different Nd isotopes. The main peak at 175 mT is due to the even 
isotopes of Nd (I = 0, natural abundance 79.5%) while the satellite 
ones arise as a consequence of hyperfine coupling with 143Nd and 
145Nd nuclear spins (both with I = 7/2). The hyperfine structure is 
only partially visible in the second feature centered at about 
330 mT, while it is completely lost for the high field feature. 
According to this interpretation, the simulation of the spectrum 
was performed taking into account the natural abundance of the 
three isotopes on the basis of the effective Hamiltonian: 
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 ^ ∙ ∙ 	 ∙ ∙  (2) 
 
where Aeff is the effective anisotropic hyperfine coupling tensor 
between the nuclear spin I and the effective Seff = ½ of the ground 
doublet. A good reproduction of the experimental data was 
obtained with gx

eff = 0.728 ± 0.005, gy
eff = 2.01 ± 0.01, gz

eff = 3.850 
± 0.002 and Ax

eff
 = 500 ± 200 MHz, Ay

eff
 = 700 ± 200 MHz and Az

eff
 

= 1250 ± 10 MHz for both 143Nd and 145Nd isotopes. The relatively 
large uncertainty over the x and y component of the effective 
hyperfine coupling reflects the broadness of the corresponding 
transitions. The effective g values of the ground doublet obtained 
by spectral simulation are in good agreement with (if slightly 
smaller than) those estimated from ab initio calculations (i.e. gx

eff 
= 0.876, gy

eff = 2.124, and gz
eff = 4.103), so that the mixed-mj 

character of the ground state wave function, as in the case of 1-
Ce, is supported by these experimental observations 

Compounds 1-Gd and 2-Gd. Gadolinium(III), as an 8S7/2 
ion with no first order angular momentum due to its half-filled 4f 
shell, is well known to show very different EPR behavior to that 
observed for the other LnIII ions. Indeed, its spectra are often 
visible even at room temperature, and are much richer than those 
of the anisotropic lanthanoid(III) ions, due to zero-field splitting of 
the S = 7/2 which arises as a second-order perturbation of the 
electronic structure and is thus quite small (< 0.3 cm-1). The EPR 
spectra of 1-Gd and 2-Gd are no exception: the X-band spectra 
are characterized by a large number of transitions extending from 
zero-field to 1 T and beyond. Given the complexity of the X-band 
spectrum (Figure S16), a high frequency W-band EPR spectrum 
was recorded at 15 K on 2-Gd (Figure 5, bottom left) with the aim 
of simplifying the analysis by going toward the high-field.[33]  

This W-band spectrum is characterized by a clear series of 
almost equispaced (B = 300 mT) transitions and by a strong, 
isotropic transition around giso = 2.00 (B = 3300 mT). Furthermore, 
a series of weak forbidden transitions is observed close to giso = 
4.00 (B = 1650 mT). This behavior is typical for a largely rhombic 
system with a zero-field splitting parameter estimated by the line 
separation as 2D ~ (B/gisoμB) ~ 0.28 cm-1. Following these 
considerations, the experimental data were reproduced on the 
basis of the following spin Hamiltonian:  

 ^ ∙ ^ ^ ^ ^     (3) 
 
where D and E are the second order axial and transverse zero-
field splitting parameters, respectively, and B4

0Ô4
0 is the axial 

fourth order anisotropy expressed in terms of Stevens 
operators.[34] The best simulation was obtained with the 
parameters giso = 1.995 ± 0.002, D = -0.150 ± 0.005 cm-1, E = 
0.045 ± 0.005 cm-1 and B4

0 = -2 ± 2  10-5 cm-1. 
From the ab initio wave function for 1-Gd, the estimated 

zero-field splitting parameters are D = -0.10 cm-1 and E = 0.01 cm-

1, which are in quite good agreement with those determined from 
EPR results, with absolute differences between experimental and 
calculated values smaller than 10-1 cm-1. However, also in this 
case, ab initio calculations partially underestimate the degree of 
rhombicity, since  = E/D = 0.13 and 0.3 for calculated and 
experimental values, respectively. 

Compounds 1-Tb and 2-Tb. The X-band EPR spectra of 
both 1-Tb and 2-Tb, measured at 10 K, show a broad absorption 
extending over 200 mT (Figure 5, bottom right). To reduce the 
dipolar interactions between neighboring molecules, which we 
supposed to be at the origin of the broad linewidth, we measured 
the spectrum of a dilute 2-Tb@La for which the level of doping 
was estimated by dc magnetic measurements and ICP-OES as 
7:93 (Tb:La) (Table S1 and Figure S5). For this sample four 
almost equispaced resonances, centered at a field corresponding 
to an effective gz

eff = 17.5 and with line-line separation of ca. 25 
mT is observed. This type of spectrum has been previously 
reported for Tb(III) inorganic systems[35] and can be related to the 
coupling of a ground pseudo-doublet of essentially mJ = |±6> 
nature with the I = 3/2 nuclear spin of 159Tb (nat. ab. = 100 %) 
(Figure S17). The observation of a spectrum centered at such 
high effective g values gz

eff is a signature of the fact that the 
system is indeed not perfectly axial, since in the latter case the 
transition probability would be zero and no spectrum would be 
observed. The formation of a ground pseudo-doublet, hyperfine 
split in 2-Tb@La, is further confirmed by the fact that by 
measuring in parallel polarization, i.e. with the microwave 
magnetic field (Bmw) parallel to the static (Bdc) one, a more intense 
spectrum is detected (Figure 5, bottom right). This indicates that 
the levels among which resonance occurs are not completely 
orthogonal and thus a gap between them is expected, since in this 
setup the selection rule is mS = 0. Such spectra were interpreted 
in literature[35] on the basis of an effective pseudo-doublet 
Hamiltonian taking into account the zero-field gap induced by 
transverse anisotropy:  
 

Ĥ=  gz
effŜz

effBz + Ŝx + Az
effIzŜz

eff  (4) 
 
where  expresses the zero-field gap induced by the transverse 
anisotropy terms, which are also responsible for the lowering of 
gz

eff from the value of 18 expected for a pure mJ = |±6> state. Thus, 
from a qualitative point of view, the observed EPR spectra for 2-
Tb@La confirms the findings from ab initio calculations for 2-Tb: 
a ground pseudo-doublet characterized by a large gz

eff (ca. 17.5) 
and a small, but crucial, non-zero transverse component.  

To more accurately test the agreement of ab initio 
calculations with the experimental results, we simulated the EPR 
spectra[36] assuming the following Hamiltonian: 

 ∙ 	 ∙ ∑| | | |, ,  (5) 

 

where J = 6, gJ = 3/2, I = 3/2 and  are Stevens’ operators 
expressed in terms of the global angular momentum J. We 
neglected the quadrupolar interaction for the sake of simplicity. To 
reduce the number of parameters, we only considered B2

0 and B4
4  

and fixed B2
0 = 5 cm-1. In agreement with ab initio calculations, 

this set of parameters provides an mJ = |±6> ground state with a 
separation of 165 cm-1 from the first excited state, and a zero field 
gap in the absence of hyperfine interactions of ca. 0.1 cm-1 (ESI 
Figure S17). In this framework, the only adjustable parameter is 
AJ, the hyperfine coupling constant: nice spectral simulations 
(Figure 5, bottom right) were achieved using a single set of 
parameters for spectra measured in the two microwave 
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polarizations, by assuming AJ = 470 MHz, in line with expected 
values.[34] It is worth stressing that the quality of the simulation is 
not much affected as long as the ground pseudo-doublet is 
predominantly mJ = |±6> with a first excited pseudo-doublet lying 
at an energy higher than 40 cm-1, but it is strongly dependent on 
the magnitude of the zero-field gap, which needs to be lower than 
0.2 cm-1. As a whole, the analysis of the spectra of the Tb 
derivatives provides quantitative confirmation of the results of ab 
initio calculations. 
 
Dynamic Magnetic Properties 
 
Dynamic magnetic susceptibility studies were performed on the 
CeIII, NdIII, TbIII and DyIII analogues of both tetrachloro- and 
tetrabromocatecholate families to explore possible SMM behavior 
(Figure 6 and ESI Figures S18 to S27). The ab initio calculated 
CF splitting and g tensors for 1-Ce and 1-Dy suggested that the 
CeIII and DyIII analogues might be particularly promising in this 
regard. However, in the absence of an applied dc field, no out-of-
phase signal was observed for any of the compounds, possibly 
due to QTM promoted by dipolar interactions. The optimum dc 
field to suppress such relaxation pathways was determined for 
each compound at a temperature of 2 or 5 K by varying the field 
from 0 to 2000 Oe. All eight compounds 1-Ce, 2-Ce, 1-Nd, 2-Nd, 
1-Tb. 2-Tb, 1-Dy, 2-Dy exhibit a non-zero imaginary susceptibility 
M'' under an optimum dc field (BDC). Alternating current 
susceptibilities as a function of frequency were measured at 
different temperatures for each compound in the presence of the 
optimum dc field. When possible, the frequency-dependent M'' 
were fit to the Debye equation to obtain the characteristic 
relaxation time () and lifetime distribution () at each temperature 
(Table S23). The temperature dependence of the resulting 
relaxation times was rationalized on the basis of multiple 
relaxation processes given in the equation:[2a] 
 

 -1  =  0 
-1 exp(-Ueff / kBT)  +  CTn  +  AT  +   QTM 

-1    (6) 
 
where 0 is the pre-exponential factor and Ueff the effective energy 
barrier of an Orbach process, C and n are the Raman constants, 
A is the direct relaxation parameter (which is suppressed in zero 
applied field) and QTM is the QTM relaxation time, which was 
assumed to be zero in the presence of the applied dc field (Table 
2). 

Compounds 1-Ce and 2-Ce. Alternating current 
susceptibility data for 1-Ce and 2-Ce are essentially independent 
of the intensity of the applied dc field (Figure S18) when it is non-
zero. This suggests low efficiency of direct relaxation processes 
(which are linearly dependant on field) and a rapid quench of the 
QTM. The temperature (2 to 4.3 K) and frequency (0.1 to 1000 
Hz) dependence of the ac susceptibility were measured under 
fields of 1500 and 800 Oe for 1-Ce and 2-Ce, respectively (Figure 
6 and Figure S19). For 1-Ce, the Arrhenius plot (Figure S20) is 
non-linear across all temperatures, excluding purely Orbach 
relaxation. With this in mind, the fit of the temperature 
dependence was achieved by fixing the QTM and Orbach terms 
to zero and including only direct and Raman-type relaxation 
(Figure S21). Parameter C was evaluated at 1.22 ± 0.03 s-1 Kn 

with n fixed at 5 (when left to vary, the fit gave a value very close 
to 5), and A determined as 31.9 ± 1.5 s-1 K-1. The large energy 
gap between the lowest energy KDs from ab initio calculations is 
not evident from the experimental relaxation data. Including an 
Orbach pathway by fixing Ueff at 637 K, which corresponds to the 
443 cm-1 energy splitting obtained from ab initio calculations, does 
not affect the quality of the fit: indeed, this would provide a 
relaxation much slower than actually measured in the 
experimental temperature range. In fact, for both 1-Ce and 2-Ce, 
a combination of Raman and direct relaxation processes are 
sufficient to account for the measured relaxation and the second 
KD does not play a major role in the reversal of the magnetization. 

Table 2. Relaxation parameters obtained from fitting the dynamic magnetic 
data for 1-Ce, 2-Ce, 2-Dy@La and 2-Tb@La to Eq. (6) 

 1-Ce 2-Ce 2-Dy@La 2-Dy@La 

BDC
 / Oe 1500 800 0 4000 

C / s-1 
(Raman)   

1.22    
± 0.03 

1.87     
± 0.09 

1.14         
± 0.08 

0.31         
± 0.28 

n        
(Raman) 

5 (fixed) 5 (fixed) 3.5 ± 0.25 
3.75         
± 0.27 

A / s-1 K-1 
(direct) 

31.9 ± 1.5 45.4 ± 5.1 - - 

 / s-1 - - 685 - 

 
 

Compounds 1-Nd and 2-Nd. Alternating current 
susceptibility data for 1-Nd and 2-Nd (T = 2-3.4 K,  = 0.1-1000 
Hz) also display a frequency-dependence of M” in external 
applied field: although an out-of-phase signal appears at low field, 
the optimum response is observed at 1200 Oe (Figure S22). In 
contrast to the Ce system, a continuous increase in the amplitude 
of the out-of-phase signal is observed, but keeping the peak 
frequency at around 130 Hz. The M" peak maxima occur at 
higher frequencies than for the Ce analogues (Figure 6 and Figure 
S23), indicating faster relaxation. For this reason, a satisfactory fit 
to the Debye model could not be obtained for either 1-Nd or 2-Nd 
at temperatures higher than 2 K, due to the limitations of our 
experimental setup ( < 10 KHz). The faster relaxation observed 
for the Nd derivatives compared to Ce is consistent with the small 
energy separations (Figure 3 and Table 1) as well as with the 
greater rhombicity of the Nd ground state, as determined by both 
ab initio calculations and EPR spectroscopy. This result is further 
confirmed by the average matrix elements of the magnetic 
moments calculated on the ab initio wave functions (Figure S28), 
which indicate a significantly larger transition probability for 1-Nd 
(0.50) than for 1-Ce (0.11) for QTM within the ground KD states.  

 
 
 
 
 
 



FULL PAPER    

 
 
 
 
 

 

Figure 6. Frequency-dependence of the out-of-phase susceptibility (M'') for 1-Ce, 1-Nd, 1-Dy and 1-Tb under the specified applied dc field and at different 
temperatures. Experimental data are in dots, the solid lines are the fits to the generalized Debye model (for 1-Ce and 1-Dy) and the dotted lines are a guide for the 
eyes for the samples where no Debye fit was performed (1-Nd and 1-Tb). 

 
Compounds 1-Dy and 2-Dy. The ac susceptibility data for 

1-Dy and 2-Dy (T = 2-15 K,  = 0.1-1000 Hz) were acquired both 
as a function of applied dc field at 2 K and as a function of 
temperature with an optimum field of 1500 Oe and found to be 
similar for the two analogues (Figure 6 and Figure S26 and S27). 
The zero-field data suggest for both derivatives the existence of a 
relatively fast ( > 1000 Hz) process, active at low temperature. 
On application of the field, this process is clearly quenched, 
indicating that the magnetic relaxation at zero field occurs via 
QTM, while a slower one is activated. Such behavior is now quite 
commonly reported for highly axial Dy SMMs.[37] The frequency-
dependence of the out-of-phase susceptibility as a function of 
temperature measured at the optimum field is characteristic of 
SMM slow relaxation up to 15 K. Here the maximum of the out-of-
phase susceptibility peaks range between 0.1 Hz for T = 2 K to 
1000 Hz for T = 15 K, indicating significantly slower relaxation 
than those observed for the Ce and Nd analogues. This trend is 
in agreement with the ab initio results for the ground state QTM 
probabilities (Figure S28), which show a probability about three 
orders of magnitude smaller for 1-Dy than for 1-Ce and 1-Nd. The 
absence of a temperature-independent regime is consistent with 

suppression of QTM by the external dc field (Figure 6 and Figure 
S27). The fit to the Debye model for each analogue gives a range 
of  coefficients from 0.028/0.045 (high T) to 0.348/0.234 (low T) 
for 1-Dy and 2-Dy, respectively (Table S23), indicating a narrow 
distribution of relaxation times at high temperature but a wider one 
at low temperature. Any attempts to reproduce the temperature 
dependence of  for both derivatives using Eq. (6) failed. Notably, 
the plots of -1 vs T on a log-log scale (Figure S29) provides clear 
evidence for the existence of two different linear regimes with 
different slopes. We tentatively attribute this behavior to the onset 
of a phonon bottleneck effect at low temperature, a phenomenon 
due to the lack of efficient energy exchange between the spins 
and the thermal bath.[38] In the presence of this effect, ac 
susceptibility actually measures the spin-bath relaxation time. 
This can be described[39] as the sum of the spin-lattice relaxation 
time SL (which is the quantity actually measured in absence of 
phonon bottleneck effect) and the lattice-bath one LB, weighted 
for the ratio of the heat capacities of spin (CS) and lattice systems 
(CL):  
 

 = SL +(CS/CL) LB         (7) 
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If we assume that SL and LB both follow a power temperature 
dependence, respectively parameterized by C and n, and B and 
m, then the measured temperature dependence of  can be 
modeled as:  

 
 = C-1T-n + BT-m   (8) 

 
This is exactly the behavior that is observed for 2-Dy, with two 
different linear regimes in the log-log plot (Figure S29). It should 
however be remarked that different sets of parameters reproduce 
equally well the experimental data, with n ranging from 1 to 4, and 
m ranging from 5 to 7. 

Compounds 1-Tb and 2-Tb. As the only investigated non-
Kramers ion of the series, the terbium(III) analogues exhibit a very 
complicated dependence of the out-of-phase susceptibility on the 
temperature and the ac frequency after applying a dc field. A 
broad distribution of relaxation time is evident for 1-Tb, possibly 
obscuring the existence of distinct relaxation processes, while two 
overlapping processes are evident or 2-Tb (Figure 6 and Figure 
S25). It was thus impossible to obtain reasonable fits of the ac 
data using the Debye model, and further data analysis was then 
not pursued for the undiluted samples.  
 
Magnetically dilute samples  
 
As mentioned above in the crystallographic section, the shortest 
intermolecular separation between lanthanoid centres is around 
7.9 Å, thus with intermolecular dipolar interactions potentially 
influencing the dynamic magnetic behavior presented above. The 
lack of out-of-phase susceptibility in the absence of an applied 
field for any of the compounds, the complicated ac profiles of the 
terbium analogues and the relatively high values of the  
parameters obtained for 1-Dy and 2-Dy at low temperature, 
prompted us to study samples diluted into diamagnetic hosts to 
minimize the effects of any dipolar interactions. Further, Eq. (7) 
indicates that, if a phonon bottleneck effect is active in the pure 
sample, a reduction of the magnetic ion concentration, which 
results in a change of CS/CL, should decrease the observed 
relaxation time. Two samples of the tetrabromocatecholate 
compounds 2-Dy@La (10%) and 2-Tb@La (7 %) were then 
chosen to probe the influence of intermolecular dipolar 
interactions in such systems, with the degree of doping 
determined by static magnetic measurements as well as ICP-
OES (Table S1 and Figure S5).  

The dynamic magnetic behavior was studied for 2-Dy@La 
and 2-Tb@La at zero applied field and an experimentally 
determined optimal dc field (Figures 7 and Figure S30-S34). The 
doping has a significant effect for the Dy compound, with 2-
Dy@La exhibiting slow relaxation ( = 10-10000 Hz) up to 20 K in 
zero-field (Figure 7). Here two regimes are apparent: from 1.9 to 
4.5 K, the M'' peak maxima do not show a temperature-
dependence, suggesting relaxation is occurring dominantly via 
QTM; this confirms literature reports that, despite being reduced 
compared to the pure sample, intermolecular interactions 
promoting quantum tunnelling are not completely suppressed at 
this doping level.[40] Above 4.5 K, the M'' peak maxima shift 

towards higher frequency, indicating the dominant contribution of 
other, thermally activated, relaxation mechanisms. In contrast, 
when measurements are performed under an applied external dc 
field of 4000 Oe, temperature dependence is observed even at 
the lowest temperature, indicating that QTM is suppressed in the 
whole temperature range. 
 
 

Figure 7. Frequency dependence at different temperatures of the out-of-phase 
susceptibility M'' data for 2-Dy@La under an applied dc field of 0 Oe (top), or 
4000 Oe (bottom). Experimental data are in dots and the lines are the fits to the 
generalized Debye model. 

 
Compound 2-Dy@La. The ac data for 2-Dy@La at 0 and 

4000 Oe dc fields (Figures 7 and S34) were fit as described above 
using the generalized Debye model to obtain a range of  
coefficients from 0.091/0.054 (high T) to 0.497/0.142 (low T) at 
0/4000 Oe (Table S23). It can be readily seen that, contrary to 
what is usually observed, the relaxation rate observed in the 
doped sample at low temperature is faster than that in the pure 
sample, lending support to the hypothesis of a phonon bottleneck-
controlled relaxation in the non-dilute sample. On the basis of this 
analysis, the temperature dependent relaxation data were fit 
using Eq. (6) including only a single Raman term for the in-field 
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data, and Raman and QTM for the data collected in zero applied 
field (Figure S35). This consistently provided the following set of 
best fit parameters: QTM = 685 s-1, and C = 1.14 ± 0.08 s-1 Kn, n = 
3.5 ± 0.2 for zero-field measurements, and C = 0.31 ± 0.28 s-1 Kn 
and n = 3.75 ± 0.27 for the in-field data (Table 2). It is worth 
stressing that inclusion of an Orbach term does not improve the 
fit at all, which is unsurprising given that, as discussed above for 
the Ce analogues, the investigated temperature range is much 
lower than that where Arrhenius-like behavior is expected on the 
basis of the calculated anisotropy barrier. 

Compound 2-Tb@La. The doped 2-Tb@La sample does 
not show any out-of-phase signal in the absence of an external dc 
field. However, on application of a field, the relaxation behavior is 
much simpler than that observed for the pure sample, with a 
single, temperature dependent process for which reliable  values 
could be extracted from the Debye fit up to 10 K (Table S23). The 
relaxation process was found to be slowest for an optimal dc field 
of 1600 Oe at 2 K (Figure S30). No evidence of temperature-
independent QTM relaxation is observed in this case (Figures 
S31). In this case again, the presence of an anisotropy barrier, as 
obtained by ab initio calculations, could not be determined from 
the ac data. Indeed, the relaxation in this temperature range is 
dominated by a combination of Raman and direct process with A 
= 343 ± 13 s-1 K-1, C = 6.57 ± 1.20 s-1 Kn and an unrestrained n 
value of 3.82 ± 0.09 (Figure S32). 
 
Unified Relaxation Model 
 
Ab initio calculations, benchmarked by both EPR spectroscopy 
and dc magnetic susceptibility data, indicate the presence of large 
axiality and a sizable energy gap for the lowest energy KDs for 
the Ce, Dy and Tb derivatives of 1-Ln and 2-Ln. These 
compounds might then be anticipated to exhibit slow magnetic 
relaxation associated with an Orbach process. A substantial 
change in dynamic magnetic behavior upon dilution of the Dy and 
Tb complexes into a diamagnetic host indicates a considerable 
influence of dipolar intermolecular interactions on the magnetic 
relaxation. However, despite decreasing the intermolecular 
interactions by dilution, for none of the samples can the observed 
slow magnetic relaxation be attributed to an Orbach process. The 
analysis of the dynamic behavior of the series consistently 
indicates that, in the relaxation rate range that can be investigated 
by ac susceptibility, the spin dynamics are dominated by Raman-
like processes. Interestingly the value of the Raman exponents 
obtained for the dilute Tb and Dy derivatives are very similar (3.75 
vs 3.86), and lower than predicted by Orbach classic paper on 
relaxation.[41] This is often observed in molecular complexes and 
might be attributed to a non-negligible role of the optical phonons 
in determining the relaxation.[42] At the same time, the importance 
of the direct process in the Tb derivative is consistent with its non-
Kramers nature, which results in a larger gap of the ground 
pseudo-doublet compared to the Dy system. In this respect we 
note that, despite the presence of a magnetic anisotropy barrier 
that could not be directly evidenced by ac susceptibility, the only 
derivative to show slow relaxation in zero field is the dilute DyIII 

system: this can be related to the strong axiality of its ground KD 
(compared to the much lower axiality of the Ce and Nd 

derivatives), the small transition probabilities of the magnetic 
moment between the two states of the ground KD (Figure S28), 
and the low natural abundance of isotopes with a non-zero 
nuclear spin, resulting in inefficient QTM.  

On the basis of these observations, we attempted next to 
develop a comprehensive model based on Eqs. (6-8), to simulate 
in a unified manner the temperature dependence of the relaxation 
times for all the undiluted samples (in which we postulate a 
phonon bottleneck mechanism to be active), in particular 2-Dy, 1-
Ce, and 2-Ce. Unfortunately, experimental limitations prohibited 
the collection of sufficient data to consider the Nd and Tb species. 
Data for dilute 2-Dy@La are also included in our simulations, to 
show the high-temperature convergence of the models applied to 
data for the diluted and undiluted samples, and reveal the role of 
QTM. 

The ab initio results can in fact partially guide the 
development of model Eq. (9). For instance, in the 2-30 K range 
of temperatures explored, we can exclude from the start any 
relevance of the Orbach relaxation mechanism for both Dy and 
Ce complexes, since the ab initio energy gaps to the first excited 
KD calculated for both 1-Ce and 1-Dy greatly exceed these 
temperatures. Furthermore, as we will see below, our ab initio 
results are also useful (i) to set approximate QTM rates in the 
models considered here, thus reducing the number of free 
parameters, and (ii) to make an approximate argument as to why 
the phonon bottleneck regime can be expected to arise in 1-Ce 
and 2-Ce at lower temperatures than observed for 2-Dy. 

Assuming parameterization of the lattice bath relaxation 
time  as per Eqs. (7 and 8) (i.e. ⁄ / ), and that 
for the spin-lattice relaxation time  as per Eq. (6) but excluding 
the Orbach process as per our ab initio results (i.e. 

), we can write a general model for all the undiluted 
(and by extension, for the diluted) samples as: 
 

	 	 	  (9) 

 

where n, m, A, B, C, and QTM are all fitting parameters, which in 
principle, can be optimized to different values for the four different 
compounds considered here. We will try however to limit as much 
as possible the variation of these parameters from one system to 
another to discuss the data within a more unified framework. 

We start by using Eq. (9) to fit the data for 2-Dy in an applied 
1500 Oe DC field, as this is the only case where we clearly 
observe two different linear regimes in a log-log plot of -1 vs T 
(Figure S29), associated with the appearance of a phonon 
bottleneck regime at low T. Thanks to these two readily 
identifiable linear regimes for 2-Dy, the exponents n and m in Eq. 
(9), associated with the Raman and phonon bottleneck relaxation 
mechanisms, respectively, can be fixed a priori for the case of 2-
Dy, by noting that Eq. (8), written as (1/) = Tm/(C-1 Tm-n + B), tends 
at low temperatures (more exactly, when Tm-n << B/C-1) to the 
phonon bottleneck regime Tm/B, in which log(-1) is observed to 
be linear in log(T), while it tends at high temperatures (more 
exactly, when Tm-n >> B/ C-1) to the Raman regime Tn/C-1, also 
linear in log(T). Fitting the high and low temperature data 
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separately is thus expedient to fix m and n, which leads to m = 6 
(when left to vary, the fit gave a value very close to 6) and n = 3.4 ±	0.1. We also rely on our ab initio calculations of a magnetic 
tunnelling matrix element (m12) between the easy axis Zeeman 
eigenstates of the ground KD doublet, amounting to |m12| = 4.7 x 
10-3 B (see Figure S28 for 1-Dy). The maximal tunnelling rate can 
be estimated as ~2| | ⁄  where Bf are fluctuating dipolar 
fields. These can be calculated on the basis of ab initio results 
and molecular structure as being of the order of Bf ~ 10 mT in 
undiluted samples. A rough estimate can in fact be carried out as 
follows. Considering that the crystal symmetry imposes all 
magnetic axes to be parallel to each other, let the unit vector u∥ 
(u ) lie along the direction parallel (perpendicular) to the easy 
axes of all Dy ions. Assuming that tunnelling events are induced 
by transversal dipolar fields , a magnetic dipole 	~	10	 u∥ at 
position r = r u , so that ∙ 0, induces at the origin a 
transversal field of the order ⁄ | ∙ u || ∙ u |, where 4⁄ 6.257	T is the magnetic field strength induced 
by a dipole of 1  at distance of 1 bohr (1a0 ~ 0.529 Å) from the 
probe dipole, and r is the dimensionless distance measured in a0. 
From the direction of the molecular easy axis obtained from the 
ab initio calculations, and the details of the experimental crystal 
structure, we obtain for nearest neighbour Dy ions at r = 14.8 a0 
(7.85 Å), that | ∙ u | 0.787 , ∥ ∙ 0.616 , hence 9.3	mT, which we approximate as Bf ~ 10 mT.  

In a diluted crystal the source of stray fields is provided by 
nuclear dipoles. The nearest neighbour proton lies at 6.61 a0 (3.5 
Å), and possess a magnetic moment that is 2.8 N (~1.5 x 10-3 B), 
from which we can roughly estimate the field induced at the Dy 
site as 10 ⁄ ~2.2	 	10 	mT	, thus approximate Bf ~ 10-2 mT 
in diluted samples (hyperfine fields), 1000 times smaller than in 
undiluted samples. The actual incoherent tunnelling rate 
modulated by spin-phonon coupling broadening , and by the 
application of an external dc field, Bdc (for simplicity assumed to 
be aligned with easy axis), can then be approximately evaluated, 
as:[43] 

 

⁄  (10) 

 

where from our ab initio calculations we know that in 1-Dy we 
have gJMJB ~ 10 B in the ground KD (i.e. MJ ~15/2). For 2-Dy in 
an external field Bdc = 1500 Oe and a dipolar field strength of Bf = 
100 Oe, and assuming  ~ 105 s-1 we get ~10 s , so that 
tunnelling can be safely ignored in fitting the experimental data 
via Eq. (9) with Bdc = 1500 Oe.  

Thus, we can proceed to optimize only three parameters in 
Eq. (9) for the 2-Dy data by fixing n = 3.4, m = 6 and 0, 
which yields an optimal fit (Figure 8) for B = 202.4 ±	28.9	s-1 K-m, 
C = 0.68 s-1 Kn (C-1 = 1.48 ±	0.07 s K-n) and A = 94.9 ±	28.4 s-1 K-

1 (Table 3). Using these fitted parameters, we can also compute 
an approximate critical temperature TC ~ (B/C-1)1/(m-n) ~ 7 K, 
marking a transition, upon cooling, between the Raman regime 
linear in log(T) with slope n = 3.4, to the phonon-bottleneck regime, 
also linear in log(T), with the steeper slope m = 6. A more 

thorough estimation including the effect of the direct and quantum 
tunnelling mechanisms can be obtained numerically by 
determining the temperature that makes the two terms in brackets 
on the left-hand side of Eq. (9) equal to each other, leading to the 
polynomial equation:  
 ⁄ 0					  
 
Solving Eq. (11) after substitution of the fitted parameters for 2-
Dy yields TC ~ 8.4 K, in good agreement with the more 
approximate estimate (7 K). The estimated critical temperature TC 
~ 8.4 K is consistent with the measurements (Figures 8 and S29), 
where the transition between the two linear regimes can be clearly 
identified in the range 5-10 K. 
  

Figure 8. Log-log plot of the temperature dependence of the relaxation rates 
determined by ac susceptibility for 1-Ce in 1500 Oe (filled circles), 2-Ce in 800 
Oe (open circles), 2-Dy in 1500 Oe (diamonds), 2-Dy@La in zero field (open 
triangles), 2-Dy@La in 4000 Oe (filled triangles), 1-Ce in 1500 Oe (filled circles) 
and 2-Ce in 800 Oe (open circles), together with fits (red lines) to the model 
reported in Eq. (9). 

 
To fit the data for the diluted sample 2-Dy@La in zero field 

(Figure 8) we fix all parameters in Eq. (9) to those optimized for 
2-Dy, except for (i) switching off the phonon bottleneck effect by 
setting B = 0, (ii) evaluating the incoherent tunnelling rate with the 
same ab initio tunnelling matrix element |m12| = 4.7 x 10-3 B, but 
this time using BDC = 0, and due to dilution reducing the fluctuating 
fields by 1000 times, to hyperfine fluctuating fields Bf = 0.1 Oe, (iii) 
setting the direct process to zero (A = 0) accounting for the time 
reversal even character of the unsplit component of a KD, and, 
especially, for the absence of phonons at zero energy, and (iv) 
letting vary the Raman parameters C and n, as it is known that 
Raman relaxation exhibits some magnetic field dependence.[41] 
With these assumptions, we can calculate the tunnelling rate via 
Eq. (10), yielding 683.7	s  and fix this parameter in Eq. 
(9), while only optimizing the Raman parameters C and n, a 
procedure that leads to an excellent fit of the experimental data 
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as presented in Figure 8, with C = 2.56 s-1 Kn (C-1 = 0.39 ±	0.02 s 
K-n), and n = 3.12 ±	0.02. Overall, the parameters of the Raman 
mechanism in zero field are not dissimilar from those obtained for 
the undiluted sample 2-Dy in an applied dc field, while the 
dominant feature at low temperature is now sizeable temperature-
independent QTM. 

 

Table 3. Relaxation parameters obtained from fitting the dynamic magnetic 
data for 1-Ce, 2-Ce, 2-Dy and 2-Dy@La to Eq. (9) 

 1-Ce 2-Ce 2-Dy 2-Dy@La 

BDC
 / Oe 1500 800 1500 0 

B / s-1 K-m 
0.35         

± 0.04 
0.099  

(from 1-Ce) 
202.4       
 ± 28.9 

 0 

m 
6  

(from 2-Dy) 
6  

(from 2-Dy) 
6  

(fixed) 
6  

(from 2-Dy) 

C-1 / s K-n 
1.04     

± 0.15  
0.62      

 ± 0.06 
1.48          

± 0.07 
0.39         

± 0.02 

n 
5.16         

 ± 0.10 
5.16  

(from 1-Ce) 
3.4           

± 0.1 
3.12         

± 0.02 

A / s-1 K-1 
64.87        
± 8.62 

18.45  
(from 1-Ce) 

95.0          
± 28.4 

0 

 /s-1 24 85 0 683.7 

 

 
Finally, to fit the data for 1-Ce and 2-Ce, since we have no 

reason to believe that the temperature dependence of the 
phonon-bottleneck is going to differ from that of  2-Dy, we fit all 
parameters in Eq. (9) to the experimental data points (Figure 8), 
fixing m = 6 as found from the 2-Dy data, and evaluating the QTM 
rate via Eq. (10) on the basis of the ab initio data, which still leaves 
A, B, C and n as four fitting parameters. The calculation of the 
QTM rates for 1-Ce in Bdc = 1500 Oe, and 2-Ce in Bdc = 800 Oe, 
on the basis of the 2.14 B Ce ground magnetic moment, and the 
sizeable ab initio dipolar tunnelling matrix element |m12| = 0.5 B, 
yields 24	s  (1-Ce) and 85	s  (2-Ce). These are 
clearly significant QTM rates despite the applied dc field, and are 
thus used in Eq. (9) to reduce the number of free parameters. 
Under these assumptions, our best fit for 1-Ce is displayed in 
Figure 8, yielding the best parameters n = 5.16 ± 0.10, B = 0.35 ± 
0.04 s K-6, C-1 = 1.04 ± 0.15 s K-n , and A = 64.87 ± 8.62 s-1 K-1 
(Table 3). The best fit for 2-Ce (Figure 8) was obtained by fitting 
the sole Raman relaxation parameter C-1, while assuming that all 
the other parameters only vary as a consequence of the smaller 
dc field employed for the 2-Ce experiments. Thus, assuming a 
quadratic dependence of the direct mechanism on the applied 
field,[34] we fix A(2-Ce) = A(1-Ce)  (800/1500)2 = 18.45 s-1 K-1. 
Furthermore, assuming that the magnetic field dependence of the 
phonon-bottleneck is mainly due to the variation of the spin 
specific heat (see Eq. (12) below), we get B(2-Ce) = B(1-Ce) 
[(CS/CL)Bdc=800 / (CS/CL)Bdc=1500] = 0.099 s K-6 . Further fixing m = 6 

and n = 5.16 as in 1-Ce, we could fit the single Raman relaxation 
parameter to C-1 = 0.64 ± 0.06 s K-n. 

While different parameters ranges can most probably be 
found yielding good fits of the 1-Ce and 2-Ce data, our choice 
seems to suggest that while a phonon bottleneck is active also for 
1-Ce and 2-Ce, the rate of this process is significantly faster than 
for 2-Dy, and thus shows up at lower temperatures for which it 
was not possible to measure clear out-of-phase maxima in the ac 
experiment. The critical temperature predicted by our model is in 
this case can be obtained by solving Eq (11) with the parameters 
optimized for 1-Ce and 2-Ce, which yields TC ~ 2.01 K (1-Ce) and 
1.32 K (2-Ce), as highlighted by the extrapolation to lower 
temperature of our fitting model in Figure 8. This difference for the 
three compounds might arise from a difference in the crystallite 
size in the powders used to carry out the experiments, which is 
difficult to control.[38] Alternatively, this can be rationalized in terms 
of the different magnetic moments of Dy and Ce, and the 
consequence on the ratio between the specific heats CS/CL of the 
spin system and the lattice (insensitive to variations of the 
magnetic concentration), hence on the ratio between the 
associated heat capacities CS/CL, appearing in Eq. (7) 
(proportional to CS/CL, but now sensitive to the magnetic 
concentration). In simple models,[34] this ratio CS/CL varies as: 
 

~		tanh 2 2 												  

 

so that for Bdc = 1500 Oe and temperature in the range 2-10 K, 
the increase in magnetic moment from Ce (2.14 B) to Dy (10 B) 
in these systems yields an increase in CS/CL of about 20 times, 
which at least partially explains the higher TC below which the 
phonon bottleneck regime is observed in 2-Dy (TC ~ 8.4 K) versus 
the TC we expect to observe for 1-Ce (2.01 K) and 2-Ce (1.32 K), 
which is below our experimentally accessible range. 

Concluding Remarks 

The combination of neutral 18-crown-6 and charged 
tetrahalocatecholate ligands with the nitrate salts of lanthanoid 
ions affords two series of neutral compounds of formula [Ln(18-c-
6)(X4Cat)(NO3)]·MeCN. This series includes the first cerium-
dioxolene complexes with paramagnetic cerium(III), rather than 
cerium(IV). The Ce, Nd, Tb and Dy analogues all exhibit slow 
relaxation of the magnetization under an applied dc field and the 
Ce and Nd analogues represent new members of the small family 
of slow relaxing lanthanoid systems based on early lanthanoid 
metals. All analogues exhibit complex relaxation behavior. Using 
a comprehensive approach including ab initio calculations, EPR 
spectroscopy and magnetic dilution studies, we have succeeded 
in rationalizing the behavior of the Ce and Dy analogues. This 
includes revealing the importance of intermolecular dipolar 
interactions in the relaxation, the removal of which through 
magnetic dilution of the Dy analogues, affords slow relaxation of 
the magnetization in the absence of an external dc field. Despite 
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following the classic "axial symmetry approach" in the design of a 
Dy SMM, and observing relaxation up to 20 K, our systems relax 
through a combination of Raman and direct relaxation pathways. 
The dominance of Raman rather than Orbach relaxation may 
originate from the lack of rigidity of the equatorial 18-crown-6 
ligand, highlighting another structural parameter that must be 
controlled in the design of high-performance SMMs.  

Magnetic dilution studies have allowed us to identify a 
phonon bottleneck effect at low temperature, which to the best of 
our knowledge, has been included for the first time to model a 
transition of the magnetic relaxation from a high temperature 
Raman regime to a low temperature phonon bottleneck regime, 
in which the relaxation time displays an unusual T-6 dependence. 
Such an unusual temperature dependence for the phonon 
bottleneck relaxation time, instead of the more common T-2 
dependence that arises from the specific heat of the spin system, 
was predicted by Van Vleck in 1941.[12] The T-6 dependence is a 
signature of anharmonic terms in the elastic potential, causing 
interactions between resonant low frequency phonons and higher 
frequency phonons (i.e. introducing phonon finite lifetime effects), 
which results in multiplication of the specific heat CS (with T-2 
dependence) by the inverse thermal conductivity between low 
and high frequency phonons, which varies as T-4 (see Eq. (21) in 
Ref [44]). This results in an overall T-6 dependence of the lattice-
bath contribution to the observed relaxation time. Whether the 
Van Vleck anharmonic theory of phonon bottleneck can be 
invoked here to explain the observed T-6 dependence is difficult 
to say. We note however that the important role of the anharmonic 
effect on the lattice dynamics has been recently been employed 
to describe under-barrier spin relaxation in SMMs,[11a] and our 
findings appear to provide further indication that going beyond the 
harmonic approximation to describe the lattice dynamics could 
prove crucial for developing predictive microscopic models of 
slow spin relaxation also in Ln-SMMs. 

The combined treatment of the Ce and Dy analogues has 
allowed the consistent identification of Raman and QTM 
relaxation processes in addition to the phonon bottleneck. The 
multi-technique experimental investigation of different lanthanoid 
analogues, combined with the incorporation of multiple relaxation 
processes in the theoretical modeling, represents a powerful 
approach for understanding the limitations of candidate SMMs 
and unveiling the effects of the lattice environment. Ultimately, we 
anticipate that the application to other systems of the 
comprehensive approach developed herein is essential for the 
development of high temperature SMMs that can be employed in 
devices or materials.  

Experimental Section 

Synthesis. Tetrabromocatechol was synthesized as previously 
reported.[45] All other chemicals were purchased from commercial 
suppliers and used without further purification. 

General Preparation of [Ln(18-c-6)(X4Cat)(NO3)]·MeCN (X = Cl (1-Ln), 
Br (2-Ln)). A solution comprised of stoichiometric amounts of 18-crown-6 
(37 mg, 0.14 mmol) and [Ln(NO3)3]·xH2O (Ln = La, Ce, Nd, Gd, Tb, Dy) in 
acetonitrile (4 mL) was refluxed for 10 (La, Nd), 30 (Ce, Gd, Tb) or 60 

minutes (Dy). The resulting solution was allowed to cool to room 
temperature. One molar equivalent of the corresponding tetrahalocatechol 
(X4CatH2) was deprotonated with two equivalents of Et3N in acetonitrile (4 
mL) and added dropwise to the lanthanoid reaction mixture without stirring. 
Needle shaped crystals form after a few minutes. The mixture was left to 
stand for an hour to allow complete crystallization of the product. The 
crystals were collected by filtration, washed with cold acetonitrile and 
diethyl ether, and dried under air. Samples for crystallography were 
maintained in contact with the mother liquor to prevent solvent loss. 
Selected IR data for the [Ln(18-c-6)(Cl4Cat)(NO3)]·MeCN series (ATR, cm-

1): 2939 (w), 2888 (w), 1475 (m), 1449 (m), 1374 (m), 1356 (w), 1293 (m), 
1258 (m), 1072 (s), 1034 (m), 958 (s), 835 (m), 800 (m), 768 (m), 735 (m), 
677 (m), 586 (w), 573 (w).  Selected IR data for the [Ln(18-c-
6)(Br4Cat)(NO3)]·MeCN series (ATR, cm-1): 2928 (w), 2884 (w), 1474 (m), 
1450 (m), 1353 (m), 1294 (m), 1262 (m), 1243 (m), 1072 (m), 1033 (m), 
957 (m), 927 (m), 834 (m), 820 (m), 804 (m), 722 (m), 617 (m), 570 (m). 

[La(18-c-6)(Cl4Cat)(NO3)]·MeCN (1-La). Crystals were isolated as 
colorless needles. Yield ~60%. Anal. Calcd for LaC20H27O11N2Cl4: C, 
31.94; H, 3.62; N, 3.72. Found: C, 31.59; H, 3.55; N, 3.23. 

[Ce(18-c-6)(Cl4Cat)(NO3)]·MeCN (1-Ce). Crystals were isolated as off-
white needles identified as the desired CeIII species grown from a dark 
purple solution. Yield ~ 40%. Anal. Calcd for CeC20H27O11N2Cl4: C, 31.89; 
H, 3.61; N, 3.72. Found: C, 31.90; H, 3.59; N, 3.83. 

[Nd(18-c-6)(Cl4Cat)(NO3)]·MeCN (1-Nd). Crystals were isolated as 
slightly pink needles. Yield: 80-85%. Anal. Calcd for NdC20H27O11N2Cl4: C, 
31.71; H, 3.59; N, 3.70. Found: C, 31.90; H, 3.53; N, 3.55.  

[Gd(18-c-6)(Cl4Cat)(NO3)]·MeCN (1-Gd). Crystals were isolated as 
colorless needles. Yield: 75-80%. Anal. Calcd for GdC20H27O11N2Cl4: C, 
31.18; H, 3.53; N, 3.64. Found: C, 31.28; H, 3.55; N, 3.49.  

[Tb(18-c-6)(Cl4Cat)(NO3)]·MeCN (1-Tb). Crystals were isolated as 
colorless needles. Yield: 60-70%. Anal. Calcd for TbC20H27O11N2Cl4: C, 
31.11; H, 3.52; N, 3.63. Found: C, 31.20; H, 3.45; N, 3.50.  

[Dy(18-c-6)(Cl4Cat)(NO3)]·MeCN (1-Dy). Crystals were isolated as 
colorless needles. Yield: 60-65%. Anal. Calcd for DyC20H27O11N2Cl4: C, 
30.97; H, 3.51; N, 3.61. Found: C, 31.27; H, 3.47; N, 3.52.  

[La(18-c-6)(Br4Cat)(NO3)]·MeCN (2-La). Crystals were isolated as bright 
yellow needles. Yield: ~ 85%. Anal. Calcd for LaC18H24O11NBr4: C, 24.32; 
H, 2.72; N, 1.58. Found: C, 24.64; H, 2.69; N, 1.86.  

[Ce(18-c-6)(Br4Cat)(NO3)]·MeCN (2-Ce). Crystals were isolated as bright 
yellow needles identified as the desired CeIII species grown from a dark 
grey solution. Yield: ~ 60%. Anal. Calcd for CeC20H27O11N2Br4: C, 25.80; 
H, 2.92; N, 3.01. Found: C, 25.59; H, 2.92; N, 2.82.  

[Nd(18-c-6)(Br4Cat)(NO3)]·MeCN (2-Nd). Crystals were isolated as bright 
yellow needles. Yield: 90-95%. Anal. Calcd for NdC20H27O11N2Br4: C, 
25.68; H, 2.91; N, 3.00. Found: C, 26.20; H, 2.87; N, 2.88.  

[Gd(18-c-6)(Br4Cat)(NO3)]·MeCN (2-Gd). Crystals were isolated as bright 
yellow needles. Yield: ~ 90%. Anal. Calcd for GdC20H27O11N2Br4: C, 25.33; 
H, 2.87; N, 2.95. Found: C, 25.51; H, 2.90; N, 2.91.  

[Tb(18-c-6)(Br4Cat)(NO3)]·MeCN (2-Tb). Crystals were  as 
bright yellow needles. Yield: 85-90%. Anal. Calcd for TbC20H27O11N2Br4: 
C, 25.29; H, 2.86; N, 2.95. Found: C, 25.22; H, 2.87; N, 2.85.  
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[Dy(18-c-6)(Br4Cat)(NO3)]·MeCN (2-Dy). Crystals were isolated as bright 
yellow needles. Yield: 80-85%. Anal. Calcd for DyC20H27O11N2Br4: C, 
25.19; H, 2.85; N, 2.94. Found: C, 25.19; H, 2.88; N, 2.84.  

General Preparation of the dilute 1-Ln@La and 2-Ln@La samples. 
Samples of 2-Tb and 2-Dy diluted into a diamagnetic 2-La host were 
obtained following the general procedure by combining the terbium or 
dysprosium nitrate salt with the lanthanum analogue in different ratios. The 
time of reflux was varied depending on the paramagnetic lanthanoid ion 
included. The conservation of the atom connectivity was verified by single 
crystal X-Ray diffraction and the extent of dilution of the bulk sample 
determined by Inductively Coupled Plasma – Optical Emission 
Spectroscopy (ICP-OES) prior to magnetic measurements.  

[Tb0.07La0.93(18-c-6)(Br4Cat)(NO3)]·MeCN (2-Tb@La). Synthesized 
following the general procedure using [Tb(NO3)3]·xH2O (20.6 mg, 0.05 
mmol) and [La(NO3)3]·xH2O (59.0 mg, 0.18 mmol). ICP-OES Analysis for 
Tb, 7.24 %, La 92.76 % 

[Dy0.1La0.9(18-c-6)(Br4Cat)(NO3)]·MeCN (2-Dy@La). Synthesized 
following the general procedure using [Dy(NO3)3]·xH2O (20.6 mg, 0.05 
mmol) and [La(NO3)3]·xH2O (59 mg, 0.18 mmol). ICP-OES Analysis for Dy, 
10.06 %, La 89.94 % 

X-ray Data Collection and Structure Solution. The crystallographic data 
for compounds 1-Ln (Table S2) and 2-La (Table S3) were collected at 130 
K from single crystals mounted on a cryoloop using an Rigaku Oxford 
Diffraction SuperNova Dual Wavelength single-crystal X-ray diffractometer 
with Cu-Kα radiation (λ = 1.5418 Å). The data were reduced using 
CrysAlisPro software,[46] using numerical absorption correction based on 
Gaussian integration over a multifaceted crystal model. Using Olex2,[47] 
the structures were solved with the ShelXT[48] structure solution program 
using intrinsic phasing and refined with the ShelXL[49] refinement package 
using Least Squares minimization. Crystallographic data for 2-Ce were 
collected at 100 K from a crystal mounted on a cryoloop using the MX1 
beamline at the Australian Synchrotron facility.[50] Initial data were 
collected using an X-ray wavelength of 0.7109 Å, allowing the collection of 
30 frames before radiation damage. Changing the X-ray wavelength to 
0.9393 Å, immediately below the energy of bromine absorption edge, 
allowed the collection of a full set of 360 frames. However, data quality 
was insufficient for structural analysis and crystallographic for 2-Ce are not 
reported further. CCDC1836750-1836756 contain the supplementary 
crystallographic data. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 

 X-Ray powder diffraction. X-ray powder diffraction data were collected 
on the Rigaku Oxford Diffraction SuperNova Dual Wavelength single 
crystal X-ray diffractometer using Cu-Kα radiation at 130 K. Powder 
samples were prepared by gently grinding a few crystals of the bulk 
samples and loading the resulting micro-crystalline powder samples in 
glass capillaries for measurement. Data were collected in the 7 to 50° 2θ 
range with an exposure time of 60 s per frame. 

Magnetic Measurements. Variable temperature magnetic susceptibility, 
magnetization measurements and ac susceptiblity in the range 1-1000 Hz 
were carried out using a Quantum Design MPMS SQUID magnetometer 
equipped with a 5 T magnet. Raw data were corrected for the diamagnetic 
contribution of the sample holder, measured in the same temperature and 
field range, and the intrinsic diamagnetism of the sample, estimated by 
Pascal’s constants.[51] Higher frequency (10-10000 Hz) ac susceptibility 
data were measured using a Quantum Design PPMS (Physical Property 
measurement system), equipped with an ac susceptometer inset.  

Electron Paramagnetic Resonance. X-band (≈ 9.41 GHz) 
spectroscopic studies on microcrystalline powder samples were carried 
out at low temperatures using a Bruker E500 spectrometer equipped with 
an ESR900 (Oxford Instruments) continuous-flow 4He cryostat and a SHQ 
resonator. The crystalline powder of each sample was ground in order to 
avoid preferential orientation and then placed in 4 mm diameter quartz 
tubes. X-band EPR spectrum of Tb@2-La was also acquired in parallel 
polarization (i.e. with microwave field parallel to the static one), using a ER 
4116DM Dual Mode Resonator. 

The W-band ( ≈ 94 GHz) EPR spectrum of 2-Gd was recorded on a 
Bruker E600 continuous-wave spectrometer with cylindrical cavity 
equipped with a split-coil superconducting magnet that generates a 
horizontal magnetic field (Oxford Instruments). Temperature was 
controlled with a continuous-flow cryostat (Oxford CF935), operating from 
room temperature down to 4.2 K. Ground powder was dispersed in wax to 
avoid preferential orientation of the microcrystallites due to magnetic 
torque, and inserted in 0.8 mm diameter quartz tube to perform the 
measurement. 

Spectral simulations were performed using EasySpin[36] 5.2.11 running 
under Matlab R2017b 

Inductively Coupled Plasma – Optical Emission Spectroscopy. ICP-
OES was performed on a 1000 W Varian 720-ES equipped with a baffled 
cyclonic spray chamber. Samples were digested in concentrated nitric acid 
and diluted with water down to ca 5% HNO3 prior to analysis. Auxiliary gas 
(Ar) flow rate, carrier gas (Ar) flow rate and plasma gas (Ar) flow rate were 
set at 1.5, 1.0 and 15 L min-1 respectively, and the wavelengths Dy 267.716 
nm; Tb 324.754 nm and La 220.353 nm were monitored. Solution uptake 
rate was 1.0 mL min-1 and the integration time was 5 s with five replicate 
measurements performed at each wavelength. Polyboost was switched on 
to provide an additional 30% Ar flow rate which increases the sensitivity of 
spectral lines especially of low UV wavelengths.  

Computational details. Wave function based calculations were carried 
out on the X-ray crystal structures of the Ln complexes to analyze their 
magnetic properties (i.e. main magnetic axes, magnetic susceptibility, and 
magnetization) and the g tensors of the spin-orbital multiplets. The State-
Averaged Complete Active Space Self-Consistent Field method (SA-
CASSCF),[52] where the usual notation SA-CAS(n,m)SCF is used to 
indicate that n electrons are distributed in all the possible ways in m active 
orbitals, has been coupled with the Restricted Active Space State 
Interaction with Spin-Orbit (RASSI-SO) method,[53] as implemented in the 
MOLCAS quantum chemistry package (version 8.2).[54] In this approach, 
the relativistic effects are treated in two steps. First, scalar relativistic terms 
are included both via the use of basis sets optimized for relativistic 
calculations (ANO-RCC),[55] and more explicitly in the one-electron part of 
the electrostatic Hamiltonian used to optimize the SA-CASSCF wave 
functions within each relevant spin-manifold, within the second order 
Douglas-Kroll-Hess (DKH2) approximation[56] Next, an effective one-
electron spin-orbit coupling Hamiltonian, where average bielectronic 
contributions are accounted for within the Atomic Mean Field Interaction 
(AMFI) approximation,[57] is diagonalized in the basis of all optimized SA-
CASSCF spin states, which is the essence of the RASSI-SO method. The 
magnetic properties and mj-decomposition of the resulting wave functions 
are then obtained using the SINGLE-ANISO routine.[58] 

Cholesky decomposition of the two-electron integrals was employed to 
speed-up the calculations, with  = 10-8 decomposition threshold.[59] All 
atoms were described by the ANO-RCC basis set,[55] with the contraction 
[8s7p5d3f2g1h] for the Ln atoms, [4s3p2d] for O, [5s4p2d] for Cl, [3s2p] 
for N and C, [2s] for H. 
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Through RASSI-SO, all the spin-adapted configurations were mixed for 1-
Ce (7 doublets from SA-CAS(1,7)SCF), and 1-Nd (35 quartets and 112 
doublets from SA-CAS(3,7)SCF), while the SA-CAS(7,7)SCF octuplet (1) 
and sextets (48) were mixed with the low lying 119 out of 392 quadruplets 
for 1-Gd, all SA-CAS(8,7)SCF septets (7) and quintets (140) with the low 
lying 96 out of 588 triplets and 96 out of 490 singlets for 1-Tb, and all SA-
CAS(9,7)SCF sextets (21) with the low lying 96 out of 224 quadruplets and 
63 out of 490 doublets for 1-Dy, due to computational limitations. 

Other measurements. Attenuated Total Reflectance infrared (ATR-IR) 
spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR 
spectrometer. Band intensity is described as strong (s), medium (m) or 
weak (w). Elemental analyses were performed at Campbell Microanalytical 
Laboratory, University of Otago, Dunedin, New Zealand. 
Thermogravimetric analyses (TGA) were performed on a Mettler Toledo 
thermal analyzer using a ramp rate of 5 °C min−1 up to a maximum 
temperature of 400 °C. 

Acknowledgements  

The authors thank Dr. Augustine Doronila and the TrACEES 
Platform of the University of Melbourne for their help with the ICP-
OES analysis, Dr Nick Chilton for helpful discussions and Mr 
Robin Sanchez Arlt for preliminary synthetic work. Part of this 
research was undertaken on the MX1 beamline at the Australian 
Synchrotron (ANSTO), Victoria, Australia; the authors thank the 
beamline scientists for their valuable support and fruitful 
discussions. C.B. and A.S. acknowledge support from the 
Australian Research Council, Discovery Project Grant ID: 
DP1700034. This research was supported by use of the Nectar 
Research Cloud (https://nectar.org.au), a collaborative Australian 
research platform supported by the National Collaborative 
Research Infrastructure Strategy (NCRIS). L.S. and M.-E. B. 
acknowledge financial support from Italian MIUR through Project 
No. PRIN 2015-HYFSRT. 
 

Keywords: single-molecule magnets • phonon bottleneck • 

Raman relaxation • EPR spectroscopy• ab initio calculations 

[1]  a) R. Sessoli, D. Gatteschi, A. Caneschi and M. A. Novak, Nature 1993, 

365, 141-143;  b) A. Caneschi, D. Gatteschi, R. Sessoli, A. L. Barra, L. 

C. Brunei and M. Guillot, J. Am. Chem. Soc. 1991, 113, 5873-5874;  c) 

R. Sessoli, D. Gatteschi, H. L. Tsai, D. N. Hendrickson, A. R. Schake, S. 

Wang, J. B. Vincent, G. Christou and K. Folting, J. Am. Chem. Soc. 1993, 

115, 1804-1816;  d) N. Ishikawa, M. Sugita, T. Ishikawa, S.-y. Koshihara 

and Y. Kaizu, J. Am. Chem. Soc. 2003, 125, 8694-8695. 

[2]  a) D. Gatteschi, R. Sessoli and J. Villain, Molecular Nanomagnets, 

Oxford University Press, New York, 2006;  b) L. Bogani and W. 

Wernsdorfer, Nat. Mater. 2008, 7, 179-186;  c) M. N. Leuenberger and 

D. Loss, Nature 2001, 410, 789-793;  d) C. Godfrin, A. Ferhat, R. Ballou, 

S. Klyatskaya, M. Ruben, W. Wernsdorfer and F. Balestro, Phys. Rev. 

Lett. 2017, 119, 187702(1-5). 

[3]  a) D. N. Woodruff, R. E. P. Winpenny and R. A. Layfield, Chem. Rev. 

2013, 113, 5110-5148;  b) R. A. Layfield and M. Murugesu, Lanthanides 

and Actinides in Molecular Magnetism, Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim, Germany, 2015;  c) J. Tang and P. Zhang, Lanthanide 

Single Molecule Magnets, Springer Berlin Heidelberg, Berlin, Heidelberg, 

2015. 

[4]  a) S. K. Gupta, T. Rajeshkumar, G. Rajaraman and R. Murugavel, Chem. 

Sci. 2016, 7, 5181-5191;  b) J. Liu, Y.-C. Chen, J.-L. Liu, V. Vieru, L. 

Ungur, J.-H. Jia, L. F. Chibotaru, Y. Lan, W. Wernsdorfer, S. Gao, X.-M. 

Chen and M.-L. Tong, J. Am. Chem. Soc. 2016, 138, 5441-5450;  c) Y.-

S. Ding, N. F. Chilton, R. E. P. Winpenny and Y.-Z. Zheng, Angew. Chem. 

Int. Ed. 2016, 1-5. 

[5] J. Rinehart and J. Long, Chem. Sci. 2011, 2, 2078-2085. 

[6]  a) S. T. Liddle and J. van Slageren, Chem. Soc. Rev. 2015, 44, 6655-

6669;  b) L. Escalera-Moreno, J. J. Baldoví, A. Gaita-Ariño and E. 

Coronado, Chem. Sci. 2018, 9, 3265-3275. 

[7] J.-L. Liu, Y.-C. Chen and M.-L. Tong, Chem. Soc. Rev. 2018, 2431-2453. 

[8]  a) C. A. P. Goodwin, F. Ortu, D. Reta, N. F. Chilton and D. P. Mills, Nature 

2017, 548, 439-442;  b) F.-S. Guo, B. M. Day, Y.-C. Chen, M.-L. Tong, 

A. Mansikkamäki and R. A. Layfield, Angew. Chem. Int. Ed. 2017, 56, 

11445-11449. 

[9]  a) Q.-W. Li, R.-C. Wan, Y.-C. Chen, J.-L. Liu, L.-F. Wang, J.-H. Jia, N. F. 

Chilton and M.-L. Tong, Chem. Commun. 2016, 52, 13365-13368;  b) M. 

Gregson, N. F. Chilton, A.-M. Ariciu, F. Tuna, I. F. Crowe, W. Lewis, A. 

J. Blake, D. Collison, E. J. L. McInnes, R. E. P. Winpenny and S. T. Liddle, 

Chem. Sci. 2016, 7, 155-165;  c) E. Lucaccini, L. Sorace, M. Perfetti, J.-

P. Costes and R. Sessoli, Chem. Commun. 2014, 50, 1648-1648;  d) Y. 

Rechkemmer, J. E. Fischer, R. Marx, M. Dörfel, P. Neugebauer, S. 

Horvath, M. Gysler, T. Brock-Nannestad, W. Frey, M. F. Reid and J. van 

Slageren, J. Am. Chem. Soc. 2015, 137, 13114-13120. 

[10]  a) S. Gómez-Coca, A. Urtizberea, E. Cremades, P. J. Alonso, A. Camón, 

E. Ruiz and F. Luis, Nat. Commun. 2014, 5, 1-8;  b) F. Pointillart, K. 

Bernot, S. Golhen, B. Le Guennic, T. Guizouarn, L. Ouahab and O. 

Cador, Angew. Chem. Int. Ed. 2015, 54, 1504-1507. 

[11]  a) A. Lunghi, F. Totti, R. Sessoli and S. Sanvito, Nat. Commun. 2017, 8, 

14620-14620;  b) K. S. Pedersen, J. Dreiser, H. Weihe, R. Sibille, H. V. 

Johannesen, M. A. Sørensen, B. E. Nielsen, M. Sigrist, H. Mutka, S. Rols, 

J. Bendix and S. Piligkos, Inorg. Chem. 2015, 54, 7600-7606. 

[12] J. H. Van Vleck, Phys. Rev. 1941, 59, 724-729. 

[13]  a) J.-C. G. Bünzli, B. Klein and D. Wessner, Inorg. Chim. Acta 1980, 44, 

L147-L149;  b) J. D. J. Backer-Dirks, J. E. Cooke, A. M. R. Galas, J. S. 

Ghotra, C. J. Gray, F. A. Hart and M. B. Hursthouse, J. Chem. Soc., 

Dalton Trans. 1980, 2191-2198;  c) C.-M. Yin, Z.-R. Liu, Y.-H. Kong, C.-

Y. Wu, D.-H. Ren, Y.-G. Lü and H.-F. Xue, Thermochim. Acta 1992, 204, 

251-260. 

[14]  a) E. Forsellini, F. Benetollo, G. Bombieri, A. Cassol and G. D. Paoli, 

Inorg. Chim. Acta 1985, 109, 167-171;  b) R. D. Rogers, A. N. Rollins, R. 

D. Etzenhouser, E. J. Voss and C. B. Bauer, Inorg. Chem. 1993, 32, 

3451-3462. 

[15]  a) P. Starynowicz, Polyhedron 2003, 22, 337-345;  b) P. Starynowicz, 

Dalton Trans. 2004, 825-832. 

[16]  a) J. C. G. Bunzli and A. Giorgetti, Inorg. Chim. Acta 1985, 110, 225-235;  

b) J. Chen, Y.-F. Zhang, X. Zheng, A. Vij, D. Wingate, D. Meng, K. White, 

R. L. Kirchmeier and J. n. M. Shreeve, Inorg. Chem. 1996, 35, 1590-

1601. 

[17]  a) J. M. Bakker, G. B. Deacon and P. C. Junk, Polyhedron 2013, 52, 560-

564;  b) S. Petrosyants, Z. Dobrokhotova, A. Ilyukhin, N. Efimov, Y. 

Mikhlina and V. Novotortsev, Inorg. Chim. Acta 2015, 434, 41-50;  c) S. 

Petrosyants, Z. Dobrokhotova, A. Ilyukhin and V. Novotortsev, Inorg. 

Chim. Acta 2013, 408, 39-45. 

[18]  a) J.-C. G. Bünzli and D. Wessner, Inorg. Chim. Acta 1980, 44, L55-L58;  

b) J. Massaux and J. F. Desreux, J. Am. Chem. Soc. 1982, 104, 2967-

2972;  c) J. C. G. Bünzli, W. David Harrison, A. Giorgetti, G. O. 

Pradervand and N. W. Alcock, Inorg. Chim. Acta 1985, 109, 59-63. 

[19] D. Wessner, A. Giorgetti and J.-C. G. Bünzli, Inorg. Chim. Acta 1982, 65, 

L25-L28. 

[20]  a) G. A. Catton, M. E. Harman, F. A. Hart, G. E. Hawkes and G. P. Moss, 

J. Chem. Soc., Dalton Trans. 1978, 181-184;  b) M. Ciampolini and N. 

Nardi, Inorg. Chim. Acta 1979, 32, L9-L11. 

[21]  a) M. Al Hareri, E. L. Gavey, J. Regier, Z. Ras Ali, L. D. Carlos, R. A. S. 

Ferreira and M. Pilkington, Chem. Commun. 2016, 52, 11335-11338;  b) 



FULL PAPER    

 
 
 
 
 

M. Al Hareri, Z. Ras Ali, J. Regier, E. L. Gavey, L. D. Carlos, R. A. S. 

Ferreira and M. Pilkington, Inorg. Chem. 2017, 56, 7344-7353;  c) Y.-S. 

Ding, T. Han, Y.-Q. Hu, M. Xu, S. Yang and Y.-Z. Zheng, Inorg. Chem. 

Front. 2016, 3, 798-807. 

[22] H. Wada, S. Ooka, T. Yamamura and T. Kajiwara, Inorg. Chem. 2017, 

56, 147-155. 

[23] S. K. Singh, T. Gupta, L. Ungur and G. Rajaraman, Chem. Eur. J. 2015, 

21, 13812-13819. 

[24]  a) S. Hino, M. Maeda, K. Yamashita, Y. Kataoka, M. Nakano, T. 

Yamamura, H. Nojiri, M. Kofu, O. Yamamuro and T. Kajiwara, Dalton 

Trans. 2013, 42, 2683-2686;  b) S. Hino, M. Maeda, Y. Kataoka, M. 

Nakano, T. Yamamura and T. Kajiwara, Chem. Lett. 2013, 42, 1276-

1278;  c) J. J. Baldoví, J. M. Clemente-Juan, E. Coronado, Y. Duan, A. 

Gaita-Ariño and C. Giménez-Saiz, Inorg. Chem. 2014, 53, 9976-9980;  

d) A. Arauzo, A. Lazarescu, S. Shova, E. Bartolomé, R. Cases, J. Luzón, 

J. Bartolomé and C. Turta, Dalton Trans. 2014, 43, 12342-12356;  e) S. 

K. Gupta, T. Rajeshkumar, G. Rajaraman and R. Murugavel, Chem. 

Commun. 2016, 52, 7168-7171;  f) F. Pointillart, O. Cador, B. Le Guennic 

and L. Ouahab, Coord. Chem. Rev. 2017, 346, 150-175. 

[25]  a) S. R. Sofen, S. R. Cooper and K. N. Raymond, Inorg. Chem. 1979, 18, 

1611-1616;  b) S. F. Haddad and K. N. Raymond, Inorg. Chim. Acta 1986, 

122, 111-118. 

[26] R. D. Rogers and A. N. Rollins, J. Chem. Crystallogr. 1994, 24, 321-329. 

[27] M. Llunell, P. Alemany and S. Alvarez,  Shape, 

http://www.ee.ub.edu/index.php?option=com_jdownloads&view=viewca

tegories&Itemid=529, 2013. 

[28] S. Goswami, S. Biswas, K. Tomar and S. Konar, Eur. J. Inorg. Chem. 

2016, 2016, 2774-2782. 

[29] P. L. Roulhac and G. J. Palenik, Inorg. Chem. 2003, 42, 118-121. 

[30] A. K. Jassal, N. Aliaga-Alcalde, M. Corbella, D. Aravena, E. Ruiz and G. 

Hundal, Dalton Trans. 2015, 44, 15774-15778. 

[31] J. S. Griffith, Phys. Rev. 1963, 132, 316-319. 

[32]  a) P. Zhang, M. Perfetti, M. Kern, P. P. Hallmen, L. Ungur, S. Lenz, M. 

R. Ringenberg, W. Frey, H. Stoll, G. Rauhut and J. van Slageren, Chem. 

Sci. 2018, 9, 1221-1230;  b) E. Lucaccini, J. J. Baldoví, L. Chelazzi, A.-

L. Barra, F. Grepioni, J.-P. Costes and L. Sorace, Inorg. Chem. 2017, 56, 

4728-4738;  c) K. Bader, D. Dengler, S. Lenz, B. Endeward, S.-D. Jiang, 

P. Neugebauer and J. van Slageren, Nat. Commun. 2014, 5, 5304(5301-

5305);  d) L. Sorace, C. Sangregorio, A. Figuerola, C. Benelli and D. 

Gatteschi, Chem. Eur. J. 2009, 15, 1377-1388;  e) M. J. Giansiracusa, E. 

Moreno-Pineda, R. Hussain, R. Marx, M. Martínez Prada, P. Neugebauer, 

S. Al-Badran, D. Collison, F. Tuna, J. van Slageren, S. Carretta, T. Guidi, 

E. J. L. McInnes, R. E. P. Winpenny and N. F. Chilton, J. Am. Chem. Soc. 

2018, 140, 2504-2513;  f) D. Komijani, A. Ghirri, C. Bonizzoni, S. 

Klyatskaya, E. Moreno-Pineda, M. Ruben, A. Soncini, M. Affronte and S. 

Hill, Phys. Rev. Materials 2018, 2, 024405-024405. 

[33] A. L. Barra, L. C. Brunel, D. Gatteschi, L. Pardi and R. Sessoli, Acc. 

Chem. Res. 1998, 31, 460-466. 

[34] A. Abragam and B. Bleaney, Electron Paramagnetic Resonance of 

transition ions, Dover Publications, New-York, 1986. 

[35]  a) E. A. H. Furniss, J. Phys. C: Solid State Phys. 1988, 21, 7-15;  b) B. J. 

M. and B. Bleaney, Proc. Royal Soc. A 1958, 245, 156 LP-174;  c) C. A. 

Hutchison and E. Wong, J. Chem. Phys. 1958, 29, 754-760. 

[36] S. Stoll and A. Schweiger, J. Magn. Reson. 2006, 178, 42-55. 

[37]  a) P.-E. Car, M. Perfetti, M. Mannini, A. Favre, A. Caneschi and R. 

Sessoli, Chem. Commun. 2011, 47, 3751-3753;  b) E. Lucaccini, M. 

Briganti, M. Perfetti, L. Vendier, J.-P. Costes, F. Totti, R. Sessoli and L. 

Sorace, Chem. Eur. J. 2016, 22, 5552-5562. 

[38] L. Tesi, A. Lunghi, M. Atzori, E. Lucaccini, L. Sorace, F. Totti and R. 

Sessoli, Dalton Trans. 2016, 45, 16635-16643. 

[39] A. M. Stoneham, Proc. Phys. Soc 1965, 86, 1163-1177. 

[40]  a) A. Amjad, A. M. Madalan, M. Andruh, A. Caneschi and L. Sorace, 

Chem. Eur. J. 2016, 22, 12849-12858;  b) J. D. Rinehart and J. R. Long, 

Dalton Trans. 2012, 41, 13572-13574. 

[41] R. Orbach, Proc. Phys. Soc 1961, 77, 821-826. 

[42] K. N. Shrivastava, physica status solidi (b) 1983, 117, 437-458. 

[43]  a) K. R. Vignesh, A. Soncini, S. K. Langley, W. Wernsdorfer, K. S. 

Murray and G. Rajaraman, Nat. Commun. 2017, 8, 1023-1023;  b) M. N. 

Leuenberger and D. Loss, Phys. Rev. B 2000, 61, 1286-1302. 

[44] J. H. Van Vleck, Phys. Rev. 1941, 59, 730-736. 

[45] H. T. Balaydin, Y. Akbaba, A. Menzek, E. Sahin and S. Goksu, Arkivoc 

2009, 75-87. 

[46] CrysalisPro, Rigaku Oxford Difraction, 2015. 

[47] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H. 

Puschmann, J. Appl. Cryst. 2009, 42, 339-341. 

[48] G. M. Sheldrick, Acta Cryst. A 2015, 71, 3-8. 

[49] G. M. Sheldrick, Acta Cryst. C 2015, 71, 3-8. 

[50] N. P. Cowieson, D. Aragao, M. Clift, D. J. Ericsson, C. Gee, S. J. Harrop, 

N. Mudie, S. Panjikar, J. R. Price, A. Riboldi-Tunnicliffe, R. Williamson 

and T. Caradoc-Davies, J. Synchrotron Radiat 2015, 22, 187-190. 

[51] G. A. Bain and J. F. Berry, J. Chem. Educ. 2008, 85, 532-536. 

[52] F. Jensen, Introduction to Computational Chemistry, 3rd Edition, Wiley, 

2016. 

[53] P. Å. Malmqvist, B. O. Roos and B. Schimmelpfennig, Chem. Phys. Lett. 

2002, 357, 230-240. 

[54] F. Aquilante, J. Autschbach, R. K. Carlson, L. F. Chibotaru, M. G. Delcey, 

L. De Vico, I. Fdez. Galván, N. Ferré, L. M. Frutos, L. Gagliardi, M. 

Garavelli, A. Giussani, C. E. Hoyer, G. Li Manni, H. Lischka, D. Ma, P. Å. 

Malmqvist, T. Müller, A. Nenov, M. Olivucci, T. B. Pedersen, D. Peng, F. 

Plasser, B. Pritchard, M. Reiher, I. Rivalta, I. Schapiro, J. Segarra-Martí, 

M. Stenrup, D. G. Truhlar, L. Ungur, A. Valentini, S. Vancoillie, V. 

Veryazov, V. P. Vysotskiy, O. Weingart, F. Zapata and R. Lindh, J. 

Comput. Chem. 2016, 37, 506-541. 

[55] B. O. Roos, R. Lindh, P.-A. Malmqvist, V. Veryazov, P.-O. Widmark and 

A. C. Borin, J.  Phys. Chem. A 2008, 112, 11431-11435. 

[56] M. Reiher and A. Wolf, Relativistic Quantum Chemistry: the fundamental 

theory of molecular science, Wiley-VCH Verlag GmbH, D-69451 

Weinheim, Germany, 2015. 

[57] B. A. Heß, C. M. Marian, U. Wahlgren and O. Gropen, Chem. Phys. Lett. 

1996, 251, 365-371. 

[58] L. F. Chibotaru and L. Ungur, J. Chem. Phys. 2012, 137, 64112. 

[59] F. Aquilante, T. B. Pedersen and R. Lindh, J. Chem. Phys. 2007, 126, 

194106(1-11). 

 
 



FULL PAPER    

 
 
 
 
 

 
Entry for the Table of Contents  
 
 
FULL PAPER 

Lanthanoid Crown Ether SMMs:   
Magnetic and EPR measurements, 
coupled with ab initio calculations, 
have revealed magnetization 
relaxation governed by Raman 
processes at higher temperatures, 
transitioning to a dominant phonon 
bottleneck process as the temperature 
decreases 

 

 

 
Elodie Rousset, Matteo Piccardo, Marie-
Emmanuelle Boulon, Robert W. Gable, 
Alessandro Soncini, Lorenzo Sorace, 
and Colette Boskovic* 

Page No. – Page No. 

Slow Magnetic Relaxation in 
Lanthanoid Crown Ether Complexes:  
Interplay of Raman and Anomalous 
Phonon Bottleneck Processes 

 

  

 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


