Intuitive Control of Low-Energy Magnetic Excitations via Directed
Dipolar Interactions in a Series of Er(lll)-Based Complexes

Angelica P. Orlova, Jeremy D. Hilgar, Maximilian G. Bernbeck, Milan Gembicky, Jeffrey D. Rinehart*

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, California 92093, United
States.

ABSTRACT: Dipolar coupling is rarely invoked as a driving force for slow relaxation dynamics in lanthanide-based single-
molecule magnets, though it is often the strongest mechanism available for mediating inter-ion magnetic interactions in such
species. Indeed, for multinuclear lanthanide complexes, the magnitude and anisotropy of the dipolar interaction can be
considerable given their ability to form highly directional, high-moment ground states. Herein we present a mono-, di-, and
tri-nuclear erbium-based single-molecule magnet sequence, ([Er — TiPS,COT]*),, (n = 1 — 3), wherein a drastic reduction
in the allowedness of magnetic relaxation pathways is rationalized within the framework of the dipole-dipole interactions
between angular momentum quanta. The resulting design principles for multinuclear molecular magnetism arising from
intramolecular dipolar coupling interactions between highly anisotropic magnetic states present a nuanced justification of
the relaxation dynamics in complex manifolds of individual quantized transitions. Experimental evidence for the validity of
this model is provided by coupling the relaxation dynamics to an AC magnetic field across an unprecedented frequency range
for molecular magnetism (103 — 1075 Hz). The combination of slow dynamics and multiple, low-energy transitions leads to a
number of noteworthy phenomena, including a lanthanide single-molecule magnet with three well-defined relaxation
processes observable at a single temperature.
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control over the temporal and spatial flow of 1, I+15/2,-15/2) 1y

magnetic information at the molecular level. One — == —

aspect of this control has been the manipulation of i1 FR(2A S ‘1

the characteristic magnetic relaxation timescale
away from that of isotropic paramagnetism.! In this
research field, known as Single-Molecule
Magnetism (SMM), perturbations to a bistable spin
ground state are used to generate an energy barrier
which prevents direct relaxation between opposite
orientations of the magnetic moment.24 Advances
in  synthetic technique and theoretical
understanding in this field have led to slowing of
paramagnetic relaxation by a factor of 109 or more
at liquid nitrogen temperatures.> In recent years,
the challenge of manipulating the relaxation time
has grown more nuanced as the many underlying
factors controlling magnetic relaxation have
become better understood.610 Molecular-level
magnetic design has many interesting prospects,
especially if the design principles form the basis of
a building-block approach to more complex or
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Figure 1. Idealized perturbative scheme for a dinuclear
interaction between two magnetic centers, each with the
general electronic structure of the [ErCOT]* unit. The
center energy splitting represents a pure magnetic dipolar
interaction between pseudo-spin § = % Kramers doublets
with g, = g, = 0. Green and blue arrows represent single-
ion anisotropy axes with the arrow direction representing
the composition of magnetic ground state orientations for
individual eigenstates.

which can function as a reliable source of axial

hierarchical magnetic structures.

Two of the major challenges in rational assembly of
magnetic building units are (1) maintenance of the
desired magnetic properties under the mutable
electronic structure conditions of assembly and (2)
predicting the net interaction caused by a manifold
of magnetic interaction pathways. To overcome the
first challenge, we have used the erbium(III)
cyclooctatetraenide-based building unit ([ErCOT]*)

anisotropy in the presence of a wide range of
ligands. Fundamentally, [ErCOT]* directs single-ion
anisotropy by a combination of favorable crystal
field interactions between Er3+ and COTZ" and
minimal energy-level restructuring from the
preferred tripodal arrangement of the remaining
coordination sites.11-16¢ The [ErCOT]* building unit
offers a tangible, versatile, synthetic connection
between real-space and spin-space for the design of



magnetic structures that largely conserve single-ion
anisotropy oriented along the Er-COT vector (7).

In this work, we extend our approach to
demonstrate how control over the single-ion
anisotropy axis can be leveraged for chemical
intuition over more complex interactions in
molecular clusters. For this study, the solubility and
steric bulk of the 1,4-
bis(triisopropylsilyl)cyclooctatetraenide
(TiPS2COT27) anion are utilized to direct the single-
ion anisotropy of Er3+ in mono-, di-, and trinuclear
complexes. These three molecules, with
progressively more complex intramolecular
interactions, are used to demonstrate how a simple
heuristic (Figure 1) yields a structurally intuitive
model that is surprisingly consistent with both
magnetic and computational data. These results
highlight that while the dipole-dipole magnetic
interaction is often considered inconsequential or
detrimental to control of magnetic relaxation, in
properly controlled cases,!” it can drastically and
reliably alter the allowedness of transitions,
presenting a reliable means of control over complex
low-energy state manifolds.

synthesized mononuclear (n8-1,4-
bis(triisopropylsilyl)cyclooctatetraenyl)-iodo-
bis(tetrahydrofuran)-erbium (1), dinuclear bis(n?2-
iodo)-bis((n8-1,4-
bis(triisopropylsilyl)cyclooctatetraenyl)-
tetrahydrofuran-erbium) (2), and trinuclear (u-
iodo)-bis(uz-iodo)-tris(ns-1,4-
bis(triisopropylsilyl)cyclooctatetraenyl-erbium)
(3). Briefly, synthesis of 1 is achieved by addition of
dipotassium 1,4-bis(triisopropylsilyl)-
cyclooctatetraenide (K;TiPS;COT) to an erbium
triiodide suspension (-30 °C, THF). After
extraction into THF and filtration, a vapor diffusion
with pentane yields pink needles of 1. Dissolution
of 1 into benzene, and crystallization from a
benzene/pentane layering yields the dinuclear
complex 2, as red-orange plates. The trinuclear
form, 3, is synthesized via slow addition of
trimethylaluminum (TMA, -30 - C, toluene) to 1 or
2. Pentane trituration of the resulting oil, followed
by crystallization out of a concentrated hexane
solution (=30 - C), leads to orange crystals of 3
(Figure 2). Quantitative solid-state structural
information was obtained from single-crystal X-ray
diffraction data collected with a Mo anode source
(Figure 2, S1-S3). Similar to analogous complexes

EXPERIMENTAL synthesized with the unsubstituted
cyclooctatetraenide anion (COTz7)13.18-29,
As a basis for our analysis of molecular magnetic
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Figure 2. Synthetic scheme of 1, 2, and 3 (top). Solid states structures of 1, 2, and 3 with spheres representing erbium (light
pink), iodine (purple), silicon (light yellow), oxygen (red), and carbon (gray). Hydrogen atoms have been omitted and
triisopropylsilyl groups have been lightened for clarity (bottom).



mononuclear 1 and dinuclear 2 adopt piano-stool
and inversion-symmetric [u»-1]. geometries,
respectively. Compound 3 adopts a low symmetry
trinuclear structure with three crystallographically
unique Er3+ centers. Two Er3+ centers are nearly
collinear, bridged by three iodide ligands. The third
erbium center is bridged by two iodide ligands and
participates in a nearly orthogonal configuration in
relation to the former two metal centers. Devoid of
coordinating solvent, TIPS,COT2™ completes the
coordination sphere for each metal center. Erbium
centers within 2 are separated by 4.8 A, whereas the
distances between erbium centers in 3 vary between
3.9 — 4.6 A (Tables S1-S2). The nearest intramolecular
Er-Er distances are approximately double those seen
intermolecularly for both compounds.

As discussed previously,11113 the Er-COT vector
(1) can be used as a fully structural, real-space
proxy for the single-ion anisotropy axis in these
compounds. As such, their magnetic behavior is
befitting discussion under the lens of dipolar
coupling. The magnetic dipole-dipole equation (Eq.
1) depends on magnetic moments (i) and the
internuclear unit vector (A2 = 7/r), where r is the
magnitude of .

2
E. = HBonr
dip = 7.3

[3(ﬁ1 'ﬁ12)(ﬁ2 'ﬁ12) - ﬁ1 ﬁz]
(Eq.1)

In our analysis, two structural parameters are
chosen due to their connection to the dipolar term
in magnetic interactions (vide infra): the
internuclear erbium distance (7) and the angle from
the projection of 7, onto 7 (6; see Figures S4-S5,
Tables S1-S4). These purely structural parameters
provide an intuitive and simple approximation of
the type of coupling expected to be present in the
ground and excited dipolar states. In the discussion,
these structural, real-space parameters will be used
to predict and rationalize the computationally
predicted (spin-space) splitting of the single-ion
states by the dipole-dipole interaction and justify
the nature and magnitude of the time-dependence
in the magnetic results. Importantly, the success of
this model demonstrates how the full versatility of
synthetic design can be brought to bear on quantum
challenges currently lacking a diversity of candidate
materials.

RESULTS
Static Magnetic Properties. Temperature-
dependent magnetic susceptibility data were

35

30 3-
25
<
520 21
£
£
51
[
>

10

5

o , : . , ,

0 50 100 150 200 250 300

Temperature (K)

Figure 3. Zero-field cooled magnetic susceptibility data
plotted as T vs. T for 1-3 collected between T = 2-300 K
under an applied field of H = 100 Oe.

collected on crushed microcrystalline samples
between T = 2-300 K at an applied field of H, =
100 Oe. Field-cooled susceptibility data (FC, yT)
were collected by subjecting samples to an external
field of H = H, as the temperature was lowered to
T = 2 K with subsequent data collection occurring
as the temperature was incremented back up to
T = 300 K. Zero-Field Cooled susceptibility data
(ZFC, yyu T) were collected in a similar fashion, but
without the biasing field during the initial cooling.
As an added precaution, active removal of remnant
magnetic fields was effected prior to measurement
by linearly ramping the field to H = 1 T with
subsequent oscillations about H =0 T of
diminishing magnitude. Behavior of yyT for 1- 3 is
represented as a susceptibility-temperature
product (xT) to highlight deviations from Curie
paramagnetism (Figure 3). Analysis of the yyT
product for 1-3 at T =300K shows near-
quantitative agreement with a Landé g-factor
description3? of an isotropic J =15/2 state
(100.0,97.0,and 96.0 % of the full value for 1 — 3,
respectively). As T is lowered, each data set shows a
monotonic decrease in yyuT corresponding to
thermal depopulation of higher-energy Kramers
doublets of the ] = 15/2 spin-orbit manifold. At
low temperatures, multinuclear complexes 2 — 3
display markedly different behavior compared to
mononuclear 1. The multinuclear complexes
display a sharp upturn in y,T as internuclear
coupling begins to dominate changes to the
Boltzmann distribution. With continued lowering of
temperature, the ZFC data of 2 — 3 reach maxima
(2, xuT = 21.6 emuKmol,T = 54K;3,xyT =
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Figure 4. Isothermal magnetization of 1 (green), 2 (blue),
and 3 (purple) at 2 K with H, = 0,0.45,and 0.32 T,
respectively. Data were collected at a 50 Oe s-1 magnetic
field sweep rate.

33.5emu K mol™, T = 3.9K). A divergence in
FC/ZFC behavior is observed near the maxima, with
both 2 and 3 displaying abrupt drops in ZFC
magnetization (Figures S10, S15, S20). This
behavior is indicative of magnetic blocking on the
measurement timescale. The low temperature
magnetism of 2 — 3 contrasts with observations for
mononuclear 1, where yyT simply declines
monotonically with T over the entire measurement
range.

To further probe the magnetic blocking behavior,
isothermal magnetization measurements were
collected with a scan rate of dH/dt = 50 Oe/s. At
T = 2K, each compound reaches magnetic
saturation (Mg, = 5.0,10.5,and 14.7 Nyug for
1- 3, respectively) with applied fields above H =
4 T. Consistent with the absence of evidence for
magnetic blocking in its FC/ZFC susceptibility
curves, 1 displays butterfly-shaped hysteresis with
negligible remanent magnetization (M,, = My_o =
0) at our scan rate. Also consistent with divergences
observed in ZFC/FC y,T data, 2 and 3 display open
hysteresis with coercive fields of H,=
0.45 and 0.32 T, respectively (Figure 4, S11, S16,
S21).

Dynamic Magnetic Properties. Magnetic
relaxation dynamics in the v, = 1071 — 103 Hz

regime were probed wusing standard AC
magnetometry techniques. Additional longer-
timescale relaxation dynamics (v4c = 1071 —

10~>Hz) were probed via a previously described
method of coupling the magnetic relaxation
response to low-frequency square-wave drive fields
(Figure 5).1% Temperature and frequency-
dependence of the AC susceptibility response of 1-
3 is decomposed into in-phase (x;,) and out-of-
phase (xy) components of the molar magnetic
susceptibility and fit to an extended Debye model
(Equation S1), which sums up one, two, or three
modified Debye functions for 1-3, respectively.31-34
This model captures inhomogeneous broadening of
the relaxation distribution («), as well as the
presence of one or more characteristic relaxation
times for the magnetization (7). Compound 1
displays highly homogeneous relaxation, with the a
parameter very close to zero over a broad
temperature range and a single, well-defined
relaxation process (Figure S12-S14, Table S5). In
contrast, multiple relaxation processes are present
for 2 —3 (Figure 5, AC Susceptibility; Figure 6;
Arrhenius plots). Two relaxation processes were
resolved within the measured range of T =
9 - 14 K for 2, with subsequent merging to a single
resolvable process at lower temperatures. Three
distinct relaxation processes were observed for 3
fromT = 14 -17 K with the faster two merging at
lower temperatures and the slowest remaining
distinct down to T = 2 K (Figure 5, S17-S24, Tables
S6-S7). These data are consistent with a model for
multiple relaxation times of intramolecular origin
proposed by Ho and Chibotaru.3* Importantly, the
model predicts that when multiple relaxation
processes contribute significantly within the
measured frequency range, one can be
parameterized as the sum of rates of individual
processes (Orbach, Raman, etc.), whereas the
second process will solely depend on another
Orbach relaxation rate. We see this to be consistent
with our experimental findings, such that the
relaxation processes I'; 4 and I'; g (and I'34, I3p, I3¢)
differ in their respective Orbach regimes.

Computational Findings. Further understanding
of the connection between the spatial arrangement
of magnetic centers within each molecule and the
resulting magnetic properties was garnered
through computational modeling. The basic
approach was to use the OpenMolcas
computational package for ab initio calculation of
the electronic structure of 1 —3 including the
crucial effects of spin-orbit coupling.3536
Subsequently, the SINGLE_ANISO module within
OpenMolcas was employed to formulate
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Figure 5. Plots of AC out-of-phase susceptibility (x'") for 2
(top) and 3 (bottom). Data points are susceptibilities
measured via standard AC measurements (circles) and
extracted from Fourier analysis of VSM data (squares).
Lines represent fits to an extended Debye model. For
clarity, odd-temperature data are grayed out.

pseudospin Hamiltonians describing the low-lying
state manifold at single spin centers. For 1, this
represents a model for the magnetic behavior of the
molecule, while for 2 —3, it represents the
electronic structure of each spin center of the
cluster in the absence of any coupling perturbation
from other spin centers. In 2 — 3, the POLY_ANISO
module of OpenMolcas was used to model the
nature and strength of interactions between single-
ion magnetic centers.3” Roughly, these steps can be
considered a computational realization of the
heuristic perturbations introduced in Figure 1.
Input structural geometries for these calculations
were taken from atom position refinements against

crystallographic data and were not optimized
further. As expected for a mononuclear structure
based on the [ErCOT]* building unit121315 1
possesses a strongly axial ground state
(KDo; ¢j|+M;) = 098] £ =) where ¢; is the
coefficient of the largest contributor from the M,
basis to the ground state Kramers doublet, KD,,. It
should be noted that the axial ground state
projection into real-space is anticipated by the
structural parameter, 6, discussed above, with only
a minor deviation represented by the cant angle
(Bcanm = 1.6°; Table S9). The bistable ground
Kramers doublet, KD,, is separated from the first

excited doublet, KD; (0.93| + = , by a crystal field
2

energy of 85cm™!; the second excited Kramers

doublet is found at 118 cm™* (KD,: 0.97| + %)); and

the third at 163 cm™ (KDj: 0.86] +3)); (Figure

S25, Tables S8-S10). As proof-of-concept, and to
simplify further computational load, we completed
identical calculations on a truncated version of 1,
replacing the triisopropylsilyl groups with
hydrogen atoms placed according to a standard
riding model3839 (referred to as [1]). Aligning with
previous findings, 144041 symmetry-lowering
substitutions on COT?~ appear to play a negligible
role in modulating the cylindrical p-electron
density needed to stabilize prolate M; = + 175 states
on the Er3 ion (Ocane1) = 1.1% Ocants = 1.65
Table S9). With this in mind, triisopropylsilyl
groups were substituted with hydrogen atoms in
the ab initio calculations for 2 and 3 placed
according to a standard riding model, (hereafter
referred to as [2] and [3]).

Averages of the moduli of the transition matrix
elements connecting eigenstates through a Zeeman
perturbation (||Tl- ] ||) are tabulated for states within

the J == manifold for [1]-[3] (Tables $10, S13,

S18). As discussed in prior work,*2 the magnitude of
the magnetic moment matrix terms correlates to
the probabilities of those transitions. In this work,
we will utilize the following notation in our
discussion of transitions between states:

73]
(—

KDpo — KDpg (Eq.2)

where n is the KD state, @ and § are Kramers
doublet components related by time-reversal, and
|T:;|| is the average magnetic moment matrix
element for that transition. As seen in [1], there is a



relatively low intrinsic probability for QTM
transitions within the ground state,

1073
(—
KDyo — KDgp (Eq.3),
and first excited state,
1072

(—
KDy, — KDy p (Eq.4).

In the absence of internuclear interactions, the
inversion symmetric erbium centers in [2] display
low-energy Kramers landscapes roughly equivalent
to the mononuclear compound

(KDo: 0.99 |i 12—5> : KDy, 96 cm~1: 0.98 |i 12—3> . KD,,

194 cm™':0.98 |J_r§>; KD3,240 cm™1: 0.86| + %)).

A similar correlation between the electronic and
physical structure is seen as well (Gcant'[z] =

1.4°; Figure S26, Tables S11 — S13):

1075
b
KDyo — KDop (Eq.5)
and
1074

(—
KD;, — KDy (Eq.6).

It's important to note that the [ErCOT]*based
anisotropy is not wholly inert to crystal field
perturbations. The single iodine and two THF
ligands of [1] can be expected to lead to differences
in mixing terms when compared to the two iodine
and one THF ligand present in [2]. Although they
can be significant in excited states, these differences
are minimized in dipolar coupling between KD,
states where our analysis focuses.

Several computational models of trinuclear 3 were
generated utilizing complex [3] due to its low
symmetry and three crystallographically distinct
Er3+ centers. For each Er3+ center, a separate single-
ion calculation was completed, the results of which
yielded three distinct energy manifolds (Figure
S$28-S30, Tables S16-518). All three centers exhibit
nearly pure ground and first excited Kramers
doublets with state mixing in further excited states
as expected for [ErCOT]*-based subunits. The
robust nature of the [ErCOT]* anisotropy building
unit to crystal field perturbation is evident in the
small range of KD; energy predictions (Exp, =

99(1),81(0),95(2) cm™* for [3]gry, [3lery, [Blers
respectively), when averaged between both
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Figure 6. Arrhenius plots of relaxation times versus
temperature for 2 (a, top) and 3 (b, bottom). Gray lines are
fits to a multi-term relaxation model, Equation 7. For
reference, in the text, each process (T') is subscripted with
the associated molecule (2-3) and indexed alphabetically
from shortest to longest timescale. Error bars demonstrate
upper and lower error limits of t values. Individual
contributions from different processes are shown in
Figures S35-S36 in the ESI.

fragments in the unit cell. In each case 8 remains
predictive of the local axiality with minor cant
angles predicted in spin-space (Ocqne[3],_, =
3.4°,6.5°,2.7°). Note that while the single ion
ground states (KD,) of 1 —3 are of nearly pure
M; = £15/2 composition, it is still preferrable to
use the @ and S notation to avoid confusion
between local and global spin orientations, and we
will continue to utilize this notation in our
discussion of the dipole doublets (DD,,) generated
by POLY_ANISO and introduced in the following
section. This will become especially important in



the discussion of 3, where three non-collinear spins
must be tracked.

DISCUSSION

Relaxation dynamics in multinuclear lanthanide
complexes has been a topic of interest since the first
multi-nuclear Dy-based clusters were shown to
display slow relaxation.*3 Unless coupling pathways
are carefully engineered,*+47 single-ion effects
remain dominant, due to the localized nature of the
4f orbitals. Although minor in terms of the overall
energetics, the intramolecular magnetic coupling
can induce a quantized molecular form of exchange
biasing4® wherein the local magnetocrystalline
anisotropy barrier is kept largely static, yet QTM
pathways are drastically restructured.4%-5! Within
this context, we will discuss the merits of describing
1—3 through the progressive perturbative
approach summarized in Figure 1. This model
allows for rationalization of exchange-biasing
behavior as well as a surprisingly intuitive
understanding of the low-energy magnetic
manifolds of highly anisotropic, dipolar-coupled
systems.

Critically, the behavior of 1 provides a magnetic
building unit for descriptions of the more complex
clusters, 2 — 3. In 1, the observation of a single-
relaxation process with a transition from over-
barrier (Ugsr = 82(2) cm™1) to through barrier
relaxation at relatively fast timescales is consistent

with single-ion anisotropy of Er3+ with COT?~
ligation (Figure S32, Table S21). Interestingly, the
relaxation dynamics of 1 closely mimic those of
Er(COT)I(THF)2, (Uerr = 95 cm™1),12  indicating
that any TiPS-induced perturbation of the ring
electronic structure have negligible effect on the
SMM properties. Within the context of our
perturbative model, the ground Kramers doublet of
2, KD, can be considered as the interaction of two
high-purity M; = £15/2 doublets via the magnetic
dipole interaction. As observed via AC magnetic
relaxation measurements, two temperature-
dependent Orbach processes are present (T > 9 K;
I',4 and I, Figure 6). Below T =9 K, the timescale
of the AC resonance merges into a single process
with sublinear Arrhenius temperature dependence
indicative of Raman-type relaxation. Below T = 3 K,
a region of linear temperature dependence is once
again observed, with a large increase in the
characteristic attempt time. To describe the low
temperature relaxation barrier and to properly fit
the dynamic magnetic data, we've implemented a
second Arrhenius-type relaxation term in the multi-
term relaxation equation typically used to fit
magnetic data (Equation 7). Herein, D.sf, describes
the dipolar barrier and zp, the dipolar attempt time
(analogous to U,sf and 7, at higher temperatures):

-U, -D
- - ff — i
1= Tolexp< kBe )+CZ"+TDlexp <—k; )

(Eq.7)

Table 1. Best-fit, calculated, and predicted relaxation parameters of 1-3. Fit parameters for 1 are extracted from a multi-term relaxation mechanism
equation (Eq. S2), where T is the fitted relaxation time, Tois the attempt time, Ueris the effective barrier, C is the effective Raman relaxation coefficient,
n is the Raman exponent, and QTM is the quantum tunneling relaxation term. Fit parameters for 2 and 3 follows Eq. 7, where the QTM term has been
replaced with a dipolar term where tpis the dipole attempt time, and Desris the dipolar effective barrier. Calculated values show the dipole doublet
energy splittings computed from ab initio electronic structure data of [2] and [3]. Predicted energy splittings use crystallographic parameters of 2 and
3 (see Discussion).

Fit
(experimental)
Uess To Calculated Predicted
Compound | Process (em™) (s) c n QT™ (ab initio) (empirical)
1 L, | 82(2) | 46(7) x 10™° | 2.5(8) x 1075 |7.5(3)|  9.9(1) x 1073
Uess To D.ss ™ Dipole | AE g AEpreq
Compound | Process (em-1) (s) c n (em™1) (s) Doublet | (cm~1) (em-1)
L 138(2) | 2.6(6) x 10710 | 1.5(4) x 1077 |6.7(2)
2 2 ®) 0.63(4) | 9.2(4)x 103 | DD, | 0.65 0.62
T | 152(1) | 2.5(3)x 10™° | 8.7(6) x 10~ |6.8(0)
Gia | 139(1) | 1.3(1) x 107° DD, | 022 0.41
4.0(0) x 1075 [5.0(0)| 0.26(5) | 1.5(5) x 102
3 Tip | 169(1) | 2.0(2) x 10~° pp, | 111 1.27
Tae | 196(0) | 4.0(7) x 10=° | 6.9(0) x 106 |4.5(0)| 2.90(1) | 1.5(0) x 102 | DD; | 2.83 2.79




Extraction of these parameters from the fitting of
experimental relaxation data for 2 begins to shed
light on the nature of the dipolar interaction, which
brings about a small, low temperature dipolar
relaxation barrier (Desr = 0.63(4) cm™ 1) and a
lengthy dipolar attempt time (tp, = 9.2(4) X 103 s;
Table 1; ESI Section 3.4).

To further probe the viability of the dipole
interaction as the defining perturbation controlling
long-timescale magnetic dynamics, the splitting of
the KD, manifold by internuclear dipolar coupling
was treated using the POLY_ANISO module of
OpenMolcas. The emergence of a weakly-
temperature dependent linear region at low
temperatures is consistent with the interpretation
of a dipolar splitting to give new eigenstates
(referred to here as dipole doublets, DD,, to
differentiate them from the rigorously degenerate
single-ion  Kramers doublets, KD,). The
overwhelmingly axial nature of the single-ion states
(gx = 0.0002; g, = 0.0002; g, = 17.9130) results

in minimal mixing which is responsible for the
doublet interpretation instead of the singlet-triplet
formalism appropriate for interaction of isotropic
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spin states. The nature and magnitude of the
splitting of these states induced by the dipolar
interaction is determined by the anisotropy of the
single-ion moments and their collective projection
onto the internuclear axis (Eq. 1) to yield a ferro- or
antiferromagnetic coupling interaction. With a
significant projection of the anisotropy axes in [2]
onto the internuclear axis, the ground state is
expected to correspond to the ferromagnetic
orientation. We see this to be corroborated by the
calculational output of POLY_ANISO and the upturn
in xT vs. T'in the static magnetic data (Figure 3): the
ground state of [2] is associated with a largely
ferromagnetic composition (DDy; M, = +18), and
the excited dipole state (DD;;M; = 0) with an
antiferromagnetic composition (Figure 7a).
Furthermore, the dipole splitting for a transition
between the ground dipole doublet (DD,) and the
excited dipole doublet (DD,) of [2] estimated from
fitting the relaxation data (D.r; = 0.63(4) cm™?)
and that computed ab initio (AE,4 = 0.65 cm™1)
are in excellent agreement (Figure 7, Table 1, Tables
S14-15, S22-24). Excitingly, these data can also be
interpreted via the real-space orientation of single-
ion anisotropy centers through a dipolar coupling
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Figure 7. Calculated energy states of the magnetic dipole interaction Hamiltonian and representative Ising configurations for [2]
and [3]. The Hamiltonian bases correspond to the four and eight pseudospin % single-ion states for [2] (a) and [3] (b),
respectively. The g-factors were calculated at the CASSCF level. Ground and highest-excited state configurations for both species
correspond to maximal net-ferromagnetic and net-antiferromagnetic interactions, respectively. Calculations were performed on
structures with triisopropylsilyl groups replaced with hydrogen atoms. States are represented by black lines. Transverse
magnetic moment elements (colored lines) are colored according to their magnitude (colorbar). @ and f are dipole doublet
components related by time-reversal, as discussed in the text. Dipole components for [3] are labeled in order according to Figure
2, starting at the upper Er-1 center and progressing counter-clockwise: DDy, gry gr2 r3-



mechanism utilizing only two structural
parameters. Thus, we can begin to understand,
predict, and even design, dipolar interactions to
drastically alter the nature of transitions between
states without large perturbations to their energy.

A simple and intuitive calculation appears to be able
to predict and approximate the nature of coupling
present in 2, utilizing only two crystallographically
derived structural parameters: the internuclear
erbium distance, r, and the angle, 8, from the
projection of the Er-COT vector (r,) onto 7.
Associating 7, as the real-space indicator of the
anisotropy axis yields a proportional, empirically-
parameterized version of the dipolar equation:

pgp?
Egip = — i—g [3 cos B, cos B, — cos(AB)]

(Eq.8)

In these pair-wise dipolar interactions, 8; and 9,
are angles from the projections of moment onto the
internuclear axis. Af is the difference between
angles 6; and 6,, and r is the magnitude of the
internuclear vector. For example, when 8; = 6, =
0°, a maximally ferromagnetically coupled ground
state is obtained, whereas when 6; = 0° and 6, =
180° the antiferromagnetically coupled state is
favored. Sample calculations, figures, and angle
tabulations are provided in section 3.2 of the ESI.

Use of our experimental data without further
parameterization (Tables S1, S3, Figure S4),
predicts that 2 will have a ferromagnetically
coupled dipolar ground state and an
antiferromagnetically coupled dipolar excited state.
Scaling the experimentally derived data by values
expected for an anisotropic erbium(lIl), predicts
these states to be split by 0.62cm™!, a value
surprisingly consistent with experimentally fit
(Desr = 0.63(4)cm™')  and calculated data

(0.65 cm™1) given the simplicity of the model (Table
1; Section 3.2 of ESI). This quick and simple
calculation becomes an excellent first-order
approximation of expected dipolar coupling in such
systems with the propensity of saving
computational costs and increasing chemical
intuition towards synthetic strategies. It also
promises predictive capability in far more complex
systems where multiple interactions and distances
must be accounted for, and highly complex spin
structures may emerge.

Further analysis of the transition matrix elements
of the ab initio calculated dipole-coupled states

offers more insight into the length of relaxation
times in the low-temperature regime. Dipolar
coupling brings about significantly lower transition
probabilities between opposite spin polarizations
of the lowest energy dipolar-coupled state:
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DDy ga — DDopp (Eq.9)

with those of thermally assisted QTM transitions
diminished by a further 6 orders of magnitude
(Table S13):

1021

(—
DDy 43 — DDy g, (Eq.10).

This dramatic suppression of the QTM relaxation
pathway can be equated with the reduction in
probability for simultaneously flipping both spins
(indicated by icons in Figure 7), consequently
leading to an increased dipolar attempt time (zp =
9.2(4) x 103 s; Table 1). The low probability of
QTM transitions in [2] shuttle magnetic relaxation
over the dipole relaxation barrier, a two-step
process in which each step can be thought of as
roughly analogous to the flip of a single spin.
Despite being a two-step, thermally activated
process, the low barrier and lack of alternate
pathways leave:
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— —
DDy gq — DDy o —> DDy pp (Eq.11)

as the most prominent pathway for low
temperature relaxation. This mechanism is
consistent with the residual temperature
dependence observed in the time-dependent
magnetic susceptibility, even at the lowest
temperatures (Figure 6). Note that the state DD g,
provides an equivalent intermediate for the two-
step pathway of Eq. 11. In such cases of equivalence,
the relaxation will be discussed in terms of the
majority a to majority  pathway.

To summarize, we consider the dipolar coupling as
a perturbation on the crystal field states, splitting
them into a tight manifold composed of linear
combinations of the single-ion M; states nearest in
energy (Figure 1). By this formalism, the splitting of
the crystal field (M;) manifold under the
intramolecular dipolar perturbation becomes a
consistent and intuitive predictor of the long-
timescale relaxation pathway. For [2], Equations 9



(DDy) and 10 (DD;) both depict transitions
between states differing by two spin-flips. The
parallel spatial orientation of the anisotropy axes in
relation to each other and the internuclear vector
ensures that DD, (the bistable ferromagnetic state)
is lower in energy than DD, (the antiferromagnetic
state). Due to the spatial arrangement and high
state-purity, both of these transitions have very low
probabilities. Alternatively, Equation 11 depicts the
preferred two-step, thermally activated transition
wherein each step flips a single Ising spin.

The hierarchical approach to perturbation analysis
used to understand 2 allows us to tackle the far
more complicated relaxation dynamics of 3.
Experimentally, three relaxation processes can be
observed and tracked above T =11 K (I'’34_c, Figure
6). As observed in 2, I';y p merge and exhibit a
secondary regime of Arrhenius behavior at low
temperatures. Alternatively, I's¢ is offset from I'34 g,
exhibiting its own Orbach, Raman, and dipole
regions. As with 2, we can attribute the weakly
temperature-dependent region to dipolar coupling
and begin our analysis by calculating a dipole
energy manifold based on the dipolar interactions
between KD, of all three ions (Figure 7b). The
coupling interaction manifold of [3] shows the
presence of four different dipole doublets with
excited states (DD;_3) above the ground state at
energies of 0.22, 1.11, and 2.83 cm™, respectively
(Figure 7b, Table 1). DDy and DD, have the largest
moments with Mz = 419 and + 21 pg,
respectively, and represent the net-
ferromagnetically coupled states (Eq. 12). DD, and
DD; represent the net-antiferromagnetically
coupled states at M, = +8and+ 10 ugz. The
transition matrix elements span a wide range, with
the most probable single-step transitions from the
ground state corresponding to:
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DDO,aaa > DDl,ﬂaa (ECI- 12):
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DDO,aaa E— DDZ,aBa (EQ- 13)'
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b
DDO,aaa g DD3,aaﬁ (ECI- 14)

These three processes correspond to single-step,
single-flip transitions from the ground dipole
doublet to each excited dipole doublet.
Interestingly, two of these calculated processes

correspond to experimentally observed relaxation
processes. When the time scales of I'34 and I3p
merge at low temperatures, Dss is fit to give a
dipolar barrier of 0.26(5) cm™1. This corresponds
well with the calculated energy splitting between
DD, and DD; (Eq. 12) of AE.4 .= 0.22cm™?!
(Figure 7b, Tables 1, S19-20, S25-528). Analogously,
the low temperature transition of I3¢ corresponds
to the single-flip transition encompassing the whole
dipole manifold (Eq. 14). The calculated energy
splitting is still consistent between the model and
experimental data (Dgsr = 2.90(1) cm™; AE ) =
2.83 cm™1). Once again, our model wherein the
energy levels are derived using two simple
crystallographic parameters, r and 6, provides a
satisfactory prediction of the net coupling type and
energy splitting: DD,, FM; DD;, FM, AEp.eq =
0.41cm™; DD,, AFM, AE,,.q = 1.27 cm™'; DDj,
AFM, AEpreq = 2.79 cm™! (Table 1, ESI section 3.2).

The dipole attempt times for processes I'34,p and
I3 are 1, = 1.5(5) x 10?2 and 1.5(0) x 10? s,
respectively, comparatively lower than those
observed in 2. The difference is due in part to the
triangular structure of 3, where two of the
interacting spins are near-linear with respect to
each other, with the third oriented in a near-
orthogonal configuration to the other two. This is
clearly evident in the spin configuration between
DDy and DD, (Figure S5), where erbium centers
[3]Er, and [3] g5 have major projections onto their
internuclear axis and are coupled
ferromagnetically, whereas erbium center [3]g,,
offers a minimal contribution to net coupling.
Furthermore, the dipolar manifold of [3] offers two
evident pathways to relaxation (Egs. 12, 14) and the
increased mixing of states due to lowered
symmetry of dipolar interactions may also play a
role in decreased relaxation times.

As in [2], the logic of correlating transition
probability with the number of anisotropic spin
flips can be carried throughout the entire manifold
of [3], with the highest-probability transitions
corresponding to single-flip transitions, followed by
two-flip transitions, and the lowest-probability
transitions corresponding to the three-flip
transitions (Table S20):

10—12
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The relationship between anisotropic spin flips and
transition probability continues to build upon the
intuitive model of dipolar relaxation that could be
further applied to multinuclear magnetic
complexes with strongly anisotropic spins.

CONCLUSION

We have targeted systems that highlight dipolar
coupling as a driving factor in controlling magnetic
relaxation. Beginning with a mononuclear unit of
stable magnetic anisotropy, we synthesized a series
of erbium(Ill) single-molecule magnets of
increasing nuclearity to investigate the relaxation
dynamics of di- and tri-nuclear erbium(III) systems
in the high and low temperature regimes. Broadly
speaking, the ability to generate and rationalize the
low-energy magnetic manifolds as demonstrated
for 1-3 points to strongly anisotropic molecular
magnetic dipoles as an underexploited approach to
fine-tune the design of n-dimensional (n = 0-3) spin
structures with unprecedented levels of complexity.
The existence and properties of a ferromagnetic
ground state are made possible by tracking the
multi-relaxation  behavior through resonant
interaction with an AC magnetic field across eight
orders of magnitude in frequency space. In doing so,
two and three concurrent relaxation pathways are
uncovered in the high-temperature regime for the
di- and trinuclear species, respectively. When fit to
a multi-term relaxation model, a second Arrhenius
law-regime is revealed at low temperatures,
corresponding to the dynamics of the dipole
coupled states within the ground Kramers doublet
manifold. Calculation of the Kramers doublet
structure and dipolar interactions provide a
preliminary quantitative basis for rationalizing the
relaxation pathways. In correspondence with ab
initio calculations, dipolar coupling suppresses
QTM relaxation in the low-temperature regime by
forcing through-barrier relaxation transitions to
take place between the coupled dipole doublet
states and is thus the driving factor to elongated
relaxation times. The anisotropic states and dipolar
mechanism provide an intuitive framework
whereby anisotropic single-spin flips are
preferential per each step in a transition through
the dipole barrier and QTM is suppressed as it
requires the simultaneous flip of every spin in the
system. Additionally, the type of coupling and
approximate dipolar energy splitting can be
predicted through a simple calculation involving
only two crystallographically-derived physical

parameters. We plan to use the predictive nature of
design in these anisotropic dipolar manifolds as a
basis for a wide array of exciting directions
including higher and more complex symmetries,
increased dimensionality, and exploration of the

intrinsic quantum properties of the dipole
manifolds.
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