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ABSTRACT: We report the synthesis, crystal structure, and
magnetic properties of the muffin-shaped complex [Er-
(PPTMP),(H,0)][OTf]; (PPTMP = (4-(6-(1,10-phenanthrolin-
2-yl)pyridin-2-yl)-1H-1,2,3-triazol-1-yl)methyl pivalate) (1). Com-
plex 1 is shown to exhibit field-induced slow relaxation of the
magnetization at B = 0.1 T via two distinct relaxation paths. Using
tunable high-frequency/high-field electron paramagnetic resonance
spectroscopy, we experimentally determine the effective g-factors
and zero field splittings (ZFS) of the two energetically lowest %
Kramers doublets (KD). Our data reveal that the distorted muffin- e
shaped ligand field favors an m ~ +9/2 magnetic ground state,

while the main contribution to the first excited KD at A,_, =

780(S) GHz is suggested to be m ~ +5/2. The ground state g-

tensor has generally an axial form but hosts significant transversal components, which we conclude to be the source of single
molecule magnet (SMM)-silent behavior in zero field. Our findings are backed up by ab initio spin—orbit configuration interaction
calculations showing excellent agreement with the experimental data and, in particular, highlight that the counterions should be
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included in the numerical modeling of the crystalline structure.

1. INTRODUCTION

The seminal paper by Sessoli et al. on the magnetic bistability
in the famous dodecanuclear Mn,,ac-molecule’ marked the
birth of the ever-increasing research field centered around so-
called single molecule magnets (SMM).””* In SMM, the
combination of large spins and strong magnetic anisotropy
leads to high effective energy barriers (U,) due to which the
magnetic moment relaxes only slowly and a remanent
magnetization can be retained over long time scales below
the blocking temperature Ty.” Therefore, such complexes have
potential applications in quantum computing,’ high-density
information storage,” and novel molecular spintronic devi-
ces.”

On the route to high-performance SMM, 3d transition metal
and 4f lanthanide ions have established themselves as the most
promising building-blocks to realize high U, and Ty "'® While
the large spin and magnetic anisotropy of polynuclear 3d
coordination clusters typically arise from strong ferromagnetic
interactions between the distinct magnetic centers, 4f moments
exhibit good magnetic relaxation properties due to intrinsically
strong spin—orbit coupling and large unquenched orbital
momentum.”' "> Hence, almost 10 years after the discovery of
Mn,,ac, Ishikawa et al. reported the first single-ion magnet
(SIM) [TbPc,], in which slow magnetic relaxation occurs for
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a single terbium(III) in a double-decker coordination."* From
there on, a vast amount of studies have been performed on 4f-
based SIM and record barriers of U, > 1800 K'* and magnetic
hysteresis above liquid nitrogen temperatures Ty = 100 K'°
were achieved in this class of materials. However, despite huge
zero field energy splittings, magnetic relaxation in SIM is often
limited by under-barrier processes due to deviations from a
perfectly axial crystal field. The resulting transversal magnetic
anisotropy leads to a mixing of the mj-levels which enables
quantum tunneling of the magnetization (QTM) between
energetically degenerate states.'” Therefore, the choice of a
suitable coordination environment for the central 4f ion is a
key step in the effective design of a SIM.

In the literature, most of the reported SIM are based on the
oblate 4f ions (Tb™, Dy™, Ho'™), while those with
predominantly prolate electron distribution (Er™, Tm™,
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Scheme 1. Synthesis Scheme of Complex 1
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Figure 1. Molecular structure of the [Er(PPTMP),(H,0)]-cation in the solid state. C—H-bound hydrogen atoms, solvent molecules, and

uncoordinated triflate ions have been omitted for the sake of clarity.

Yb™) rather scarcely exhibit slow relaxation of the magnet-
ization."”~** This mainly results from the need for equatorial
ligand fields to minimize the Coulomb interaction with the
paramagnetic ion and, hence, to enhance the single-ion
anisotropy, while still retaining a sufficient axiality.”> However,
this oblate versus prolate ion theory was demonstrated to be
too simplified for the complex electronic structure of Er'™
which renders trivalent erbium-based molecular complexes as
interesting systems to investigate magnetic anisotropy in more
detail.'”*® Nonetheless, although a wide variety of Er'™
complexes with different relaxation properties, ie., SMM,
field-induced SMM and completely SMM-silent, are known,
quantitative analysis of the single-ion anisotropy is only rarely
performed.

Here, we report the synthesis and magnetic characterization
of the distorted muffin-shaped complex [Er(PPTMP),(H,0)]-
[OTf]; (PPTMP = (4-(6-(1,10-phenanthrolin-2-yl)pyridin-2-
yl)-1H-1,2,3-triazol-1-yl)methyl pivalate) (1). Our ac suscept-
ibility data show that 1 exhibits field-induced slow relaxation of
the magnetization via two distinct relaxation pathways. We
employ tunable high-frequency and high-field electron para-
magnetic resonance (HF-EPR) spectroscopy which has been
proven as a valuable method to study the magnetic anisotropy
in Er'-based molecular complexes by direct experimental
determination of the effective g-factors and zero field splittings
of the low-energy Kramers doublets (KD).*”*® The spectro-
scopic data indicate that SMM-silent behavior in zero field
arises from pronounced transverse components of the effective
ground state g-tensor, while slow relaxation at finite fields
occurs via an excited Kramers doublet at A;_,, = 780 GHz. A
direct comparison of our experimental findings with the
numerical results of spin—orbit configuration interaction

calculations using the CASOCI program™” allows us to validate
and assess ab initio predictions as recently done by us for
various other mononuclear lanthanide complexes.27’28’30’3’1

2. RESULTS AND DISCUSSION

2.1. Structural Analysis

Reaction of PPTMP with erbium(III)-trifluoromethanesulfo-
nate in THF led after workup to 1. Single crystals suitable for
X-ray diffraction were grown from hot methanol (Scheme 1).
Compound 1 crystallizes in triclinic space group P1 and
contains two PPTMP-ligands coordinating the Er'' metal
center. Figure 1 shows the molecular structure of the erbium
complex in the solid state. The lanthanoid atom has a
coordination number of nine, resulting from the coordination
of eight nitrogen atoms from the two PPTMP ligands and one
oxygen atom from a coordinated water molecule. This leads to
a coordination geometry resembling a distorted muffin-shaped
coordination polyhedron. In contrast, the three remaining
triflate anions in the unit cell are not coordinating with the
lanthanide ion.

In addition, the unit cell contains one noncoordinating
methanol molecule which interacts with the Er-coordinated
water molecule via a hydrogen bond. Furthermore, two of the
three triflate anions also exhibit hydrogen bonds: one
hydrogen bond toward the coordinated water molecule and
the other toward the methanol molecule. The water molecule
originates from the nondry solvents and the crystallization was
not carried out in the absence of moisture and oxygen. The
bond distances between the erbium atom and the coordinating
nitrogen atoms are in the range of 2.473(2) to 2.510(2) A. As
already observed in similar and phenanthroline-pyridine ligand
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systems,”” > the nitrogen atoms N2 and N8 of the

phenanthroline unit exhibit the shortest bond distances to
the metal center with 2.473(2) A each. The N—C bond lengths
within the coordinated ligands also range from 1.327(3) to
1.373(3) A, which is comparable with similar systems.”*~**

2.2. Magnetometry

The static magnetic susceptibility y = M/B of 1 in an external
magnetic field of B = 0.1 T shown in Figure 2 by its yT(T)
-profile is typical of mononuclear Er'" complexes.'”***° At 300
K, the measured value of yT = 10.71 ergK/G” mol is close to
the value of ¥ T}, = 11.48 ergK/G” mol expected for a free Er'™!
ion. Since a sizable depletion due to crystal field effects is ruled
out by the numerical calculations, as described later, the
remaining discrepancy likely arises from solvent molecules
cocrystallizing in the packing structure. Upon cooling, yT
gradually decreases and then rapidly drops below 30 K which is
attributed to the depopulation of the Stark levels. The
isothermal magnetization at T = 1.8 K (inset of Figure 2) is
characterized by a steep increase at low fields followed by a
plateau-like behavior above 1 T. Up to the highest accessible
field of 14 T, the magnetization gradually increases to M(14 T,
1.8 K) = 5.5 pp/fu. (formula unit), i.e., does not reach the full
saturation value (Mg, = 9 pp/fu.), thereby confirming the
presence of considerable magnetic anisotropy.

While complex 1 does not exhibit slow magnetic relaxation
(up to 1 kHz) at B =0 T, a clear out-of-phase ac susceptibility
signal is found at low temperatures when a small static external
field of By, = 0.1 T is applied (Figure S10a). From the
frequency dependence of y” shown in Figure 3a, two maxima
can be clearly discerned as confirmed by the appearance of two
distinct lobes in the Cole—Cole plot (Figure 3b) and two step-
like features in the y'(f)-profile (Figure S10b). Hence, the
magnetization in 1 relaxes via two separate pathways with
differing relaxation rates.>”*® To corroborate our assignment,
the ac susceptibility data were fitted by the sum of two
generalized Debye-functions

2
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Ao~ Ko
L+ (f )™ (1)
where y; and y; denote the adiabatic and isothermal

susceptibilities, 7 is the relaxation time, and 0 < a < 1
qualitatively represents the distribution of relaxation times
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Figure 2. Temperature dependence of the yT-product at B = 0.1 T
and isothermal magnetization at T = 1.8 K (inset) of 1. Red lines
depict the numerical results of ab initio CASOCI calculations for the
full model (otf3) as described in Section 2.4.
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Figure 3. Out-of-phase ac susceptibility (a) and Cole—Cole plot (b)
of 1 at selected temperatures and external static magnetic field By, =
0.1 T. Solid lines depict fits to the data using eq 1 as described in the
text. Black arrows mark the two different relaxation times, 7, and 7,.
The inset in (a) shows the Arrhenius plot for 7, with a fit to the data,
as described in the text.

within the powder sample. As visible in Figure 3, the
experimental data are well described by the model used. At
1.8 K, the shorter relaxation time 7, ~ 3 ms of the dominant
relaxation pathway is comparable to findings in reported Er'''-
based complexes exhibiting field-induced slow relaxation of the
magnetization.'*****~*" With increasing temperature, the
features in y,. become less pronounced, and both relaxation
processes occur at higher relaxation rates. This shift leads to
significant uncertainties in the fit parameters for T > 2.1 K| i.e,,
when 75! exceeds the available frequency range, which limits a
quantitative discussion of the relaxation times to low
temperatures. The Arrhenius plot for 7, (inset of Figure 3a)
can be described by an exponential behavior of the form 7 = 7,
exp(U.g/ksT) with 7, = 7.5 X 107 s and U = 192 K. It
should be noted here that these parameters do not necessarily
imply magnetic relaxation via an Orbach process, but they
could also reflect alternative temperature-activated relaxation
mechanisms, such as direct or Raman processes. The absence
of SMM behavior in zero field straightforwardly implies a
considerable transversal magnetic anisotropy acting on the Er'™
moment. Such off-diagonal elements in the single-ion
anisotropy tensor lead to a mixing of the my-states and, thus,
give rise to fast QTM which can be effectively quenched by an
external magnetic field.'®

2.3. High-Field EPR Studies
To experimentally probe the low-energy magnetic excitations

in 1 and, in particular, to quantitatively determine the magnetic
anisotropy, we performed multifrequency HF-EPR studies
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both on loose and fixed powders of freshly ground samples.
The oriented loose powder HF-EPR spectra obtained at T = 2
K (Figure 4) display a pronounced Lorentzian-shaped
absorption feature in the entire accessible frequency range
up to 900 GHz. For frequencies higher than ca. 800 GHz, an
additional weak broad resonance feature appears at smaller
magnetic fields. The extracted resonance field positions at
different frequencies are shown in Figure 4, too. As visualized
by the solid black lines, the pronounced main feature forms a
gapless resonance branch, here labeled as @, which exhibits
linear field dependence at small magnetic fields but begins to
deviate from its initial linear behavior for B > 4 T. In
agreement with the findings of the ac susceptibility studies and
as further discussed below, the high-field bending of resonance
branch «a is associated with an avoided level crossing and,
hence, indicates the mixing of different myj-levels. Linear
extrapolation of the two data points marking the weak low-field
feature yields a tentative resonance branch f with a zero field
splitting (ZFS) of A ~ 780 GHz. From the slopes of the
observed resonance branches, we read oft the effective g-factors
Zer = 11.8 and 3.2 for a and f, respectively.

The effect of temperature on the HF-EPR spectra is shown
in Figure Sa at an exemplary frequency of f = 593.9 GHz. Upon
heating, the spectral weight of the pronounced main feature
corresponding to the resonance branch a gradually decreases
until it becomes almost indiscernible around 50 K. Further,
starting from T =~ 8 K, an additional absorption peak (y)
appears in the spectra which first increases in intensity with
rising temperature and then vanishes again for T > 50 K. To
investigate the field dependence of y, HF-EPR spectra at
different frequencies were acquired at T = 18 K, i.e., where the
resonance feature is most pronounced. As visible in the spectra
and in the corresponding frequency-field diagram in Figure Sb,
two additional resonance branches (y and &) are observed at
elevated temperatures (for the full spectra up to 16 T see the
SI). Similar to the behavior of @, y follows a linear field
dependence at small fields and exhibits significant bending at B
2> 4 T. As will be discussed in detail below, this nonlinear field
dependence further confirms the occurrence of state mixing in
1. The zero field gaps of y and 9, obtained by extrapolating the
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Figure 4. Resonance frequency versus magnetic field diagram for a
loose powder sample of 1 obtained at T = 2 K. Blue squares mark the
resonance positions as read off the measured HF-EPR spectra
displayed in the background. Solid black lines depict simulations of
the ground state resonance branches using a S = 1/2 pseudospin
model for each KD as described in the text.
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Figure S. Loose powder HF-EPR spectra (shifted along the ordinate)
of 1 at selected temperatures and at fixed frequency f = 593.9 GHz
(a), the corresponding frequency-field diagram (b), and simulated
energy levels of the two energetically lowest KDs (c). Solid black/red
lines in panel (b) depict simulated ground/excited state transitions
corresponding to the arrows in panel (c) which follow the same color
scheme. Gray lines in the background of panel (b) display HF-EPR
spectra measured at T = 18 K.

branches to B = 0 T, coincide with that of # within the error
bars of our experiment.

Due to the absence of a zero field excitation gap and its
Curie-like temperature dependence, it is straightforward to
attribute @ to a transition within the energetically lowest
Kramers doublet (KD1). In contrast, the observed finite ZFS
of branches -6 renders them likely to be associated with
transitions between two distinct KDs. While the occurrence of
fat T = 2 K implies the magnetic ground state (GS) to be its
initial state, the temperature dependencies of y and 6 show that
the corresponding transitions arise from thermally excited
states (ES) a few K above the GS.

The observed resonance branches can be rationalized by
assuming a S = 1/2 pseudospin model for the two energetically
lowest KDs. The best simulations (solid lines in Figure Sb) are
obtained using a zero field splitting of A,_,, = 780(5) GHz and
effective g-factors of g.¢, = 11.8(1) and g.g, = 5.4(3) for KD1
and KD2, respectively. As can be seen from the corresponding
simulated Zeeman diagram in Figure Sc, the upward branch of
KD1 and the downward branch of KD2 cross at B ~ 6 T.
While transverse components of the magnetic anisotropy
tensor are effectively neglected in the S = 1/2 pseudospin
model, their presence in the actual complex is clearly suggested
by an avoided-level-crossing behavior which qualitatively
explains the observed bending of branches o and y.

Due to the alignment of the sample with the external
magnetic field, the loose powder studies provide quantitative
information only on the easy anisotropy direction of the
studied complex. To determine also the transverse components
of the effective g-tensor, we performed HF-EPR measurements
on a fixed powder of 1. Figure 6 displays the corresponding
spectra obtained at T = 2 K for two exemplary frequencies in
the V-band range (for a full spectrum up to 16 T see the SI).
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Figure 6. Measured (black) and simulated (red) fixed powder HF-
EPR spectra of 1 at T = 2 K for f = 46.1 GHz (a) and f = 60.1 GHz
(b).

The general shape of the low-temperature fixed powder HF-
EPR spectra is given by a broad absorption minimum
superimposed by several sharper (but in comparison to the
resonances observed in the loose powder spectra very weak)
resonance features. While the former is a typical characteristic
of the measured powder average, the latter likely arises from
clusters of crystallites that remained partially ordered after the
loose powder measurements. The wide distribution of spectral
weight straightforwardly indicates considerable transversal
components of g.s for KD1, ie.,, a mixing of states due to
off-diagonal crystal field parameters, which elucidates the
absence of SMM behavior in 1 at B = 0 T. The components of
Zegr can be quantified by fitting the overall shape of the spectra
using a S = 1/2 pseudospin model with a strongly anisotropic
g-tensor.””***" The best agreement with the experimental data
is achieved by g.g, = 1.4(2), gy = 2.2(4), and g.g, = 11.7(3)
with anisotropic line broadening expressed in the g-strain
parameters Ag.g, = 0.1, Agg, = 0.4, and Ag, = 0.1. The
simulated spectra are shown as red lines in Figure 6.

2.4. Quantum Chemical Calculations

Using the workflow described in the experimental section, the
electronic structure of 1 is solved by ab initio methods. In
particular, we systematically investigated the influence of the
counterions on the numerical results. The relevance of second-
sphere effects in Er(Il)-based compounds has been subject to
recent discussion.”>** Considering the topological similarity of
1 to the well studied DOTA-compounds,44 the influence of
hydrogen-bridges and counterions is assumed to be important.
Therefore, five model clusters are simulated: The first is the
bare molecule, i.e., the cation, with a charge of +3 (named
“bare” in Figure 7). Second, the MeOH hydrogen bound to the
coordinating water is included, which remains in the charge
state +3. Next, the three counterions are added sequentially
yielding models “otfl” to “otf3” which, therefore, exhibit a
charge of +2, +1, and 0, respectively. Pictures of the different
model complexes can be found in the SI (Figure S12).
Furthermore, calculations are carried out with and without a
preliminary optimization of hydrogen positions. Lastly, an
intermediate CASSCF step is tested for H-optimized models.

T T
bare MeOH otf1 otf2 otf3

Figure 7. Calculated energies of the 8 lowest Kramers doublets of the
*I,5/2-ground state of complex 1 using various models from the bare
cation molecule to the full asymmetric unit with three anions as
described in the main text. Black: Energies with H-optimization and
without an intermediate CASSCF step. Blue: Energies without H-
optimization and without intermediate CASSCF step. Red: Energies
with H-optimization and intermediate CASSCF step.

This calculation has not been performed for the largest model
due to an internal basis set limit. The resulting splitting of the
*I,5/2-ground state is visualized in Figure 7. The exact zero field
splittings, diagonal elements of the g-tensors for each KD,
extended Stevens operator equivalents, and m-compositions
for all calculations are summarized in the Supporting
Information.

Our results show that neither the optimization of the
hydrogen positions nor the inclusion of an intermediate
CASSCEF step significantly influences the calculated energy
splittings. The observed differences between the respective
models are smaller than 120 GHz for the zero field splitting of
the first excited KD. The influence of including more
counterions in the different model clusters is only marginally
larger, as the lowest value of A,_,, ~ 650 GHz is calculated for
the model that includes MeOH and 790 GHz is found for the
full model (otf3). The small differences in energy translate to
weak discrepancies in the calculated g.-values of the ground
state KD, which are between 11.8 and 12.8 for all calculated
models. A similar difference in absolute values can be reported
for the transversal components of the g-tensor, with values
ranging from 0.10 to 1.63 for g, and from 0.89 to 2.71 for g,.
Thus, the inclusion of counterions is shown to notably
influence the transversal components of the g-tensor and to
significantly overestimate the anisotropy in some cases. The
calculation considering the optimized H-positions, no
intermediate CASSCF step and including all counterions,
yields transversal g-tensor components of g, = 1.10 and g, =
1.95, which is in very good agreement with the experimental
results.

The molecular magnetic easy axes, i.e., the g -direction of the
ground state KD, calculated for all investigated models are
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shown in Figure 8. Independent of the used model, the
magnetic easy axis lies orthogonal to the Er—O bond and is
oriented through the two PPTMP ligands. In numbers, the
angle between the Er—O bond and the ground state KD easy
axis attains values between 86° and 90° for all models. A full
list can be found in SI (Table S33). The maximum angle
between the easy anisotropy axes of two different models is
around 35°. Considering the prolate 4f electron distribution of
Er'"l, the magnetic easy anisotropy axis points in the direction
of the minimal electrostatic field.** In 1, the water molecule
exerts the largest electrostatic field. Therefore, the magnetic
easy axis lies orthogonal to the Er—O bond. Its orientation
within the corresponding plane strongly depends on the model
used. The analysis is corroborated by the molecular symmetry
being close to C, which allows only for anisotropy axes parallel
and perpendicular to the Er—O bond, which acts as the
rotational axis. The yT-product and isothermal magnetization
resulting from the numerical studies are exemplary, depicted in
Figure 2, for the model including all counterions, optimized
hydrogen positions, and no intermediate CASSCF calculation.
The qualitatively same curve is obtained for all other models
and is shown in the SL

The comparison of the different computational models to
the EPR spectra calls for a more detailed analysis of the
obtained g-tensors. For example, for the first excited KD of the
full optimized model without CASSCF, a g.-value of 9.2 is
calculated. This value is not directly comparable to the g.g,
obtained from the loose powder HF-EPR data since in the
experiment, the crystallites are oriented along the main
magnetic anisotropy axis of the ground state. The calculated
effective g.¢, therefore, is given by the projection of the real g,-
value onto the magnetic field direction. This leads to g.¢, = 7.0
for KD2. In comparison, the calculated and projected g.-values
for the bare molecules with and without optimizing the
hydrogen positions are 1.8 and 2.7, respectively, which are far
off the experimentally determined values. However, the
calculated and projected g.-value for the full model, without
optimizing hydrogen positions, is 5.8 which is very close to the
experimental value.

By applying a magnetic field in the direction of the ground
state anisotropy axis, we are able to simulate the underlying
Zeeman-diagrams for the loose powder EPR experiment, as
shown exemplarily in Figure 9. The transition energies
between the four lowest states can be directly compared with
the experimental data in Figure 5. Figure 9 shows such a

Figure 8. Orientation of the magnetic easy axes, for all investigated
models, as indicated by the light blue lines. The underlying crystal
field parameters are summarized in SI.
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Figure 9. Measured (points) and calculated (lines) transition energies
of a loose powder sample of 1 within the lowest two Kramers doublets
for the model including all counterions and optimized hydrogen
positions (otf3).

simulation for the full optimized model without an
intermediate CASSCF step. The same analysis is done for all
other models and depicted in SI. The accuracy of all models is
reasonable and evaluated in terms of their R*-value, Root Mean
Square Deviation (RMSD), and Mean Absolute Errors (MAE).
The best agreement with the loose powder HF-EPR data is
found for the bare model without H-optimization. However, it
fails to reproduce the observed avoided level crossing. In
general, the agreement with the experiment becomes worse
upon inclusion of the methanol solvent and improves again
with the inclusion of counterions. In the following, we will
hence discuss the model with optimized H-position, no
CASSCF calculation, and all counterions. This model was
chosen since, in agreement with the experiment, an avoided
level crossing close to a field of 6 T with first deviations of the
linear behavior starting at around 4 T is predicted. It also
includes the largest amount of crystal space tested here and
exhibits realistic hydrogen bond lengths.

The mixing of mj-states is calculated for the eight Kramers
Doublets. The ground state is mainly a mixture of the m; =
+15/2(~31%) and m; = +9/2(~51%) states. In contrast, the
first excited state dominantly consists of the m; = £7/ 2(~56%)
and my = +5/2(~22%) states. These values are in good
agreement with the experiment but depend on the model used
to a certain extend. For example, using the bare molecule and
no optimization of H-positions will lead to a ground state that
is a mixture of m; = £15/2, 9/2 and 5/2 with 26, 33, and 20%,
respectively, while the first excited state is an equal mixture of
the m; = +7/2,3/2, and 1/2 states with contributions between
24 and 28%. In summary, the comparison of the different
models shows that the methanol as well as the three
counterions should be considered to obtain the correct
magnetic axes and g-values, while the energy differences are
already well described by modeling only the bare molecule.

2.5. Discussion

A summary of the effective g-tensors and crystal field splittings
as obtained by the HF-EPR measurements and the ab initio
calculations is given in Table 1. Our experimental and
theoretical results clearly evidence a pronounced uniaxial
behavior, ie., g, > gefrw eiiy Of the energetically lowest
Kramers doublet in 1 and, hence, imply an Ising-like character
of the Er'! moment in the magnetic ground state. According to
the calculations, the water ligand is responsible for the largest
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Table 1. Experimentally and Theoretically Obtained
Effective g-Tensors and Zero Field Splittings of the Two
Lowest KDs in 17

HF-EPR CASOCI
Getix 1.4(2) 11
KD1 ety 2.2(4) 2.0
Gt 11.8(1) 12.6
A, (GHz) 780(5) 788
KD2 St 5.4(3) 7.0
A,_; (GHz) 1000 2495

“The theoretical model including all counterions, optimized H-
positions, and using ROHF to obtain the starting orbitals for
CASOCIL

contribution to the ligand field, therefore the direction of the
Ising-axis is perpendicular to it. However, the observation of
sizable g, components in the effective g-tensor directly
reveals a significant deviation from a perfect Ising scenario due
to the presence of a considerable transversal crystal field.

The large off-diagonal elements of the ground state g-tensor
are responsible for the observed fast QTM. This can be shown
for example with the model of Yin et al. based on time-
dependent perturbation theory**® or by the model of
Prokofev and Stamp rooted in instanton theory.*’~*
Employing these models predicts tunneling times (without
an external applied field) well below experimental resolution in
the order of 107® s. This is corroborated by large magnetic
transition moments calculated for the ground state KD. The
obtained numbers are comparable for all models and can be
found in SL

The presence of sizable off-diagonal elements in the single-
ion anisotropy tensor and the associated mixing of the m; states
straightforwardly explains the observed avoided level crossings
and fast magnetic relaxation via QTM in zero field. As
demonstrated by the ac susceptibility data, the QTM in 1 can
be effectively quenched by shifting the energy levels of the
initial and final states using a small magnetic field. In this in-
field configuration, magnetic relaxation is dominated by
temperature-activated processes, such as Orbach, Raman, or
thermally assisted QTM. While KD3 is strongly gapped A, 3
> 1 THz, the first excited Kramers doublet KD2 lies
approximately 37 K (780 GHz) above the ground state and
can easily contribute to the observed slow magnetic relaxation.

The effective g-factors obtained from the pseudosingle-
crystal loose powder spectra can be used to determine the
effective magnetic quantum numbers my; = g.¢,/2g for the
experimentally accessible Kramers doublets.””*" Assuming that
the free ion Landé factor g; = 1.2 is still a good approximation
for Er™ moments in the present coordination geometry, our
analysis yields m., = 4.9(1) and mg, = 2.3(1) for KD1 and
KD2, respectively. The almost integer value of mq, for KD1
confirms the occurrence of pronounced state mixing, as also
evidenced by the observation of avoided level crossing in the
frequency-field diagram. Furthermore, m; is close to 4.5,
which indicates that the low-symmetry crystal field in 1
stabilizes the m; = £9/2 state as the magnetic ground state. As
for KD2, the main contribution to the spin wave function is
suggested to be m; = £5/2.

As already evident from the good agreement of the
measured and calculated dc magnetization, the experimentally
determined g-tensor for KD1 is well reproduced by CASOCI.
While CASOCI also gives an accurate prediction of the zero

field gap to the first excited Kramers doublet, the effective g-
value for KD2 is slightly overestimated by this approach. In
agreement with the absence of corresponding transitions in the
HEF-EPR experiments, the calculation finds KD3 to be strongly
gapped with A, ; =~ 2.5 THz, ie, well beyond the
experimentally accessible range.

To obtain this good agreement with the experimental data,
more counterions were progressively included in our
calculations. While all tested models give reasonable results,
a balanced extension of the chemical model into the crystal
space is needed to obtain the best agreement with HF-EPR.
The model using correct bond distances for H and including
the largest crystal space yields the best agreement with
experiment by reproducing the avoided level crossing at
around 6 T. It is suggested that a study of the chemical model
may be advantageous for future calculations on low-symmetry
Er-SMMs to disentangle second-sphere effects. In this case,
HF-EPR and ab initio calculations prove to be a powerful
combination to investigate the electronic structure of
compound 1.

3. CONCLUSIONS

To sum up, we successfully synthesized and magnetically
characterized a distorted muffin-shaped Er'" complex 1 using
combined dc and ac magnetic, HF-EPR, and numerical studies.
Complex 1 is SMM-silent due to QTM in zero field, but
exhibits field-induced slow relaxation of the magnetization at B
= 0.1 T. The dominance of under-barrier relaxation is
rationalized by the presence of sizable transversal components
in the overall uniaxial effective g-tensor of the ground state
KD1. When the QTM is quenched, slow magnetic relaxation
happens via thermally activated processes involving the first
excited KD2 at 780 GHz above the ground state. KD3 is
shown to be strongly gapped and thus does not contribute to
the relaxation dynamics at low temperatures. In particular, our
detailed spectroscopic investigations allow for a direct
experimental determination of the effective g-tensors and
zero field splittings of the two energetically lowest Kramers
doublets. While the excellent agreement between the measured
data and the results of the CASOCI calculations for g-tensors
and zero field splitting support the reliability of both
approaches, our systematic numerical analysis of different
models also implies that the inclusion of the counterions by
means of a balanced extension of the chemical model is needed
for optimal computational results.

4. EXPERIMENTAL SECTION

Polycrystalline powder samples of 1 have been synthesized as
described in the Supporting Information.

For crystal structure determination, a suitable crystal of 1 was
covered in mineral oil (Aldrich) and mounted on a glass fiber. The
crystal was transferred directly to the cold stream of a STOE StadiVari
(100 K) diffractometer. All structures were solved by using the
program SHELXS/T***' and Olex.”> The remaining non-hydrogen
atoms were located from successive difference Fourier map
calculations. The refinements were carried out by using full-matrix
least-squares techniques on F* by using the program SHELXL.>**!
The H atoms were introduced into the geometrically calculated
positions (SHELXL procedures) unless otherwise stated and refined
by riding on the corresponding parent atoms. In each case, the
locations of the largest peaks in the final difference Fourier map
calculations as well as the magnitude of the residual electron densities
were of no chemical significance. Summary of the crystal data, data
collection, and refinement for compounds are given in the
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supplement. Crystallographic data for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as a supplementary publication no. CCDC 2472872. Copies of
the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB21EZ, U.K. (fax: (+(44)1223-336-033);
email: deposit@ccdc.cam.ac.uk). The coordination §eometry of Er™
ions was calculated using the SHAPE 2.1 software.’

The direct current (dc) and alternating current (ac) magnetization
was studied in the temperature range T = 1.8—300 K by means of a
Magnetic Properties Measurement System (MPMS3, Quantum
Design) and a Physical Properties Measurement System (PPMS,
Quantum Design) in magnetic fields up to 7 and 14 T, respectively.
For all measurements, powder samples were pelletized in polycar-
bonate capsules to avoid reorientation in external magnetic fields. The
experimental data were corrected for the contribution of the sample
holder and of the diamagnetic ligand field calculated by means of
Pascal’s constants.>* Simulations of the magnetic data were performed
using the PHI software package.”

Tunable continuous wave high-frequency/high-field electron para-
magnetic resonance studies were performed using a phase-sensitive
millimeter vector network analyzer (MVNA) by ABmm as a
simultaneous microwave source and detector.® The spectra were
obtained by simultaneously measuring the transmitted microwave
amplitude and phase at frequencies ranging from 40 to 850 GHz. All
spectra were corrected for phase mixing and background effects, such
as temg)'erature drifts and contributions from the experimental
setup.”””” Temperature control from 2 to 300 K in magnetic fields
up to 16 T was ensured by placing the sample space in the Variable
Temperature Insert (VTI) of an Oxford magnet system equipped with
a Nb;,Sn superconducting coil.*® Polycrystalline powder samples were
prepared in a brass ring sealed with kapton tape either as loose
powder or fixed by mixing with n-eicosane (C,,H,,, CAS Nr. 112-95-
8). The former setup allows alignment of the crystallites with the
external magnetic field, hence providing simplified pseudosingle-
crystal spectra (see refs 27,28,59—62). Alignment is ensured by
sweeping up the magnetic field to 16 T prior to each measurement
and confirmed by observation of corresponding orientation effects in
the transmitted microwave intensity signal. Spectral simulations of the
HE-EPR data were performed using the EasySpin software package.®®

Ab-initio Complete Active Space Spin—orbit Configuration
Interaction (CASOCI) calculations are carried out in the following
steps: First, the hydrogen positions of the experimentally determined
structure are optimized on a B3-LYP-d4/def2-TZVP®*~% level of
theory in TURBOMOLE,”**® by replacing Er to Y. For each model
complex investigated, Y is replaced back to Er equipped with a x2c-
TZVPall basis and the orbitals optimized with Restricted Open-Shell
Hartree—Fock (ROHF). Scalar relativistic effects are accounted for at
the DKH4 level of theory.”’° More details on this multistep-
procedure can be found in SI. We have tested the influence of a
subsequent state averaged CASSCF calculation for optimizing the
orbitals explicitly for the *I-ground term using the wavels package.”"
Afterward, the CASOCI calculations were carried out explicitly
introducing spin—orbit coupling. This is done by diagonalizing the
spin—orbit coupled Full CI matrix in an active space of 11 electrons in
the seven 4f orbitals (11,7) active space using a Davidson algorithm to
extract the lowest 100 eigenstates.”
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The Supplemental Information contains further details
about the synthesis; structure figures and X-ray
crystallographic data; NMR, IR, mass spectroscopy
data; full HF-EPR spectra; and more information on
numerical results. It also includes ref 72 and 73. Further
information about the numerical results (PDF)

In addition, it includes xyz-files on all model structures
used in this manuscript. The difference between
optimized and unoptimized is that in optimized
structures, hydrogen positions were optimized on a
DFT level as described in the text. This was done
considering all counterions and lattice solvent, so on the
“full” structure. Afterward, the model was truncated to
generate the other structures (ZIP)
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