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BlOctanuclear clusters

Quenching Quantum Tunneling

of Magnetization by Turning on

the Exchange Coupling and Altering the Bridging Ligand in
Heterometallic Octanuclear {TM",Dy"!;} (TM = Co and Cr) Single-

Molecule Magnets

Abstract: We report the synthesis, structural characterization
and magnetic properties of two new heterometallic octanuclear
coordination complexes containing Co"' and Dy" ions. Single
crystal X-ray diffraction studies revealed molecular formulae of
[Co"4Dy"4(u-OH)4(3-OMe)s(O2CC(CHgz)s)a(tea)s(H20)4]-4H-0 (1)
and  [Co"yDy"y(u-F)4(ps-OH)s(0-tol)s(mdea)s]3H,O-EtOH-MeOH
(2), with both complexes displaying an identical metallic core
topology (tea® = triply deprotonated triethanolamine; mdea® =
doubly deprotonated N-methyldiethanolamine; o-tol = o-toluate).
Furthermore, the theoretical, magnetic and SMM properties of the
isostructural complex; [CryDy"y(u-F4)(u3-OMe)1 25(3-
OH);.75(02.CPh)g(mdea)s] (3) are discussed and are compared to a
structurally similar complex - [Cr"4,Dy"y(u3-OH)a(u-
Ns)s(mdea)s(piv)s] (4). Dc and ac magnetic susceptibility data
reveal the subtle nature of the SMM characteristics in 1 - 4, with
complexes 2, 3 and 4 exhibiting SMM behaviour with barrier
heights Ues of 39.0 cm™, 55.0 cm™ and 10.4 cm™ respectively.
Complex 1, on the other hand, does not exhibit slow relaxation of
magnetization, above 2 K. To probe the variance in the observed
Uerr values, CASSCF/RASSI-SO/POLY_ANISO calculations are
performed on these complexes to estimate the nature of magnetic
coupling and to elucidate the mechanism of magnetic relaxation.

Calculations yielded Jpypoy as -1.6, 1.6, and 2.8 cm™ for
complexes 1, 2 and 3, respectively, while the Jpy.c: interaction is
estimated to be -1.8 cm” for complex 3. The developed
mechanism of magnetic relaxation reveals that replacement of the
hydroxide ion for fluoride quenches the quantum tunnelling of
magnetization (QTM) significantly leading to improved SMM
properties for complex 2, in comparison to 1. However, the
tunnelling of the magnetization at the low lying excited states are
still operational for 2, leading to low temperature QTM relaxation.
Replacement of the diamagnetic Co"'ions with paramagnetic Cr'
leads to Cr'"-Dy"" coupling, which results in quenching of QTM at
low temperatures for complexes 3 and 4. The best example is
found when both Cr'"' and fluoride are present, as seen for
complex 3, where both the factors additively quench the
tunnelling, leading to the observation of highly coercive magnetic
hysteresis loops above 2 K i

' "_ion. Here we
propose a synthetic strategy to quench the QTM effects in
lanthanide based SMMs that differs from existing methods, where
often difficult to control parameters such as magnetic coupling is
proposed, and the presented strategy is likely to have implications
beyond the Dy" single-molecule magnets studied here.

Kuduva R. Vignesh, Stuart K. Langley, Keith S. Murray* and Gopalan Rajaraman*

Introduction

The study and development of moleculare-based magnets
have increased markedly over the past twenty years, with
discrete molecules exhibiting a wide range of interesting
physical properties such as magnetic bistability and an
enhanced magnetocaloric effect at cryogenic
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temperatures.[ Discrete molecules which exhibit magnetic
bistability are termed single-molecule magnets (SMMs), and
are isolated as transition or lanthanide ion coordination
complexes.? These molecules can store digital information
by manipulating the orientation of the electrons with a
magnetic field, thus offering the potential as the ultimate high
density storage device.®l They rely on creating a large
thermal barrier to magnetic reorientation (Uer) which must be
sufficiently greater than the thermal energy available in the
environment; otherwise no information can be stored. Below
their blocking temperature (Ts - the temperature at which
digital information can be stored for 100 s) SMMs act as
nano-magnets, however the highest blocking temperatures
observed to date are 14 K (sweep rate 0.9 mT/s) and 30 K
(sweep rate 20 mT/s),® for a radical bridged dinuclear Tb"
complex and a mononuclear Dy" complex, respectively.
While these ultra-low temperatures are not yet viable to see
practical application, ongoing research has begun to provide




guidelines (synthetic and theoretical) on how to design and
improve upon current materials.(©!

One such suggestion was the use of lanthanide ions
towards the synthesis of SMMs, lanthanides being not widely
used until recently. 1 The development of lanthanide based
SMMs over the past five years has resulted in great gains in
the magnitude of the thermal energy barrier (Uer) and
therefore the blocking temperature.?® 8 A number of
groups® has shown that the Uerrparameter can be “tailored”
by selection of ligands and the coordination geometry
around the lanthanide ion.!"® This allows for a rational design
approach which allows for a greater control of properties,
such designs being distinctly lacking for transition metal
based SMMs.?: "I Principles have been developed to
improve the thermal barrier and relaxation times of various
complexes by modifying the coordination environment of the
lanthanide ion in several SMMs.['?l We have recently shown
this to be the case for a series of heterometallic {Co",Dy",}
tetranuclear complexes, whereby modifying chemically the
terminally coordinated ligands revealed Uesr values ranging
from 44-10 — 470-97 cm™'K.["® Incorporation of diamagnetic
elements in cluster aggregates has also been found to
enhance Uk significantly, for example in a series of {Zn'"Dy""}
SMMS.[1Ob’ 14]

Following on from our studies with {Co",Dy";} SMM
complexes,[™® which focussed on modifying the terminal
ligands coordinated to the Dy ion, we have shown that the
SMM properties can also easily be enhanced by modification
of a single bridging element in a heterometallic octanuclear
{Cr'",Dy"y} complex.[') We have continued this synthetic
modification approach and herein we report the molecular
structures, magnetic data and theoretical characterization of
two new heterometallic 3d-4f SMM complexes of formulae
[Co"sDy"'s(u-OH)a(ps-
OMe)4(O2CC(CHs)3)a(tea)s(H20)4]-4H,0 1) and
[Co'”4Dy'”4(p-F)4(p3-OH)4(0-tol)8(mdea)4]-3H20-EtOH-MeOH
(2) (tea® = triply deprotonated triethanolamine, mdea® =
doubly deprotonated N-methyldiethanolamine and o-tol(H) =
ortho-toluic acid). Both complexes display the same metallic
topology, but importantly are isolated with different bridging
ligands (u-OH" vs p-F). As a consequence of this we find
that compounds 1 and 2 display significantly different
magnetization relaxation dynamics. We have performed an
in depth ab initio and density functional theory (DFT) studies
to explain these observations. To fully comprehend the role
of bridging ligand and the diamagnetic ions, we have
extended our theoretical studies to the above mentioned
structurally analogous octanuclear complex - [Cr'";Dy",(u-
F4)(|J3-OM6)1,25(}J3-OH)2,75(02CPh)g(mdea)4] (3), reported by
us,I" and compared the results with another structurally
similar complex, [Cr'yDy"4(us-OH)4(u-N3z)s(mdea)s(piv)s] (4),
reported by Powell and co-workers, which provided a similar
F-vs. N3~ analogy.["®

Experimental Section
General Information

The reactions were carried out under aerobic
conditions. Chemicals and solvents were obtained from
commercial sources and used without further purification.
Synthesis of [Co",Dy" (u1-OH)(us-OMe)4(O2,CC(CHs3)3)4
(tea)4(H20)4]-4H0 (1).
Co(BF4)2-6H20 (0.34 g, 1 mmol) and Dy(NO3);-6H-.0 (0.22 g,
0.5 mmol) were dissolved in MeCN (20 mL), followed by the
addition of triethanolamine (0.14 mL, 1 mmol), pivalic acid
acid (0.10 g, 1.0 mmol) and triethylamine (0.55 mL, 4.0

mmol). This resulted in a dark green solution, which was
stirred for 4 hours. After this time the solvent was removed to
give a green oil. The oil was re-dissolved in MeOH and
layered with diethylether (Et;O). Within 4-5 days’ green
crystals of 1 had appeared, in approximate yield of 34 %
(crystalline  product).  Calculated  (found) for 1:
CO4DY4C48H108036N4Z C, 26.16 (26.45); H, 4.94 (4.87); N,
2.54 (2.34).

Synthesis of [COo",Dy" 4(u-F) 4(113-OH) 4(0-
tol)s(mdea)4]-3H.0- EtOH-MeOH (2).

Co(NO3)2-6H,0 (0.29 g, 1 mmol) and Dy(NO3)s-6H,0 (0.22
g, 0.5 mmol) were dissolved in MeCN (20 mL), followed by
the addition of N-methyldiethanolamine (0.12 mL, 1 mmol),
ortho-toluic acid (0.13 g, 1 mmol), sodium fluoride (0.08 g, 2
mmol) and triethylamine (0.55 mL, 4.0 mmol). This resulted
in a dark green solution which was stirred for 4 hours. After
this time the solvent was removed resulting in a green oil.
The oil was re-dissolved in MeOH/EtOH (1:1) and layered
with diethylether (Et,O). Within 8-10 days’ green crystals of 2
had appeared, in approximate yield of 45 % (crystalline
product). Calculated (found) for 2: CosDysCs7H120033FsNa4: C,
38.54 (38.21); H, 4.46 (4.21); N, 2.07 (2.14), F, 2.80 (2.56).

X-ray Crystallography. X-ray measurements for 1 were
performed at 123(2) K using a Bruker Smart Apex X8
diffractometer with Mo Ka radiation. The data collection and
integration were performed within SMART and SAINT+
software programs, and corrected for absorption using the
Bruker SADABS program. Measurements for compound 2
were performed at 100(2) K at the Australian synchrotron
MX1 beam-line.l'”l The data collection and integration were
performed within Blu-lcel'® and XDS!"®! software programs.
Compounds 1 and 2 were solved by direct methods
(SHELXS-97),29 and refined (SHELXL-97)" by full least
matrix least-squares on all F? data.l?? Crystallographic data
and refinement parameters for 1 and 2 are summarized in
Table S1. Crystallographic details are available in the
Supporting Information (Sl) in CIF format. CCDC numbers
1510015 (1) and 1510016 (2). These data can be obtained
free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic Measurements. The magnetic susceptibility
measurements were carried out on a Quantum Design
SQUID magnetometer MPMS-XL 7 operating between 1.8
and 300 K for dc-applied fields ranging from 0 — 5 T.
Microcrystalline samples were dispersed in Vaseline in order
to avoid torquing of the crystallites. The sample mulls were
contained in a calibrated gelatine capsule held at the centre
of a drinking straw that was fixed at the end of the sample
rod. Alternating current (ac) susceptibility measurements
were carried out under an oscillating ac field of 3.5 Oe and
frequencies ranging from 0.1 to 1500 Hz.

Computational details

Using MOLCAS 7.8, ab initio calculations were
performed on the Dy" ions and the Cr'" ions using the single
crystal structure data. The employed methodology and basis
sets are described in detail in ESI.

Moreover, these computed spin-orbit (SO) states have
been considered into the SINGLE_ANISOP4 program to
compute the g-tensors. Crystal-field parameters have been
extracted using the SINGLE_ANISO code, as implemented
in MOLCAS 7.8. The magnetic exchange interactions (J)
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have been computed between Dy" ions (J1) within each
complex by fitting with the experimental data using
POLY_ANISO.?% The Cr-Dy(J2) and Cr-Cr(J;) interactions
have also been computed for complex 3 (See the magnetic
exchange pathways in Figure S1).

To further validate the exchange coupling obtained
from the POLY_ANISO program we have also computed the
magnetic exchange within density functional formalism. The
DFT calculations combined with the Broken Symmetry (BS)
approach®® has been employed to compute the J values
(see ESI for details). The BS method has a proven record for
yielding good numerical estimates of J constants for a
variety of coordination complexes,?” including dinuclear
molecules,”® Gd complexes?® and large polynuclear
complexes. 164 275, 301

Results and discussion
Synthesis and crystal structures

Complex 1, [CO|”4Dy”I4(|J-OH)4(H3-OM€)4(02CC(CH3)3)4
(tea)s(H20)4]-4H,0, was synthesised by reacting
Co(BF4)2:6H,0and Dy(NO3)3-6H,0, with triethanolamine
(teaHs), pivalic acid and triethylamine in methanol. In an
attempt to isolate an analogous complex with the
inclusion of fluoride bridging ligands, in order to modify
the magnetic properties, we attempted a variety reactions
using various reagents and conditions. We found we
could isolate one pseudo isostructural complex with the
same metallic topology, [Co"'4Dy"4(u-F4)(u3-OH)4(O-tol)s
(mdea)4]-3H,0-EtOH-MeOH (2), using NaF as a source of
fluoride, with N-methyldiethanolamine (in place of
triethanolamine), ortho-toluic acid (in place of pivalic acid)
and acetonitrile as the solvent. Single crystals of 1 were
grown from a methanolic solution, while a MeOH/EtOH
mixture was used for 2.

Single crystal X-ray analysis revealed that 1 and 2 are
heterometallic octanuclear complexes (Figure 1, top left
(1) and top right (2)), which crystallize in the tetragonal
and monoclinic space groups, [-42m and PZ2n,
respectively. The asymmetric unit of 1 consists of one

quarter of the molecule, while the asymmetric unit of 2
consists of the whole molecule. The metallic core
arrangement is identical for both molecules. Each consist
of four Co'"" and four Dy'" ions, with an inner Dy''y square
(Dy...Dy distance of 3.83 A (1) and average Dy...Dy
distance of 3.83A (2)) surrounded by four Co",ions. Each
Co" ion lie alternately, above and below the plane of the
{Dy.} square,capping each edge (Figure 1, bottom right)
(Co...Co distance of 6.64A (1) and average Co...Co
distance of 6.56 A (2)). For comparitive purposes the
molecular structure of the {Cr",Dy";} analogue, 3, is
shown in Figure 1, bottom left. The valency of the Co ions
were confirmed from BVS calcualtions®" and from charge
balance considerations (ESI Tables S2, S3). The four
Dy"' ions are bridged by four u atoms and four u; groups.
Each p3 ligand also bridges to a single Co"' ion. The p
atoms are assigned as hydroxide (OH") for 1 and fluoride
(F°) for 2. Evidence for fluoride is provided by elemental
analysis and close inspection of the crystallographic data.
The 3 bridges are found to be methoxide (MeO-) for 1
and hydroxide (OH") for 2. For both complexes each
doubly deprotonated aminepolyalcohol ligand coordinates
via the N- and two O-atoms to an“outer” Co" ion, two O-
atoms then bridge froma Co"' to a Dy" ion. For 1 the third
alcohol arm chelates to the Co"' ion, with the pivalate
ligands each bridging a Co" to a Dy" ion. The X-ray
analysis reveals disorder in the crystal for 1 (See ESI and
Figure S1). For 2, however, due to the absence of the
third alcohol arm no disorder is found, with eight
carboxylate ligands bridging the Co"' and Dy"' ions. The
four Dy" ions for 1 and 2 are eight coordinate with
biaugmented trigonal prismatic geometries (see magnetic
analysis, vide infra), with an average Dy"-L bond
distance of 2.322 and 2.334 A, respectively. The four Co"
ions, for both 1 and 2 are six coordinate with octahedral
geometries, with an average Co"-L bond distance of
1.907 and 1.908 A, respectively. Selected bond lengths
and bond angles are given in Table S4.



Figure 1. Molecular structures of complex 1 (top left), 2 (top right), 3 (bottom left) and a view along the plane of the
{Dy4} square of 2 (bottom right). The disordered, solvent and H atoms are omitted for clarity. Colour scheme; Co'"',
light blue; Cr'", pink; Dy", purple; O, red; N, blue; C, light grey; F, orange.

The key chemical features are the replacement of the
hydroxide (p-OH-) ions in 1 for fluoride (u-F°) ions in 2.
We see later that this simple chemical modification
impacts the magnetic properties and single-molecule
magnet behaviour significantly.

Magnetic properties

Direct current magnetic susceptibility measurements

In order to probe the magnetic properties, direct current (dc)
magnetic susceptibility measurements were performed on
polycrystalline samples of 1 and 2 in the temperature range
2 — 300 K, using an applied magnetic field of 1 T. The plots
of xuT (where xmis the molar magnetic susceptibility) versus

T for 1 and 2 (Figure 2 and S2), reveal room temperature
xuT values of 56.68 and 56.27 cm® K mol, respectively.
These values are in good agreement with that expected of
56.68 cm® K mol ' for four Dy"ions (S = 5/2, L = 5, 8Hysp, g =
4/3, C= 14.17 cm® K mol"), that are non-interacting.*? The
four Co" ions have the low spin d® electronic configuration
and are therefore diamagnetic (apart from a small 2" order
Zeeman contribution), not contributing to the magnetic
susceptibility.3 Both compounds display similar profiles,
where the ymT product decreases gradually between 300 -50
K upon reduction of the temperature, due to the
depopulation of the Stark sub-levels of the Dy"'ions due to
crystal-field effects. Below 50 K, the ymT values fall rapidly,




M/ Ny,

reaching values of 18.72 and 19.61 cm® K mol, at 2 K, for 1
and 2, respectively. These plot profiles indicate the likelihood
of weak antiferromagnetic exchange interactions occurring
between the Dy" ions and/or a large single ion anisotropy.
The magnetic exchange interactions for 1 and 2 are
discussed in detail below.
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Figure 2. (top) The measured and the fitted ymT versus T
plots for 1, 2 and 3 with a dc field of 1 T; Plots of M versus H
isotherms for 1 (bottom left) and 2 (bottom right) at 2, 3, 4,
5.5, 10 and 20K.

Isothermal magnetization (M) measurements for 1 and 2,
plotted as a function of the magnetic field (H) are shown in
Figure 2, bottom. The samples display similar profiles with a
rapid increase in magnetization below 2 T, before following a
more gradual linear-like increase, without saturating, thus
signifying a significant anisotropy and/or low lying excited
states are present. This is further supported by the 2 K
magnetization values of 21.35 and 22.01 Nug for 1 and 2,
respectively.
Alternating current
measurements

To probe for slow magnetic relaxation and SMM behaviour
the magnetization dynamics were investigated for 1 and 2
via alternating current (ac) susceptibility measurements as a
function of both temperature and frequency. Initially a 3.5 Oe
ac field was employed, with a zero static dc field. For
compound 1 (Figure 3, top left) frequency dependent “tails”
in the out-of-phase susceptibility (xm") versus temperature
plots, are observed, below 3 K, with the peak maxima falling
below the operating temperature of the SQUID
magnetometer. This signifies a small anisotropy barrier
and/or the presence of fast QTM. In many lanthanide
containing SMMs, QTM is fast but can be quenched via the
application of a static dc magnetic field. We therefore probed
the effect that a static magnetic field has on the relaxation
time. Upon application of a 3000 Oe dc magnetic field we
find that the out-of-phase signals shift to higher temperatures,
indicating the QTM is quenched to some extent, however,
the peak maxima are obscured by a second increase at the

magnetic susceptibility

lowest temperatures, indicating the QTM pathway is still
active (Figure S3).

For compound 2, however, frequency dependent out-of-
phase signals are observed (Figure 3, top right) below 12
K in zero applied dc magnetic field. An initial increase in
the xm" signal is found at temperatures below ~16 K, a
much greater temperature than for 1 (< 3 K). These
signals are, however, obscured by a larger increase of
xm" at temperatures below 6 K which do not reach a
maximum above 1.8 K. This second relaxation at low
temperatures is indicative of a QTM relaxation process.
Due to the presence of QTM we performed
measurements in the presence of an applied dc magnetic
field of 5000 Oe in order to quench the QTM assisted
relaxation. The xu" versus T plot (Figure 3, bottom right),
however, reveals a more complicated picture. It shows
the likelihood of three relaxation processes, two thermally
activated, in addition to an under barrier process (QTM).
This can best be observed at 1488 Hz (Figure 3, bottom
left, inset). At this frequency, as the temperature is
reduced, peak maxima in xu" are found at ~12 K and ~5
K, before a further increase at the lowest temperatures.In
an attempt to extract relaxation times for 2, we performed
variable frequency (0.1 — 1500 Hz) studies using a 3.5 Oe
oscillating ac field, at fixed temperatures (2 — 11 K), with
a zero static dc field. The xm" versus frequency plots
(Figure 3, bottom right), as expected, reveal multiple
relaxation pathways — at least three are identifiable. This
is evident at the lowest temperatures (2 — 5 K) and from
the Cole-Cole plots (xum' versus xm", Figure 4, inset) which
reveal several fused semi-circular profiles. From the data
obtained it is possible to extract/extrapolate relaxation
times for the slowest process (the peaks which
correspond to the Ilowest frequency at a fixed
temperature). The susceptibility maxima are dependent
on temperature indicating a thermally activated process at
the temperatures probed. Plots of In(r) versus 1/T are
linear between 8 — 10.5 K (Figure 4), however, below 7 K
the the relaxation times deviate from linearity (Figure S4).
This confirms that a thermally activated Orbach process
is operative at higher temperatures, with the low
temperature deviation suggestive of a crossover towards
a QTM relaxation mechanism. Fitting the data to the
Arrhenius law [T = Toexp(Uer/ksT)] in the linear (thermally
activated) region yields a significant effective anisotropy
barrier to magnetization reversal of Uerr = 39 + 1 cm™,
with 7,= 1.0 x 10®s (R = 0.99). Relaxation data for the
second and third processes could not be extracted from
the data collected.

A comparison of compounds 1 and 2 reveal strikingly
different magnetization dynamics. For 1 (Hac = 0 Oe), no
maxima in the xm" signals are observed above 2 K,
whereas maxima (multiple relaxation pathways at the
lowest temperatures) are found for compound 2, up to 12
K. In essence we observe a significant increase in the
magnetic relaxation time at the temperatures probed for
compound 2. This observation is important as the
difference between the two molecules is minor, consisting
of a small chemical modification of the first coordination
sphere to the Dy"" ions - the substitution of the p,-OH-ion
for po-F-. This suggests, strongly, that the chemical
modification of existing clusters can result in longer
relaxation times and, thus, relatively, better performing
SMMs.
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A similar situation was recently reported for two analogous
heterometallic octanuclear {Cr";Dy"'s} complexes 3 and 4.1'>-
6] The metallic core topology of 3 and 4 is identical to that
found for 1 and 2 (Figure 1). The magnetic measurements
revealed that complex 4 displays SMM behaviour with
relatively fast relaxation times at ~ 2 K, whereas upon
modification of the bridging ligands — the replacement of N3
(4) for F-donor (3) ligands resulted in a significant increase in
relaxation times for 3 at the same temperature. It was
reported that 4 displayed a Uervalue of 10.4 cm™', whereas
the Uer value for 3 was 55.0 cm™'. More interestingly, the
relaxation time for 3 was long enough to observe highly
coercive magnetic hysteresis loops at temperatures below
3.5 K (Figure S5).1'"l With these results in mind it is therefore
important to elucidate the factors that are responsible for the
observation of longer relaxation times (at a particular
temperature) in near identical complexes. We have therefore
performed ab initio calculations on the two {Co",Dy",}
complexes 1 and 2 to determine such factors. We have also
performed a theoretical analysis on the {Cr'",Dy";} analogue
3 and compared the data with previously reported results for
complex 4.



Theoretical studies

The magnetic properties of 1, 2 and 3 have been studied
theoretically using ab initio CASSCF+RASSI-SO calculations
employing the SINGLE_ANISO routine to compute the

anisotropy of the individual Dy" and Cr'" ions and
POLY_ANISO to employ the Lines model to fit the
susceptibility/temperature plots. First we discuss the

magnetic anisotropy at the single Dy"' ion level and the
corresponding single ion relaxation mechanism. We will then
expand the discussion to include the exchange coupling
between the Dy"....Dy" and Cr"...Dy" ions for 1 — 3, and
develop a new exchange coupled relaxation mechanism,
which is found to be in good agreement with the
experimental data.

Mechanism of Magnetic Relaxation: Single ion
Paradigm: Since the Co'"'ions are diamagnetic in 1 and 2,

the SMM behaviour originates from the Dy"' anisotropy alone.

Thus we have explored the anisotropy of Dy" for all four
centres in 1 and 2 using ab initio methods. Whereas in 3, we
have explored the anisotropy of all the ions (Cr" and Dy").
Analysis of the coordination environment of each Dy"'ion for
1 — 4 utilizing the SHAPE program®4 revealed there are two
types of non-equivalent Dy" sites in 1-3, (Dy1 and Dy2,
Figure 1), whereas in 4, all Dy" ions are equivalent. The
geometry of each Dy ion for 1 — 3, is best described as an
biaugmented trigonal prism. A deviation, with respect to an
ideal biaugmented trigonal prism of 0.6, 1.3 and 1.07 for
(Dy1 and Dy4) and 0.8, 1.0 and 1.05 for (Dy2 and Dy3) is
found for 1, 2 and 3, respectively. For 4 all Dy" ions are
found in a square antiprismatic geometry. A deviation of 0.5
for each Dy"' ion is observed with respect to an ideal square
antiprismatic geometry. To fully understand the single-ion
relaxation process, we have undertaken CASSCF+RASSI-
SO calculations to compute the anisotropy of the individual
Dy" ions using MOLCAS 7.8 (see ESI for computational
details). The calculated anisotropic g values are listed in
Tables 1, S6, S9 and S13 and their anisotropy orientations
are shown in Figure 5. It is found that the sites [Dy1 and
Dy4] and [Dy2 and Dy3] possess similar anisotropic
parameters (see Table 1), as a reflection of the SHAPE
analysis. The computed energies of the eight low-lying
Kramer’s doublets (KDs) also reflect that there are two types
of Dy" ions for 1 - 3 (see Tables S5, S8 and S11). The
energy gap between the ground and the first excited state
KDs are found to be 4.9 cm™'and 8.4 cm™' for Dy1 and Dy2,
respectively in 1, 42.9 cm™ and 68.9 cm' for Dy1 and Dy2,
respectively in 2 and 40.6 cm™ and 25.6 cm™ for Dy1 and
Dy2, respectively, in 3. For 4, with only one equivalent Dy"
ion the ground to first excited state gap was reported to be
23.3 cm™'.l'®l These results show that the ground to first
excited state energy gaps are significantly larger for
complexes 2 and 3, compared to complex 1. Complex 4 is
intermediate. Since the energy gap is correlated to the
crystal-field splitting energy, this suggests relatively weaker
splitting of the m, levels in 1 compared to 2—4.

For complex 1, all the Dy-O distances are in the range of
2.32 - 2.44 A except for the Dy-O(H) distances which are
shorter (2.22 A). As the hydroxide ligands are bridging
between Dy" ions, and because of the square {Dy".}

topology they lie at a right angle to each other at the Dy" site.

These hydroxide bridges are found to have large negative
Mulliken charges forcing the B-electron (spin-down) of the
Dy ion to lie perpendicular to these bridges to minimize

electrostatic repulsion (See Figure 5a). This forces the g,
axis to be perpendicular to the B-electron density, i.e. lies
along one of the Dy-OH axis (See Figure 6a). The proximity
of the diamagnetic Co'"'ion to the two of alkoxide bridges
enhances the negative charge on these oxygen atoms as a
strong polarization from a +3 cation is expected. These
methoxide bridges therefore have very large negative
charges compared to the hydroxide bridges (See Figure 5a),
further enforcing the g, axis to lie along the hydroxide bridge.
The magnetic anisotropy of the oblate Dy" ion arises due to
crystal field splitting of the my levels as this is correlated to
the nature of the interactions. Although the stronger axial
interaction is exerted by the hydroxide ensuring stabilization
of my= +15/2 as the ground state, as the two hydroxide
bridges are at a right angle to each other, this results in the
stabilization of my= £1/2 as the first excited state. The minor
variation in the ground to first excited state energy gap
between Dy(1) and Dy(2) are due to minor structural
alterations as described by the SHAPE analysis.

Table 1. Ab Initio computed ground state g-tensors for each
Dy'" centre in 1-4.

Com- Dy1 Dy2 Dy3 Dy4
plex
1 Ox 0.9705 0.5419 0.5806 0.1004
Gy 6.6958 1.8736 2.1638 6.3070
g. | 13.3107 | 18.0245 | 17.7693 | 13.4578
2 Ox 0.0098 0.0039 0.0028 0.0009
9y 0.2842 0.0576 0.0360 0.2142
g- | 19.4753 | 19.6320 | 19.6578 | 19.3850
3 Ox 0.0626 0.1995 0.1862 0.0653
Gy 0.1349 1.0026 0.9827 0.1426
g- | 19.6892 | 18.0941 18.0411 19.5603
4 | g | 16671
g, | 5.8397
0 | 14.4193
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Figure 5. DFT-computed Mulliken charges on the donor
atoms of complex (a) 1, (b) 2 and (c) 3.

In complex 2 the bridging hydroxide (u-OH-) ligands are
replaced by fluoride (u-F-) ions. The Dy"-O distances found
in complex 2 are very similar to that of complex 1. The



a)

average Dy"-F distances are found to be 2.247 A. Each
fluoride ion is found to possess strong negative charge,
enforcing g, to pass along the Dy"-F bond (See Figure 6b).
As explained above, because two fluoride ions are bonding
to the Dy" ion at a right angle to each other, the my= +1/2 is
stabilized as the first excited state. As the fluoride ion is a
harder base compared to hydroxide, it therefore exerts a
stronger electrostatic repulsion pushing the first excited state
higher in energy by 42.9 cm™" and 37.7 cm-" for Dy1 and Dy2,
compared to 1. Another important reason for the larger gap
in 2 compared to 1 is due to the smaller negative charge
found on the bridging oxygen atom connecting the two Dy
ions (see Figure 5b). In complex 1, these are alkoxide
bridges, possessing a significantly large negative charge on
the equatorial plane (see Figure 5a), while in complex 2 the
hydroxide ions reduce this repulsion considerably. Complex
3 possesses one hydroxide oxygen and one alkoxide oxygen
trans to each other possessing very large negative charges
(See Figure 5c), this favours the g, axis to lie along this axis
(see Figure 6¢) leading to a larger ground-first excited state
gap compared to complex 1.
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Figure 6. The directions of the local anisotropy axes in the
ground Kramer’s doublet on each Dy" site (blue arrows) in 1
— 3 along with the anisotropy axes of Cr' ions in 3, (c).

The computed g-anisotropies of complexes 1 - 4 are shown
in Table 1. In all cases m,; = £15/2 is found to be stabilized as
the ground state as the axial interactions are stronger
compared to equatorial interaction. However, in complex 1 a
significant transverse anisotropy is present for the ground
state KD due to strong mixing of my = £15/2 with m, = £1/2
states (see Figure 7a and 7b). A similar situation is
encountered for 4. The transverse component for the Dy2
(and Dy3) ions are considerably less than Dy1 (and Dy4),
due to the larger energy gap between the my= £15/2 and the
my = £1/2 states.

Due to the significant transverse anisotropy, and the low
lying first excited state for 1, it is not expected to exhibit

magnetization blockade at the single ion level as revealed by
the experiments. For 2 and 3, on the other hand, the g:
values are almost purely axial in nature. This is because the
mixing of the m, = +15/2 state, with the excited states are
significantly reduced due to the increased energy gap
between the ground KD and the excited state KD. More
importantly, as the first excited state KD is significantly
higher in energy this suggests possible magnetization
blockade at the single-ion level.%

To determine relaxation processes associated with
single-ion Dy'"' anisotropy, the mechanisms of magnetic
relaxation are computed and these are shown in Figure 7.
In 1, the ground state tunnelling probability is large for all
Dy" ions leading to no magnetization blockade, as
expected (see Figure 7a and 7b). Whereas in 2, the
ground state tunnelling probability is smaller relative to 1
(0.64 X 10" and 0.1 x 107" pg), but not sufficiently
negligible to quench the QTM completely at the ground
state level i.e. if an isostructural {Co"',Dy"'La"';} complex
is prepared, it is unlikely to show SMM behaviour due to
the large ground state tunnelling probability (See Figure
7c and 7d). However, if we consider relaxation beyond a
single-ion mechanism and factors such as Dy"...Dy"
exchange coupling could quench the observed QTM
effects leading to a possible magnetization blockade (vide
infra). In 3, the tunnelling probability at the single ion level
is larger than 2, and the calculations again predict the

° absence of SMM behaviour (See Figure 7e and 7f). This

is however contrary to what is observed from
experimental measurements.['S! To explain the data, we
must take into account the Dy"...Dy" and Cr"....Dy"
exchange coupling. CASSCF calculations performed for
the Cr'"' single ions yield isotropic g-tensors (see Table
S13 in ESI) and axial zero-field splitting parameter values
of -0.2 cm™' for Cr1 and -0.3 cm™ for Cr2, Cr3 and Cr4,
with a small E/D ratio. These values are too small to
significantly influence the magnetic anisotropy of the Dy"!
centres.

Mechanism of Magnetic Relaxation: Polynuclear
Paradigm: As illustrated above, the single ion Dy"
anisotropy and the developed mechanism of relaxation does
not rationalize the observation of slow magnetic relaxation in
complexes 1 — 3. To gain insight into the mechanism of
relaxation, a polynuclear mechanism needs to be developed,
incorporating the exchange coupling between the
paramagnetic centres. This has been performed using the
POLY_ANISO program which employs the Lines model to fit
the susceptibility data using the ab initio computed
parameters of the Dy"/Cr" single ion. This has successfully
been employed to extract a good numerical estimate of
magnetic exchange parameters (J values) in several earlier
instances.['%e 13 361 The exchange Hamiltonian adapted for
complexes 1, 2 and 3 is given below (Eq. 2) along with the
exchange topology diagram shown in Figure 8.

T 3

Hex =-

(here J; =J®°"; i.e. Ji are the fitted J#*" parameters; this
describes the interaction between all the neighboring metal
centers.)

Due to the high symmetry found in complexes 1 and 2, the
Dy"-O-Dy"" and Dy"-F-Dy" angles are identical for all Dy"-
Dy pairs. We have therefore employed a single exchange



interaction (J4) for these two complexes. For 3 two additional
magnetic exchange parameters Dy"-Cr'' (J;) and Cr'-Cr!!
(J3s) are employed (see computational details and Figure
8).l'e. 37
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Figure 7. The ab initio computed magnetization blocking barrier for a) the Dy1 site in 1; b) the Dy2 site in 1; c) the Dy1 site
in 2; d) the Dy2 site in 2; e) the Dy1 site in 3 and f) the Dy2 site in 3. The x-axis indicates the magnetic moment of each state
along main magnetic axis of Dy ions while y-axis denotes the energy of the respective states. The thick black line indicates

the Kramer’s doublets as a function of computed magnetic moment. The green/blue arrows show the possible pathway via
Orbach/Raman relaxation. The dotted red lines represent the presence of QTM/TA-QTM between the connecting pairs. The
numbers provided at each arrow are the mean absolute value for the corresponding matrix element of transition magnetic
moment. The numbers given in magenta corresponds to wave function analysis of the my levels, where for example, 0.95|-

15/2>+0.02|-9/2> indicate that the ground state is pure my = £15/2 with a slight mixing (0.02) with an my = 9/2 excited state.

Although the Cr'"-Cr'"' (J3) exchange is a next-nearest-
neighbour interaction, this interaction has previously been
highlighted as being important in order to reproduce the low
temperature susceptibility data and, therefore has been
taken into consideration. %!

The estimated exchange coupling parameters for complexes
1-3 are shown in Table 2 (see Figure 2 for the fit obtained
using the POLY_ANISO routine). For complex 1, the Dy"-
Dy" magnetic exchange interaction is found to be
antiferromagnetic (-0.16 cm™) in nature. The average Dy-O-
Dy angle in complex 1 is 111.3°. Based on previously
developed magneto-structural correlations for



{Gd"(OR),Gd"}  dimers, this angle falls in the
antiferromagnetic exchange region.?®®! DFT calculations also
reproduce the sign of the exchange interaction affirming this
point. For complex 2, the POLY_ANISO fit yielded a
ferromagnetic coupling interaction (1.6 cm™). Here the
average Dy"-O-Dy" angle is found to be 107.8°, while the
average Dy'"-F-Dy" angle is 113.8°. The above mentioned
magneto-structural  correlation  predicts  ferromagnetic
exchange coupling for angles below ~107° and this is
consistent with the present observation. The magnitude of
the exchange interaction, however, is relatively strong
compared to other 4f-4f interactions (usually <0.01 cm™) and
this can be traced to the presence of the fluoride bridges,
which promote strong polarization (see Figure S6 in ESI).
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Figure 8. Magnetic exchange pathways in 1-3.

Table 2.Magnetic exchange interactions (cm™) between
magnetic ions in 1-3. zJ is a cluster-cluster interaction.

Com | Magnetic Exchange Interactions | Magnetic Exchange
plex | (Lines model, in cm™) Interactions(DFT
calculated, in cm™')
J1 J2 J3 zJ J1 J2 J3
1 -0.16 -0.01 -0.11
2 1.6 -0.013 | 0.034
3 2.8 -1.8 | 0.005 | -0.017 | 0.02 | -0.8 | 0.005

For complex 3, the J; interaction between the Dy"-Dy'"ions
is found to be ferromagnetic as observed in 2. In this case
the exchange is even stronger with a magnitude of 2.8 cm™'.
The average Dy"-O-Dy'"' angle is found to be 105.5°, while
the average Dy"-F-Dy" angle is 118.5°. Again relating to the
{Gd(OR),Gd} magneto-structural correlation, Dy"-O-Dy"
angles smaller than ~107° result in ferromagnetic coupling,
with the stronger coupling witnessd in 3 correlating to the
smaller angle compared to 2. Furthermore, as the Dy"-Cr'
interaction is determined to be antiferromagnetic this offers
another route for stronger ferromagnetic Dy"...Dy" coupling
via spin polarization, as evidenced earlier in polynuclear {3d-
Gd} complexes.8

The Dy"-Cr'" interaction is estimated to be
antiferromagnetic in nature (-1.8 cm*' by POLY_ANISO and -
0.8 cm™ by DFT, based on {Cr'"Gd"} models). We have
previously undertaken detailed mechanistic studies on
{3d(OR),Gd} pairs, as well as fluoride bridged {Cr'"-Gd"}

pairs.® Conclusions from this work are that the magnetic
exchange coupling in {3d-4f} pairs has two contributions. A
ferromagnetic contribution arising from the charge transfer
from a 3d orbital to empty 5d/6s orbitals of Dy" and 4f
orbitals contributing to the empty 5d/6s orbitals via
polarization as revealed earlier. 38! The second contribution
being an antiferromagnetic contribution resulting from the
direct overlap between the 3d SOMOs and the 4f SOMOs.
Particularly, unpaired electrons in o-type d,? and d¢é.,?
orbitals contribute significantly to charge transfer, leading to
dominating ferromagnetic contributions, while the remaining
m-orbitals tend to overlap with the 4f orbitals. In the case of
Cr'" possessing the t,g® configuration, the charge transfer
pathway is negligible and significant overlap with the 4f
orbitals is expected, as has been documented.® 31 |n 3, the
Dy"-Cr'" interaction is mediated by two alkoxide bridges and
one carboxylate bridge. Extensive magneto-structural
correlations developed for {Cu"Gd"}, {Ni"Gd"}, {VVGd"},
{CMGd"} and {Fe"'Gd"} complexes suggest that, for this
exchange topology, the coupling is expected to be
antiferromagnetic for bridge angles smaller than 105°. Here
the Dy"-O-Cr'" angles are 103.4 and 98.4°. These relatively
small angles enforced in the polynuclear framework promote
antiferromagnetic coupling and this is expected to be relative
strong, as one of the prominent ferromagnetic contributions
will be negligible, as discussed above. These mechanistic
arguments are supported by the DFT calculations (See
Figure S6).

Magnetic relaxation in the polynuclear framework: For
compound 1 the tunnelling (Awn) parameter for the
exchanged coupled ground state is computed to be large
(2.4 x10°2 see Figure 9a), but is determined, however, to be
very small for 2 (4.4 x 10 see Figure 9c) and 3 (4.0 x 107,
see Figure 9b). Thus, in complex 1 the magnetic relaxation
occurs via the ground state with a small energy barrier of
0.001 cm™ (See Table S6 and Figure 9a). In 2, the first
excited state also possesses negligible tunnel splitting,
suggesting magnetization blockade up to 3.6 cm”. The
second excited exchange-coupled state lies at 4.0 cm™ (See
Table S10 and Figure 9c) and possesses a tunnel splitting of
Awn= 2.8 x10* cm', which suggests a possible relaxation
pathway via this state. Further to this, another relaxation
pathway at higher excited states, is expected, with an energy
barrier of 49.1 cm™, possessing significant tunnel splitting
(Awn= 1.1 x10° see Table S10). Although the relaxation is
expected to occur via the states that lie at 4.0 cm™, the
tunnel splitting for these states are relatively small and minor
perturbations such as intermolecular interactions can quench
this tunnelling process and could push up the relaxation
barrier via higher excited states lying at 49.1 cm™. This
picture is consistent with the experimental data where
several relaxation processes are observed, one at very low
temperatures with a small the barrier height (2-4 cm™,
estimated) and one at higher temperatures, with a barrier
height of 39 cm™' (experimental).

In contrast, for 3, the tunnelling probability of the ground,
first and second excited states are almost negligible, a
consequence of stronger Dy"..Dy" and Cr'"..Dy"
interactions, which quench the QTM leading to relaxation via
the third exited state. This places the estimate of U, for this
molecule as 38.0 cm™ (Awn =1.4 x10* see Table S14 and
Figure 9b) which is consistent with the experimental data (55
cm™).['%1 Clearly, here only one relaxation is observed unlike
in 2, this suggests that the presence of Cr'"ions quench the
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low temperature relaxation channel, which was available for
the complex 2.
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Figure 9. Low-lying exchange spectrum and the position of the magnetization blocking barrier of 1(a), 3(b) and 2(c). The
exchange states are placed on the diagram according to their magnetic moments (bold black lines).
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Figure 10. Plot of observed Ues values in {TM",Dy",} vs.
Mulliken charge on bridged atoms.

The barrier heights for magnetization reversal are found to
be (1, 0.001 cm™) < (2, 4.0 cm™) < (4, 10.4 cm™) < (3, 38.0
cm™).0 The observed trend clearly suggests that the
presence of the F~ion (2 (F) vs 1 (OH’) and 3 (F) vs 4 (N3))
instigates structural and electronic changes that help to
quench the QTM to a certain extent. This is clear if we
compare complexes 1 and 2, where 1 is experimentally not
an SMM, while complex 2 exhibits slow relaxation, however,
with prominent QTM at lower temperatures. Although the F-
ions help to quench the tunnelling compared to the
hydroxide ions present in 1, we still find a significant tunnel
splitting of the exchanged coupled excited state in complex 2
(2.8x 10* cm™). Complex 4 on the other hand incorporates
the paramagnetic Cr"'ion, which induces notable exchange
coupling between the Cr'"-Dy"' and Dy"-Dy"' ions, quenching
the QTM effects. Here, even with bridging hydroxide and
azide ligands, QTM is quenched efficiently. This is attributed
to relatively strong Dy"-Cr'"" magnetic exchange interactions.
Secondly, if both F- and Cr''are present, such as in complex
3, this is doubly effective, where both factors work additively
to quench the QTM leading to the observation of a very large
barrier for magnetization reversal, and ultimately resulting in



coercive magnetic hysteresis loops, with a blocking
temperature of 3.5 K (Figure S5). Our calculations reveal
that the electrostatic potential experienced by the ions upon
replacement of OH by F-is significant and alters the direction
of the ground state magnetic anisotropy. As the F~ ions carry
a larger negative charge compare to the hydroxide ions, the
barrier heights are found to also correlate to the computed
Mulliken charges residing on the bridging atoms (see Figure
10 and Tables S15-S17 and Figures S7-S9 in the
Supporting Information).

Conclusion
In summary, we report the synthesis, magnetic and
theoretical studies of two analogous heterometallic

{Co"4Dy"'4} octanuclear complexes of formulae [Co"yDy"s(u-
OH)4(p3-OMe)s(O,CC(CHzs)s)s(tea)s(H20)4]-4H.O0 (1)  and
[Co"4Dy"4(u-F4)(p3-OH)4(0-tol)s(mdea)s]- 3H.O-EtOH-MeOH
(2)). Both complexes display the same metallic core topology,
with minor structural modifications found in the ligand
framework. The major structural difference, in the context of
the magnetic behaviour, being the introduction of p-F
bridging ions for 2, replacing y-OH- ions for 1. We also
included in this study a theoretical perspective of two
analogous {Cr",Dy"'4} octanuclear complexes, which display
an identical metallic core topology to that of 1 and 2 -
[Cr'"'sDy"4(u-F4)(Hs-OMe)1 25(3-OH)2.75(0-CPh)g(mdea)s]  (3)
and [Cr'"yDy"(u3-OH)s(u-N3)s(mdea)s (piv)s](4). Compounds
3 and 4 provide a similar O vs F bridging ligand comparison
to 1 and 2 (in this case N vs F), but also reveal insight of the
influence the 3d transition metal ion has on the magnetic
behaviour, when comparing between (1 and 2) and (3 and 4).
The magnetic relaxation data for 1 and 2 (TM = Co"), are
found to be significantly different, as are the data for 3 and 4
(TM = Cr'"). Further to this, the behaviour of the {Co"4Dy",}
complexes are notably different from the {Cr",Dy"s}
complexes. From the ac data, only out-of-phase (xu") “tails”
are visible, above 2 K, for 1, however, 2 exhibits a significant
out-of-phase component, revealing multiple relaxation
process, the slowest of which revealing a barrier height of 39
cm™,

Ab initio calculations suggest major differences are found
even at single ion level, where the presence of F- is found to
diminish the tunnelling probability of the ground state KDs. In
the case of hydroxide bridged complexes, the ground state
tunnelling is significantly larger and we show compound 1
and 4 are “worse” SMMs than 2 and 3. The presence of the
F- ions alters the direction of the magnetic anisotropy and
more importantly pushes the first excited state higher in
energy due to stronger electrostatic repulsion. This reduces
the mixing of the ground m, = 15/2 with the first excited m,=
1/2 state leading to reduced QTM effects for the F-
compounds.

At the polynuclear level the presence of weak Dy"-Dy"
interactions is strong enough already to quench the QTM
completely in complex 2 leading to the observation of SMM
behavior, while it is insufficient in complex 1 rendering no
SMM characteristics. Furthermore, F- also influences the
exchange coupling, where the Dy"-Dy" coupling is
determined to be ten times larger for complex 2 compared to
complex 1 (-0.16 cm™ vs. 1.6 cm™ for 1 and 2, respectively),
reiterating further the superiority of F- over OH" as a bridging
ligand.

Replacement of (diamagnetic) Co" by the paramagnetic
d® Cr'" ion opens up further exchange pathways, where
stronger Dy"...Cr'" interactions are detected leading to

further quenching of the QTM pathways. This is especially
so in complex 3 where both Cr"" and F- are present and both
factors contribute, additively, to the quenching of QTM
leading to the observation of a very large barrier height for
magnetization reversal and long relaxation times as
observed in the magnetic hysteresis plot.
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