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The Dy" complex of the nonadentate bispidine L' (bispidine =
3,7-diazabicyclo[3.3.1]Jnonane) has a capped square antipris-
matic structure, known to lead to suppressed quantum
relaxation of magnetization by quantum tunneling. [Dy"L'JOTf
indeed is an SMM with a modest barrier to magnetization

relaxation. The experimentally determined barrier of 46 cm™' is

Introduction

It was in the early 1990ies when the first metal complexes were
described that retain magnetization at low temperature for
some time when the magnetic field is switched off."? This
quantum phenomenon is of fundamental interest and has a
range of possible applications.”™ The key feature of SMMs is a
high blocking temperature Tg (the temperature below which an
SMM retains magnetization for a certain time), and this depends
on quantum tunneling of magnetization in the low temperature
regime and thermal relaxation described by the anisotropy
barrier U, The historic Mn,, SMM has a blocking temper-
ature below 4K (effective barrier of about 42cm™) and
therefore primarily is of academic interest.” Decisive for block-
ing of the magnetization is the splitting of the ground state
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confirmed by ab initio calculations (43.5cm™), and the
quantum-chemical analysis indicates that ligand modifications,
leading to a higher symmetry and a stronger axial ligand field
should significantly increase the effective barrier to magnet-
ization relaxation.

multiplet and this primarily depends on the ligand field and the
spin-orbit coupling, and for a suitable SMM the magnetic
anisotropy should be axial and the ground states should mainly
consist of the m;=S and -S states."""? Due to the large spin-
orbit coupling and a generally large total spin, lanthanide
complexes have been in the focus for some time, and a
dysprosium(lll) sandwich complex (a single ion magnet, SIM)
was the first to show a blocking temperature above the liquid
helium regime (T; of 80 K, effective barrier of 1541 cm™).l'¥

Among the methods to compute the electronic ground
state, magnetic exchange and relaxation pathways and along
these lines to optimize SMMs and predict their performance, a
quantum-chemical protocol has been developed that is based
on an ab initio CASSCF wavefunction and spin-orbit coupling
introduced via restricted active space state interaction. This
allows to derive the multiplet splitting-for exchange-coupled
systems, the Lines model is used to perform a ligand field
analysis involving extended Stevens operators."*'® This proto-
col has been used successfully, in particular also for mono- and
oligonuclear lanthanide complexes, for which it has been
carefully validated by combinations of SQUID magnetometry,
EPR and MCD spectroscopy, analyzed by ligand field theory and
combined with the ab initio protocol.!**”

Here we describe the experimental magnetic data and
computed multiplet splitting of the Dy" complex of the new
nonadentate bispidine ligand L', [Dy"L'JOTf (see Scheme 1 for
the structure of the ligand and the complex). The adamantane-
derived bispidine platform provides a very rigid scaffold for
tetra-, penta- and hexadentate ligands that have been used
extensively for various applications in transition metal
chemistry.?'2¥ The relatively large cavity size®*** and the ease
to increase the denticity beyond six**?” makes these ligands
ideal for lanthanides. Since the complexes with the octadentate
ligand L? were nine-coordinate with a monodentate anion or
OH, in aqueous solution completing the coordination sphere,
we prepared the corresponding nonadentate L', also in view of
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applications as fluorescence sensors with extended excited
state life-times.”®

The structures of [Ln"L'INO; (Lhn=Tb, Gd and Yb) and
[Eu"L'ICF,CO, are all very similar and are best described as
capped square antiprismatic (CSAPR, C,, see Figure 1). We
anticipate that the [Dy"L']OTf complex discussed here, for
which no crystal structural data are available at present, has a
very similar molecular structure, and this is confirmed by the
analysis of the molecular magnetism. For SMM properties, a
square antiprismatic ligand field is of particular interest since
this is believed to suppress quantum tunneling of magnet-
ization (QTM).””

Results and Discussion

The Dy" complex [Dy"L'|OTf was prepared according to
Scheme 1, and the analytically pure compound was isolated as
a white solid by ether diffusion into a methanolic solution of
the complex. Elemental analysis, HR-mass, HR-ICP-MS and TGA
provide information about the purity of the sample and the
stoichiometry with respect to co-crystallized solvent (see
Experimental Section and Supporting Information).

DC magnetic susceptibility and magnetization

The temperature dependence of the direct current (DQ)
magnetic susceptibility % (shown as T vs. T in Figure 2) was
measured on a fixed powder sample of [Dy"L'IOTf in the
temperature range between 1.8 K and 300K in an external
static magnetic field of 0.1 T. Upon further increase of the
temperatures up to 400 K, the susceptibility data show a small
hump around 320 K (see Figure S1). TGA investigations imply,
that this hump is due to the loss of one molecule water per
formula unit (f.u.) so that the further analysis is restricted to T<
300 K.

The room temperature %T value of 13.28 ergK/(molG?) is
close to the theoretically predicted free-ion value for the ®H,s,
configuration, with g,=4/3, i.e., 14.17 ergK/(mol G, and it
agrees well with other results for mononuclear Dy" complexes
reported in the literature."**'*? With lowering the temperature,
¥T smoothly decreases until it drops more significantly below
about 100 K, reaching a value of 9.91 ergK/(molG?) at T=1.8 K.
The decrease in T can be assigned to the depopulation of
energetically higher multiplets with decreasing temperatures as
well as the Zeeman splitting induced by the external magnetic
field. The drop at lower temperatures is likely due to magnetic
anisotropy.

The inset to Figure 2 shows the magnetization measured in
external magnetic fields up to 7T at various isothermal

Dy(OTf)3
oTf
MeOH/H,0
50°C
10 min
CSAPR

Figure 1. a) Overlay plot of the X-ray structures of the [Ln"L'1" complex cations with Ln=Eu, Gd, Tb, Yb, also including the DFT-optimized

structure with Ln=Dy. b) Plot of the coordination polyhedron of the Yb complex and sketch of the CSAPR geometry."
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conditions. With increasing magnetic field, the magnetization
measured at 1.8 K sharply rises to approximately 1T while it
saturates to a linear increase at the highest measured magnetic
fields. Extrapolation of the high-field magnetization to zero field
yields about 4.5 pg/f.u. which is much smaller than the
theoretical predicted saturation value for an m,=15/2 ground
state (10 pg/f.u.). This observation indicates the presence of low-
lying excited states and/or significant influence of magnetic
anisotropy, and this is supported by the quantum-chemical
analysis (see below and Supporting Information, Tables S3, S4).
Both is further witnessed by the linear increase of the M vs. B
curve at higher magnetic field without indication of saturation
in the accessible field range.?**

AC magnetic susceptibility

To investigate the dynamic magnetic response, alternating
current (AC) magnetic susceptibility measurements were per-
formed in a frequency range between 5 Hz-1000 Hz with an AC
magnetic field amplitude of 3 Oe. In the absence of static
magnetic fields, no out-of-phase signal was observed within the
studied temperature range of 1.8 K-20 K (data not shown). We
attribute this to a quantum tunneling mechanism (QTM) due to
the weak axial ligand field and low overall symmetry of the
coordination polyhedron, resulting in transverse anisotropy and
therefore mixing of the m, states."” By applying a small external
magnetic field of 0.1 T, the QTM is suppressed and field-induced
slow relaxation of the magnetization is observed as indicated

by the peak in the logarithmically scaled frequency dependence
of the out-of-phase (x”) signal as shown in Figure 3 (b). For
further analysis, the %" data were fitted using a generalized
Debye model® as described in Egn. S1. The obtained relaxation
times t are shown as an Arrhenius plot in Figure 4 (a).

In the Arrhenius plot of the obtained relaxation times
(Figure 4 (a)), two different linear regimes separated by a kink at
around T=4K are visible, which indicate the presence of two
different effective energy barriers U..>* Fitting the obtained
relaxation times by means of the Arrhenius law:

T= roexp(_ueff/kBT) (1)

where 1, is a constant prefactor and kg the Boltzmann constant,
yields the effective energy barriers Ug,=31.4(5) K (21.8(3)
cm™’; Tg1=2.9e—55) and Uy, =66.2(5) K (46.03) cm™; to,=
2.5e-8s) in the two regimes. Note, that in the literature often a
combination of Orbach, Raman and direct processes is used,"”
which however fails qualitatively and quantitatively to describe
the data at hand.

The presence of two energy barriers is not only signaled by
the different regimes in the temperature dependence of the
relaxation times but also by the temperature dependence of
the eccentricity parameter a (see Sl for further information). The
parameter o is a measure of the distribution of relaxations
times T so that a close to zero implies the presence of only one
dominating relaxation process. While o, shown in Figure 4 (b), is
rather small and constant at higher temperatures, indicating a

xT (erg K/mole G?)

! I
50 100

150
T (K)

I I
200 250 300

Figure 2. Temperature dependence of the DC susceptibility measured in an external magnetic field of 0.1 T. Inset: Magnetic field
dependence of the dc magnetization measured at various constant temperatures. The solid lines are experimental data, the open circles are

simulated data from the quantum chemical calculations, see below.
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Figure 3. In-phase (a) and out-of-phase (b) AC magnetic susceptibility of [Dy"L'JOTf measured in an external static magnetic field of 0.1 T at
several constant temperatures. Dashed lines in (b) correspond to fits using the generalized Debye model (see the main text and the SI).
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Figure 4. (a) Arrhenius plot of the relaxation times obtained from fitting of the AC susceptibilities (see Figure 3 (b)) of [Dy"L']OTf obtained
in an external magnetic field of 0.1 T. (b) Temperature dependence of the fit parameter a (see the SI for more information).

single dominant relaxation process characterized by one energy
barrier or time scale, it strongly increases upon cooling below
4 K (please note the inverse scaling of the x-axis). This increase
of a signifies the evolution of (at least) a second relaxation
process associated with a smaller timescale, i.e, a second
relaxation barrier as also directly visible in the Arrhenius plot of
the relaxation times in Figure 4(a).

Note, that in general also intermolecular interactions can
give rise to magnetic barriers. However, the DC susceptibility
and magnetization measurements exclude the presence of
significant intermolecular interaction on energy scales larger
than 2 K. We hence conclude that the observed relaxation

barriers are of purely molecular origin. The presence of two
unequivalent molecules in the unit cell could also explain the
two different pathways.”

Ab initio quantum chemical analysis

The structure of the molecular cations [Ln"L']" was refined by
DFT from the experimental coordinates of the structurally
analyzed Tb" complex,”® and the ground state wavefunction
and multiplet splitting were analyzed as described in the
Introduction (see Experimental Section and Supporting Informa-
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tion for details). The eight Kramers doublets (KDs) of [Dy"L'l",
corresponding to the °H,s, ground state, span an energy range
of 379 cm™ (Table 1). There is an energy gap of 43.5cm™
between the ground and the first excited state KD. The ground
state (mainly m,= 4+15/2) shows a relatively strong magnetic
anisotropy with a relatively large value for g,, (18.093) and
relatively small non-axial terms (g,,=0.090, g,,=0.240). How-
ever, this is not a real Ising-type ground state (g,,#9,,7# 0). The
higher energy KDs (KD 2 to KD 5) also have a high degree of
axiality but the g,, values are significantly lower than in the
ground state.

The decrease of axial character of the higher energy KDs is
due to a large transverse anisotropy contribution. The g,, values
are reduced to less than 15 with relatively large values for g,

Table 1. CASSCF + RASSI-SO-computed g tensors and relative
energies of the eight lowest energy KDs of [Dy"L']" along with
deviations from the principal magnetization axis of the first KD.
nergy (cm™) g, 9y 9z 0
0 0.0904 0.2396 18.0929
43.502 1.1313 1.4128 14.8731 49.7
92.227 3.9227 5.1306 11.3457 524
145.385 0.3889 2.8836 13.6419 112.8
174.519 1.2441 2.9467 12.6745 76.5
246.762 1.0008 2.5269 13.5452 48.0
307.687 1.6799 3.0838 13.0739 823
378.621 0.2599 0.4014 17.3093 81.1
100 -
-ttt
80
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2N 0
b ~N
E 60
&
N’
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— 40
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and g,,. The matrix elements for the transition magnetic
moments between the two states of one KD (QTM or TA-QTM,
i.e. thermally assisted QTM for the higher KDs, see Figure 5)
indicate that the ground state KD shows significant transverse
anisotropy, and this suggests that significant QTM happens in
the ground state itself. This emerges from significant mixing of
the excited states my=| £13/2>, m;=| £11/2>,and m;=| £
7/2 > with the ground states m,= | +15/2 >. The most efficient
excited state quantum tunneling is predicted for KD 3. It follows
that reduced axial symmetry leads to instability in the SMM due
to TA-QTM. Significant tunneling at the excited KDs suggests
TA-QTM via the first and second excited states at 43.5 cm™' and
922cm™.

Reasons for the decrease in axiality of the higher energy
KDs are a decrease of the ligand field symmetry and a
comparatively small axial ligand field strength, leading to a
deviation of the g tensor axis in the higher energy states. The
direction of g,, is largely determined by the donors with the
highest electron density. For the ground state KD the g,, axis
therefore is oriented towards the two oxygen donors, and this
is approx. the direction of the molecular symmetry axis (see
Figure 6). In the first excited KD the g,, vector is at an angle of
49.7° with the g,, vector of the ground state, and for the second
excited state the deviation from the ground state increases to
52.4°. Therefore, Orbach relaxation (pathway to an opposite m
state of the next higher KD) increases for KD 3 to 4 (1.718) from
KD 2 to 3 (1.008) and KD 1 to 2 (0.175, see Figure5; see

1.836
v
<
’
’
» 0
Qv ¢
N
'\,/

L LI LI ML N NN LN B BTN LN DNL N DL (LA AR MR MR RN NI TR B |

-109-8-7-6-5-4-3-2-1012345¢6 78910

Figure 5. Ab initio calculated relaxation dynamics for the Dy"

M (P-B)

complex. The thick black lines are the Kramers doublets as a function of the

magnetic moment. The dashed black lines show possible Orbach pathways. The blue lines are the most probable relaxation pathways for
magnetization reversal, and the dotted red lines represent the presence of QTM/TA-QTM between the connecting pairs. The numbers at
each arrow are the mean absolute values for the corresponding matrix element of the transition magnetic moment.
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Figure 6. CASSCF computed g,, orientation of the ground state of
[Dy"L']" (H atoms and substitution in the ligands are omitted for
clarity).

Supporting Information for more details and additional relaxa-
tion pathways).

The protocol used to compute the multiplet splitting (see
Introduction) also allows to compute the crystal field Hamil-
tonian. It has been shown that the resulting ligand field
parameters and relative energies of the Kramers doublets,
specifically for this type of mononuclear Dy" complexes, are
very accurate.”” The computed barriers to the two first excited
Kramers doublets (43.5 cm™ and 92.2 cm™') showing up in the
relaxation process is in excellent agreement with the exper-
imental observations. Furthermore, while the calculated magni-
tudes of the energy barriers are slightly larger than the
experimental ones, the ratio between them (U ./Uq,) perfectly
coincides.

Conclusion

Among the few nine-coordinate lanthanide SIMs, [Dy"L']™ has
excellent SMM properties but with respect to other Dy"
compounds these are modest at most. The capped square
antiprismatic structure seems to be ideal.”? However, distor-
tions to relatively low overall symmetry and a too weak axial
ligand field lead to rather efficient quantum tunneling path-
ways. Moderate structural variations of the ligand might lead to
competitive bispidine-Dy" SMMs, and predictions based on
DFT-derived structural modeling, followed by an ab initio
prediction of the magnetic properties as described here are an
interesting possibility to achieve this goal.

Experimental Section

Syntheses. The synthesis of the ligand has been described before,
and the general procedure for the complex syntheses is derived
from published work:?® Dy(OTf); (34.5 umol, 1.0 equiv., 20.9 mg)
was dissolved in 2ml of a 1:1 MeOH/H,0 mixture and was
combined with a solution of the bispidine L' (30.0 mg, 34.5 umol,
1.0 equiv., in 2 ml MeOH). The mixture was stirred for 10 min at
50°C, then cooled to ambient temperature, before removing the
solvent in vacuo. The solid was recrystallized from an EtOH solution,
layered with Et,0, producing [DyL'10Tf-1.5H,0-MeOH as colorless
solid in 23% yield (9.00 mg, 8.03 umol). HRMS (ESI), calcd for
C,4oH3sDYN,0,*: 921.1788 [M]™; found: 921.1800; elemental analysis
caled (%) for C,,H,,DyF3N;0,,5S: C 45.07, H 3.69, N 8.76; found: C
45.13, H 3.91, N 8.98; HR-ICP-MS: calcd (%) for C,,H,,DyF;N,0,,5S:
Dy 15.20, found: Dy 14.28.

Magnetism. DC and AC magnetic data were measured using a
MPMS3 SQUID magnetometer from Quantum Design equipped
with a 7 T magnet. The powder samples were fixed with eicosane in
order to avoid orientation or motion of the crystallites in the
external magnetic field. The data were corrected by the back-
ground of the used sample holder and the diamagnetic contribu-
tion of the sample using Pascal’s constants.®

Computational Details. The density functional theory (DFT) calcu-
lations were performed using the ORCA software.*” The BP86
functional was used in conjunction with the SARC—ZORA-TZVP
basis set for Ln, ZORA-def2-TZVP(-f) for the coordinating atoms (O
and N) and ZORA-def2-SVP for the rest of the elements. All ab initio
calculations were implemented by using OpenMOLCAS 19.11.#Y
MOLCAS is a quantum chemistry package based on a multi-
configurational approach. Relativistic aspects were included in
MOLCAS by the Douglas-Kroll Hamiltonian. Basis sets for all atoms
were taken from the ANO-RCC*? library, specifically: for Dy ANO-
RCC 8s7p5d3f2g1h, for atoms close to the lanthanide the VTZ-basis,
which means N: ANO-RCC 4s3p2d1f; O: ANO-RCC 4s3p2d1f; for the
more distant atoms the very small VDZ-basis, i.e., for C: ANO-RCC
3s2p, for H ANO-RCC 2s. For Dy complete active space self-
consistent field (CASSCF) calculations were performed (ground-
state atomic multiplicity is °H,s,, which results in eight low-lying
Kramers doublets). The CASSCF calculation comprises an active
space of nine active electrons in the seven active orbitals, CAS (9,7),
hence 21 sextets were considered. The RASSI-SO (restricted active
space state interaction - spin orbit)"® module was used to mix the
spin-free states and to consider the spin-orbit effects. In the last
step the SINGLE_ANISO code!**" implemented in the MOLCAS was

used to compute the g-tensors of Dy".
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