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ABSTRACT: Three new heterometallic complexes with formulas of
[DyIHZCOHIZ(OMe)z(teaH)z(acac)4(NO3)2] (1), [DyIHZCoHIZ(OH)Z-
(teaH),(acac),(NO;),]-4H,0 (2), and [Dy"™,Co™,(OMe),(mdea),-
(acac),(NO;),] (3) were characterized by single-crystal X-ray diffraction
and by dc and ac magnetic susceptibility measurements. All three
complexes have an identical “butterfly”-type metallic core that consists of
two Dy ions occupying the “body” position and two diamagnetic low-
spin Co™ ions occupying the outer “wing-tips”. Each complex displays
single-molecule magnet (SMM) behavior in zero applied magnetic field,
with thermally activated anisotropy barriers of 27, 28, and 38 K above 7.5
K for 1-3, respectively, as well as observing a temperature-independent
mechanism of relaxation below S K for 1 and 2 and at 3 K for 3, indicating
fast quantum tunneling of magnetization (QTM). A second, faster
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thermally activated relaxation mechanism may also be active under a zero applied dc field as derived from the Cole—Cole data.
Interestingly, these complexes demonstrate further relaxation modes that are strongly dependent upon the application of a static

dc magnetic field. Dilution experiments that were performed on 1, in the {Y",Co

"} diamagnetic analog, show that the slow

magnetic relaxation is of a single-ion origin, but it was found that the neighboring ion also plays an important role in the overall

relaxation dynamics.

B INTRODUCTION

The synthesis of lanthanide-containing coordination complexes
that display single-molecule magnet (SMM) behavior is a field
that continues to grow at a significant rate." Lanthanide ions
display interesting magnetic behavior because of their large
magnetic moments and anisotropy. SMM behavior originates
from the blocking of a magnetic moment in a particular
direction via an anisotropy barrier at sufficiently low temper-
atures.” Under these conditions, the individual molecules
display magnetic hysteresis, thus offering potential avenues
toward information storage.” Other such applications that have
been considered for lanthanide-based nanomagnetic materials,
SMM-based or otherwise, include their uses as molecular spin
qubits that are relevant to quantum comgutation and as
molecular objects for molecular spintronics.” Remarkably, it
was shown that SMM behavior can arise from a single
lanthanide ion, which was originally reported for a terbium bis-
phthalocyanine complex.* This resulted in the revival of
lanthanide-based molecular magnetism, with numerous such
mono- and as an extension, polynuclear complexes being
reported.” Larger anisotropy barriers were subsequently
developed in lanthanide-based materlals in comparison to
those of transition-metal clusters, however, the quantum
tunnehn§ of magnetization (QTM) is also generally fast in such
systems.” This is a problem in the Ln area because the spins
tend to tunnel very quickly at zero magnetic field and hence no
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significant hysteresis is observed. In an attempt to overcome
this, Long and co-workers introduced strong magnetic
exchange into dinuclear Tb™ and Dy™ complexes via the
interaction of a radical species. This resulted in the suppression
of the QTM at zero field with magnetic hysteresis observed at
up to 14 K for the Tb™ complex, which is the highest thus far
reported.® Lanthanide complexes also allow for the observation
of various unusual magnetic phenomenon such as noncollinear
spins resulting in toroidal moments’ and the presence of
multiple relaxation mechanisms of the magnetization within a
single molecule. Sy6410 Understanding the role that the various
factors play in affecting the relaxation mechanism(s) (thermal
and QTM pathways) in lanthanide-based systems, such as
exchange interactions and chemical modifications of the
molecule, is likely the key to developing more efficient and
better performing SMMs. This may be achieved by comparing
existing SMM-type complexes in which similar motifs can be
studied by making sequential changes to the molecule to see
how they will affect the dynamic magnetic behavior. Some
efforts at correlating the low-temperature spin dynamics with
the distortion of the geometry around the metal ion(s) have
recently been reported and show the role played by the local

symmetry around the Ln" jons.'!
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Table 1. Crystallographic Data for Compounds 1-3

1

formula® Co,Dy,C;,Hg0,,N,
M, g mol™ 1319.72
crystal system triclinic

space group P1

a (A) 10.050(2)

b (A) 10.990(2)

¢ (A) 11.780(2)

a (deg) 68.30(3)

B (deg) 69.38(3)

7 (deg) 75.21(3)

vV (A%) 1119.7(4)

T (K) 100(2)

VA 1

Pac (g em™) 1.957

1 (A)? 0.71070

data measured 13 440

ind. reflns 3607

Ry 0.0625

reflns with I > 26(I) 3565
parameters 295

restraints 0

R1° (obs), wR2° (all) 0.0470, 0.1275
GOF 1.168

largest residuals/e A 2.597, —3.132

2 3
Co,Dy,C35HgyO6Ny Co,Dy,C5,Hs020N,
1363.67 1259.67
monoclinic triclinic
P2,/c PI
14.0879(9) 8.6711(6)
11.9553(8) 11.9885(8)
16.5970(11) 12.4358(8)
90 117.342(2)
91.237(2) 99.948(2)

90 100.614(2)
2794.7(3) 1078.52(12)
123(2) 123(2)

2 1

1611 1.939
0.71073 0.71073
19072 9843

6389 6346

0.0384 0.0249

5172 5291

342 277

37 0

0.0413, 0.1138 0.0524, 0.1129
1.062 1.160

1.717, —1.196 4.119, —1.893

“Including solvate molecules. Graphite monochromator. “R1 =X||F,| — IE||/ZIF,|, wR2 = {Z[w(F,?> — F2)?]/Z[w(F,2)*]}"2

With this in mind, we have recently reported several
heterometallic tetranuclear 3d/4f complexes of the
{Co"™,Dy"™,}-type that utilize amine-based polyalcohol and
carboxylate ligands.'> We studied their dynamic magnetic
susceptibility behavior and found large thermal energy barriers
to magnetic reversal as well as QTM that was effectively
reduced when compared to that of many similar dinuclear
lanthanide-based SMMs.'> We also determined that the slow
magnetic relaxation was of a single-ion origin and that the
QTM was reduced as a consequence of the interaction with the
neighboring Dy ion within the same molecule. We have
followed up on this work by looking at the replacement of
various ligands around the above-mentioned {Co",Dy",}
clusters to determine how these chemical modifications may
affect the single-molecule magnet behavior within this core
type. The replacement of the carboxylate ligands for
acetylacetonate (acac) has allowed us to isolate several related
complexes that all have the same heterometallic butterfly motif
as previously reported.'*® Herein, we present three new
complexes with formulas of [Dy",Co™,(OMe),(teaH),-
(acac),(NO3),] (1), [DyHIZCOIHZ(OH)Z(teaH)z(acac)4—
(NO;),]-4H,0 (2), and [DymzComz(OMe)Z(mdea)z(acac)4-
(NOs),] (3) (teaH; = triethanolamine and mdeaH, =
methyldiethanolamine). The complexes that were isolated
differ from each other in the alkoxide/hydroxide group that is
present and bridges the two Dy ions as well as in the amine-
based polyalcohol ligand that was used. These then differ from
the previously reported {Co"™,Dy",} clusters via the
coordination environments that were found around the Co™
and Dy" ions. The static and dynamic magnetic properties
were studied, with each displaying single-molecule magnet
behavior. However, the relaxation dynamics of each complex
differed significantly from those that were observed for the
previously reported butterfly structures. Furthermore, multiple
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mechanisms for magnetic relaxation are observed in zero and
upon application of a static dc magnetic field.

B EXPERIMENTAL SECTION

General Information. All reactions were carried out under aerobic
conditions. All chemicals and solvents were obtained from commercial
sources and used without further purification. Elemental analysis
(CHN) was carried out by Campbell Microanalytical Laboratory,
University of Otago, Dunedin, New Zealand. IR spectra were recorded
on a Bruker Equinox 55 spectrometer with an ATR sampler provided
by Specac, Inc,, and the samples were run neat.

Synthesis of [Dy",Co",(OMe),(teaH),(acac),(NOs),] (1). Co-
(acac),”2H,0 (0.15 g, 0.5 mmol) and Dy(NO,);-6H,0 (0.22 g, 0.5
mmol) were dissolved in MeOH (20 mL), followed by the addition of
triethanolamine (0.07 mL, 0.5 mmol) and triethylamine (0.3 mL, 2.0
mmol) to give a purple solution. This was stirred for 2 h after which
the solution had turned blue-green. This was subsequently layered
with diethylether (Et,0), and within 2 to 3 days the dark-green
crystals of 1 had appeared in an approximate yield of 65%. Anal. Calcd
(found) for 1: Co,Dy,Cy,H0,,N,: C, 30.94 (30.90); H, 4.58 (4.62);
N, 4.25 (4.44). Selected IR data, ATR (cm™): 1600 (s), 1575 (s),
1518 (s), 1457 (m), 1435 (m), 1384 (s), 1261 (w), 1123 (m), 1090
(w), 1068 (w), 1037 (w), 1013 (s).

Synthesis of [Dy",Co",(OH),(teaH),(acac),(NO3),]-4H,0 (2). Co-
(acac),”2H,0 (0.4S g, 1.5 mmol) and Dy(NO,);-6H,0 (0.22 g, 0.5
mmol) were dissolved in MeCN (20 mL), followed by the addition of
triethanolamine (0.07 mL, 0.5 mmol) to give a brown solution. This
was stirred for 2 h after which the solution had turned green. This was
subsequently layered with diethylether (Et,O), and within 2 to 3 days
the blue-green crystals of 2 had appeared in an approximate yield of
57%. Anal. Caled (found) for 2: Co,Dy,C;,HgOnN,: C, 28.18
(28.30); H, 4.73 (4.72); N, 4.11 (4.32). Selected IR data, ATR (cm™):
1565 (s), 1521 (s), 1472 (m), 1457 (m), 1425 (m), 1363 (m), 1286
(s), 1086 (m), 1026 (m).

Synthesis of [Dy" ,Co",(OMe),(mdea),(acac) ,(NO;),] (3). Complex
3 was prepared the same as 1 except that mdeaH, (0.06 mL, 0.5
mmol) was used in place of teaH;. A green-brown solution was formed
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after the addition of the base. This was then stirred for 2 h to give a
blue-green solution that was subsequently layered with diethylether
(Et,0). Within 2 to 3 days, the green crystals of 3 had appeared in an
approximate yield of 65%. Anal. Calcd (found) for 3:
Co,Dy,CyHys050N,: C, 30.51 (30.60); H, 448 (432); N, 4.45
(4.64). Selected IR data, ATR (cm™): 1600 (s), 1580 (s), 1510 (s),
1436 (m), 1382 (s), 1306 (s), 1262 (m), 1146 (m), 1090 (m), 1013
(s).

X-ray Crystallography. X-ray measurements of 1 were performed
at 100(2) K at the Australian Synchrotron MX1 beamline. The data
collection and integration were performed with the Blu-Ice'* and
XDS" software programs. Compounds 2 and 3 were measured at
123(2) K using a Bruker Smart Apex X8 diffractometer with Mo Ka
radiation. Data collection and integration were performed with the
SMART and SAINT+ software programs and were corrected for
absorption using the Bruker SADABS program. Compounds 1—3 were
all solved by direct methods (SHELXS-97) and refined (SHELXL-97)
by full-matrix least-squares on all F* data.'® The crystallographic data
and refinement parameters for 1—3 are summarized in Table 1. The
crystallographic details are available in the Supporting Information
(SI) in CIF format. CCDC nos. 931 477—931 479. 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 measure-
ments were carried out with a Quantum Design SQUID magneto-
meter MPMS-XL 7 operating between 1.8 and 300 K for dc fields
ranging from 0 to S T. The microcrystalline samples were dispersed in
Vaseline to avoid torquing of the crystallites. The sample mulls were
contained in a calibrated gelatin capsule held at the center of a
drinking straw that was fixed at the end of the sample rod. ac
susceptibilities were carried out under an oscillating ac field of 3.5 Oe
with frequencies ranging from 0.1 to 1500 Hz.

B RESULTS AND DISCUSSION

Structural Descriptions. Crystal Structures of
[Dy'"",Co'",(OMe),(teaH),(acac),(NO;),] (1),
[Dy",Co",(OH),(teaH),(acac),(NO;),]-4H,0 (2), and
[Dy" ,Co™,(OMe),,(mdea),(acac) ,(NOs),] (3). Single-crystal X-
ray diffraction measurements revealed that compounds 1 and 3
crystallize in the triclinic space group P1, whereas compound 2
crystallizes in the monoclinic space group P2,/c. Compounds
1-3 (Figures 1 (2 and 3) and S1 (1)) were all found to be
heterometallic tetranuclear clusters consisting of two Co™" and
two Dy ions, with the asymmetric unit (ASU) containing half
of the complex (one Co™ ion and one Dy™ ion) which lies
upon an inversion center. The metallic core for each cluster
displays a planar butterfly motif with the two Dy" ions
occupying the body positions and the Co™ ions occupying the
outer wing-tip sites. These core ions are held together primarily
via two y3 methoxide (1 and 3) or y3 hydroxide (2) ligands.
Around the periphery of each cluster are two amine-based diol
or triol ligands that coordinate via the N atom to the Co™ ions
and then bridge the Co™ to the Dy" ions via two y, O atoms.
In the cases of 1 and 2, the third protonated alcohol arm of the
teaH”™ ligands are noncoordinating. It was then found that one
acac ligand chelates to each Co™ ion, with one acac and one
nitrate both found to chelate to the Dy ions, thus completing
the coordination sphere for each ion. This results in the Co™
ions being six-coordinate with an octahedral geometry that
displays an average Co—Ly,,, bond distance of 1.91 A. The Dy™
ions are all eight-coordinate with a distorted square
antiprismatic geometry and average Dy—O bond lengths of
2.38, 2.38, and 2.37 A for 1-3, respectively. Overall, these
complexes are identical from a first-coordination environment
point of view, with selected bond lengths and angles for 1-3
being given in Table 2, which follows the labeling scheme that
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Figure 1. Molecular structures of 2 (top) and 3 (bottom) that
highlight the u;-OH (2) and p;-OMe (3) bridging ligands and the
differing ligand backbones associated with the amine-based poly-
alcohol ligands. The hydrogen atoms are omitted for clarity. Color
scheme: Co', green; Dy, purple; O, red; N, blue; C, light gray.

was used in Figure 2. The structural differences within each
cluster are observed only via the alkyl chain size and the OH
substituent associated with the third nonbonding arm of the
teaH”" ligands, as well as the bridging 43 methoxide/hydroxide
ligand. Intermolecular packing interactions result in 1-D
hydrogen-bonded chains for 1, with {O—H:-O} hydrogen
bonds observed between the free protonated alcohol arm of the
teaH”™ ligand and a neighboring nitrate ion (Figure S2). As a
consequence of the P2,/c space group for 2, the orientation of
the neighboring molecules differs, which results in a 2-D
hydrogen-bonded sheet. The hydrogen bonds are now formed
between the hydroxide ligand and the noncoordinating arm of
the protonated teaH”™ ligand of a neighboring cluster, which in
turn hydrogen bonds to an O atom of a acac ligand (Figure S3).
Compound 3 displays no intermolecular hydrogen bonds
because of the absence of the free —OH arm derived from the
teaH”” ligand seen in 1 and 2. It is found, however, that the
packing arrangement is similar to that of 1 (Figure S4).

As alluded to earlier, this type of complex with this particular
metallic-core motif has recently been reported by our group as
part of a structural and magnetic study utilizing carboxylate and
amine-based diol or triol ligands with cobalt and lanthanide
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Table 2. Selected Bond Distances (Angstroms) and Angles
(Degrees) for Complexes 1-3

1 2 3
Dyl-03’ 2.248(4)" 2.255(4)° 2.240(4)°
Dyl-02 2.261(4) 2.300(4) 2.270(5)
Dyl1-08 2.277(5) 2.328(4) 2.262(4)
Dyl-07 2.328(4) 2.243(4) 2.317(5)
Dyl-01 2.416(5) 2.365(3) 2.411(4)
Dyl-010 2.459(5) 2.422(4) 2.423(5)
Dyl—-Ol’ 2.512(4)" 2.449(4)° 2.510(4)¢
Dyl1-09 2.540(5) 2.554(4) 2.549(4)
Col-03 1.871(4) 1.874(4) 1.869(4)
Col-02 1.886(4) 1.897(4) 1.883(3)
Col-06 1.893(4) 1.891(4) 1.896(4)
Col-05 1.903(4) 1.903(4) 1.906(4)
Col-01 1.949(4) 1.943(4) 1.936(4)
Col—-N1 1.984(5) 1.975(4) 1.962(5)
Dyl--Dyl’ 4.077(5) 3.925(6) 4.052(4)
Dyl-Col 3.284(5) 3.260(4) 3.297(4)
Dyl’--Col 3.379(4) 3.362(4) 3.384(2)
Dyl-O1-Dyl’ 111.63(4) 109.23(4) 110.83(4)

“Symmetry transformation: 1 — x, —y, 1 — =z bSymmetry

transformation: 2 — x, 2 — y, —z. “Symmetry transformation: —x,
-y 1l-=z

ions.'> Several subtle variations within this system (e.g., the
replacement of various RN(CH,CH,0H), (R = H, Me, Bu)
ligands with triethanolamine) resulted in changes to the
coordination sphere around the Dy ion, which gave unique
single-molecule magnet behavior for each complex. A
comparison of the complex [Dy",Co™,(OMe),(dea),-
(0,CPh),(MeOH),](NO;), (dea® = doubly deprotonated
diethanolamine)'* to compound 1 is shown in Figure 3.

It was found that the central bridging motif between the
paramagnetic Dy™ ions (i.e, two u; alkoxide or hydroxide
ligands) as well as the coordination of the alcohol ligands
bridging the Co™ to the Dy ions remains the same. The major
difference is that the four benzoate ligands have been replaced
by four acac ligands that each chelate to one ion, as opposed to
the benzoate ligands that are bridging. As a consequence of this,
two nitrate ions are also coordinated to the Dy site, resulting
in two chelating groups associated with the Dy ion, differing
from that of the previous study (Figure 3, left)."> The analysis
of the coordination geometry of the unique Dy" ion in 1-3
with the SHAPE program shows that the dysprosium ion in all
three compounds resides in an environment that is closest to a
square antiprismatic geometry with continuous shape measures
(CShMs) of 1.69, 1.82 and 1.71, respectively.'” These CShMs
are rather large and thus imply that even though the geometry
is closest to a square antiprism, it is rather distorted. The next
closest coordination geometry is the trigonal dodecahedron,
with CShMs of 2.91, 2.38, and 2.79 for 1—3. Hence, the
coordination environments around the Dym ions here are more
distorted than that of the previously reported {Co™,Dy",}-
teaH;/benzoate complex, which gave CShMs values of 0.865
and 0.923 for the square antiprismatic geometry of Dyl and
Dy2, respectively (two unique tetranuclear molecules were
found in the ASU). This will have an influence on the low-lying
electronic structure within each Dy ion, which is responsible for
the single-ion magnetic properties and hence will likely lead to
differing dynamic magnetic behaviors."!

Magnetic Measurements. dc Magnetic Susceptibility
Measurements. The bulk magnetic properties of 1—3 were
probed via variable-temperature measurements on polycrystal-
line samples in applied dc fields of 0.1 and 1 T. These
experiments are plotted as yT versus T (Figure 4) and reveal
room-temperature yy,T values of 27.75, 27.98, and 27.83 cm’®
mol™" K, for 1—3, respectively, which are in good agreement
with the expected value of 28.34 cm® mol™' K for two
uncoupled Dy™ ions (*Hys), S =3/, L =5,] ="/, g =%/,
and C = 14.17 cm® mol™" K). As the temperature is lowered,

) !

Figure 3. Comparison of [Dy™,Co™,(OMe),(dea),(0,CPh),(MeOH),](NO,), (left) to complex 1 (right).
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Figure 4. Plots of yT vs T for 1—3 measured in dc fields of 0.1 (2—
70 K) and 1 T (2—300 K).

the yuT values decrease very gradually (300—50 K) before a
more pronounced decrease occurs below 50 K, reaching values
of 10.65, 14.12, and 13.46 cm® mol™ K at 0.1 T and 2 K for 1,
2, and 3, respectively. The decrease in y\T in all cases is
attributed to the depopulation of the m; sublevels of the ground
J multiplet, with the possibility of weak antiferromagnetic
exchange and dipolar interactions also contributing to the
behavior. The magnetization studies are plotted as M versus H,
shown in Figures S5—S87, and each shows a sharp increase with
increasing H at low fields and temperatures, with M then
increasing linearly at larger fields, reaching values of 9.74, 10.38,
and 10.06 Nf at 2 K and S T for 1, 2, and 3, respectively. These
are lower than the expected saturation value for two Dy ions
as a result of crystal-field effects eliminating the 16-fold
degeneracy of the °H;5/, ground state.

ac Magnetic Susceptibility Measurements. The temper-
ature and frequency dependence of the ac susceptibility under a
3.5 Oe oscillating ac field and zero applied dc magnetic field
was determined for compounds 1-3, with SMM behavior
observed in all cases. Compounds 1 and 2, which differ only by
the presence of a i; bridging methoxide in 1 and a hydroxide
ion in 2, display very similar dynamic magnetic behavior. The
frequency and temperature dependence of the out-of-phase
(rm’") susceptibility is shown in Figure S for 1 and Figure S8
for 2. The temperature-dependent data for 1 and 2 reveal a
significant out-of-phase signal below 18 K, with a broad
increase at higher frequencies that reaches a plateau at ~10 K
before increasing again at lower temperatures. This observation
suggests that a thermally activated relaxation mechanism is
present that crosses over to a temperature-independent regime
at lower temperatures, as is often observed for lanthanide-
containing systems."> A frequency-dependent susceptibility plot
confirmed this behavior, with peak maxima observed in y,,”’
with frequencies that became temperature-independent below 5
K, indicating a pure quantum regime. The tunneling frequency
was found to be 272 Hz for both complexes, which
corresponded to a tunneling time (7qry) of 0.58 ms and is
of a similar scale to those of other previously reported
lanthanide SMMs.> Above § K, the relaxation times become
temperature-dependent and eventually display Arrhenius
behavior associated with a thermally activated mechanism. At
temperatures greater than 7.5 K, plots of In(z) versus 1/T are
linear and fit the Arrhenius law [z = 7, exp(U/ksT)],
affording values of Ug = 27 K and 7, = 8.1 X 10°s (R =
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Figure S. Frequency (top) and temperature (bottom) dependence of
the out-of-phase ac susceptibility (yy,”) of 1 in a zero applied dc
magnetic field. The solid lines join the data points.

0.975) for 1 and Uz =28 Kand 7, = 7.4 X 10~ s (R = 0.965)
for 2 (Figure 6). Cole—Cole plots of 1 (Figure S9) were

B0 L A A A A A
A
A
s 1)
. 2
A 3
o [ . [ ] ]
4 L
03 04 0.5 06
T/K'

Figure 6. Magnetization relaxation time () plotted as In(z) vs T~" for
compounds 1—3. The solid lines represent fits to the Arrhenius law of
the thermally activated relaxation.

constructed and fitted to a generalized Debye model to
determine the « values and relaxation times (7) in the range of
9.5—1.9 K. At high temperatures, the a value is 0.17, which
increases to 0.27 upon lowering the temperature to 1.9 K,
indicating that a fairly narrow distribution of relaxation times
occurs within this temperature range. Interestingly, above 9.5 K
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a second increase starts to appear in y),”’, possibly indicating
the presence of a second, faster relaxation mechanism (Figure
S10, top left). Because this second increase occurs at
frequencies greater than 1500 Hz, which is the limit of our
SQUID magnetometer, we were unable to investigate this
further.

Compound 3 displays similar but subtly different dynamic
magnetic behavior. The temperature dependence of the out-of-
phase susceptibility (Figure 7, bottom) again displays

20
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= Eaal £ f;
|
02+ .
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Figure 7. Frequency (top) and temperature (bottom) dependence of
the out-of-phase ac susceptibility (yp") of 3 in a zero dc magnetic
field. The solid lines join the data points.

frequency-dependent signals below 18 K. At the higher
frequencies, a very broad increase is observed, reaching a
maximum at ~8 K, which is followed by a second increase at
very low temperatures. This broad signal at high frequencies
may possibly be due to the second relaxation pathway that was
hinted at for compound 1. The appearance of the peak maxima
in the thermally activated region may suggest that the quantum
tunneling relaxation pathway occurs at a slower rate in 3 than in
1 and 2. This was confirmed by the frequency-dependent data
(Figure 7, top) in which we now observe a temperature-
independent regime below 3 K with a characteristic tunneling
frequency of 63 Hz, corresponding to a slower tunneling time
of 2.52 ms. Again, a thermally activated mechanism is in
operation above 7 K, and the plots of In(z) versus 1/T are
linear (Figure 6). Fitting the data to the Arrhenius law [z = 7,
exp(U.g/ksT)] afforded values of U,z = 38 K and 7, = 2.6 X
10~° s (R = 0.981) (Figure 6). Cole—Cole plots of 3 (Figure
S11) were again constructed and fit to a generalized Debye
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model to determine the a values and relaxation times (z) in the
range of 15—1.8 K. The a value is 0.15 at 15 K and increases to
0.37 at 1.8 K, showing a substantial broadening of the
distribution of relaxation times as the temperature is lowered.
Again, above 9 K a second increase in "’ is clearly apparent in
this sample, confirming the presence of a second, faster
relaxation mechanism that is similar to that of 1 (Figure S10,
top right). The second increase again occurs at frequencies
greater than 1500 Hz, which is the limit of our SQUID
magnetometer, and unfortunately we are unable to investigate
this aspect further. Because of the slow magnetic relaxation
observed via the ac data for 1—3, hysteresis in M versus H was
investigated at 1.8 K but was not detected, probably because of
fast quantum tunneling.

Upon comparison of compounds 1-3 to the previously
reported {Co",Dy"™,} butterfly clusters,'” the data revealed a
marked difference in the dynamic magnetic behavior in zero dc
field. In the previously reported complexes, large thermal
energy barriers were reported with values of between 79 and
115 K and with relatively slow QTM. Compounds 1-3,
however, display a much smaller anisotropy barrier, faster
QTM, and a second relaxation mechanism that is observable in
the Cole—Cole plots, a behavior that is intriguing given the
single, crystallographically unique Dy™ ion present in this case.
Future theoretical calculations could potentially determine why
there is such a difference in the anisotropy barriers and will
possibly shed some light on the observation of multiple
relaxation mechanisms.

In systems that display significantly fast quantum tunneling
rates, the application of a static dc field will shift y/'' . to
lower frequencies until the optimal field in which the QTM is
efficiently reduced is reached, after which point further
increases will lead to a gradual frequency increase in /'’ ..
These experiments may also help to determine if multiple
relaxation processes are active by shifting the relaxation
mechanism(s) to the time scale of the experiment. The ac
susceptibility data were therefore investigated as a function of
the applied static field, and experiments were performed at 2 K
with a dc field that varied between 0 and 10 000 Oe, revealing
unusual and unexpected behavior (Figure 8). For compound 1,
there is an appearance of a second peak in y,’ as the field is
increased, which is found at very low frequencies whose
intensity increases at the expense of the high-frequency peak.
This indicates that two mechanisms of relaxation are clearly
active with time scales that differ by orders of magnitude.
Pathway A is denoted as the fast (high-frequency) process,
whereas pathway B is denoted as the slow (low-frequency)
process. Pathway A displays a shift in yy/',. to lower
frequencies (i, a longer relaxation time) in fields of up to
1000 Oe before an up-frequency shift is observed, which speeds
up the relaxation time between 1000 and 1750 Oe and is
followed by a second down-frequency shift. The optimal field
was found to be at ~3000 Oe at a frequency of 28 Hz (Figure
8, top right). The increase in relaxation time between 1000 and
1750 Oe is likely due to quantum tunneling mechanisms that
become active as a result of level crossings coming into
resonance. Increasing the magnetic field past the most efficient
field results in a gradual upshift in frequency, yielding faster
relaxation rates, which are a feature that is usually observed in
SMMs. At fields between 3250 and 5500 Oe (Figure 8, bottom
left), it is clear that the out-of-phase susceptibility peaks of
pathway A diminish with the appearance of a second, lower-
frequency process (pathway B). The two peaks are clearly
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Figure 8. Plots of )"’ vs frequency at 2 K for 1 under the application of variable dc fields ranging from 0 to 10 000 Oe. The frequency dependence
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range fields between 3250 and 5500 Oe (bottom left). The frequency dependence at high fields between 6000 and 10 000 Oe (bottom right). The

solid lines join the data points.

observable in this field range. After the appearance of pathway
B at higher fields, we see a shift to lower frequencies upon
increasing the field, with optimum fields found above 6000 Oe
at a frequency of 0.23 Hz. Figure 8 (bottom right) shows the
appearance of pathway B at the expense of pathway A at the
highest fields measured (> 6000 Oe).

Thus, variable temperature and frequency measurements for
1 at the optimal field of 3000 Oe for pathway A were recorded.
A second measurement at a field of 6000 Oe was also
performed to highlight the appearance of pathway B and to
study its temperature dependence. These plots are shown in
Figure 9. The relaxation times were extracted from the high-
frequency data at 3000 Oe (Figure 9, top), and it was found
that the relaxation follows a thermally activated mechanism
above 7.5 K with plots of In(z) versus 1/T that are linear
(Figure S12). Fitting the data to the Arrhenius law [z = 7,
exp(U,g/ksT)] afforded values of U,z = 35 K and 7, = 3.37 X
1075 s (R = 0.991) (pathway A). The anisotropy barrier
increases to a small extent, and as expected no crossover into a
pure quantum regime above 1.9 K was observed as a result of
the application of the static field that reduces the QTM. The
appearance of the second, slower process also became evident.
Cole—Cole plots of 1 at 3000 Oe (Figures 10, top and S13)
were constructed and fit to a generalized Debye model to
determine the « values and relaxation times (7) in the range of
10—1.9 K. At low temperatures (1.8—6 K), two overlapping
semicircles are clearly present, indicating two mechanisms of
relaxation at differing time scales (Figure 10, top). Above 6 K,
the slow process disappears (Figure S13); however, above 9 K,

a second increase again appears in yy,’ that is identical to the
zero field measurements (Figure S10, bottom), indicating the
presence of three separate relaxation mechanisms in this system
(pathway C). At 1.9 K, the fast relaxation process (A) has a
characteristic time of 0.219 s and an a value of 0.47, whereas
the slow process (B) has a characteristic time of 17.5 s and an «
value approaching zero, indicating that the slow process has a
very narrow distribution of relaxation times and the fast process
is substantially broader in its distribution. As the temperature is
increased to 3 K, the fast process undergoes a reduction in the
characteristic time, as expected, to 83.9 ms and a slight
reduction in the a value to 0.45, whereas the slow process also
speeds up, showing a characteristic time of 12.9 s with an a-
value that remains essentially zero. Above this temperature, the
slower process begins to disappear and the generalized Debye
data for these temperatures are not reliable; however, we are
still able to fit the data to a two-barrier relaxation model to
avoid skewing the results for the faster process. At 6 K, the fast
process has a characteristic time of 18.6 ms and an a value of
0.28, indicating that the distribution of relaxation times
becomes much more narrow at higher temperatures. Above 6
K, the slower process is not observable, and the fit of the data
to the generalized Debye model using one or two processes
gave the same result. At 10 K, the fast process shows a
characteristic time of 4.30 ms with an « value of 0.11, showing
an extremely narrow distribution of relaxation times at these
higher temperatures.

The 6000 Oe plot highlights both relaxation pathways that
are observable (A + B). The fast process follows a similar
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Figure 9. Frequency dependence of the out-of-phase ac susceptibility
(rm’’) of 1 in a 3000 (top) and 6000 Oe (bottom) applied dc
magnetic fields. The solid lines join the data points.

temperature dependence to the 0 and 3000 Oe measurements;
however, the slow relaxation pathway (low frequency) exhibits
behavior that is intriguing. At 1.9 K, the peak maxima in yy;"" is
found at 0.23 Hz and increasing the temperature shifts this to
0.38 Hz at 3 K, as expected. As the temperature is increased
turther, the relaxation time slows down unusually with maxima
found at 0.21 Hz above 6 K. It is therefore seen that the time
scale of the relaxation mechanism is close to being temperature-
independent with the y,," value also diminishing significantly
upon increasing the temperature. It seems apparent that
population effects are important, as the percentage suscepti-
bility of the fast process increases at the expense of the slow
process as the temperature increases, which is almost the
opposite effect that the applied dc field produced on the
sample. This is a possible indication that the separate relaxation
processes may occur via first excited (slow) and second excited
(fast) states. Cole—Cole plots at 6000 Oe again show that two
semicircles are clearly observable up to 6 K (Figure 10,
bottom), above which temperature the second process
disappears (Figure S14). At 1.9 K, the slow process has a
characteristic time of 27.0 s and an « value of 0.17, whereas the
fast process has a characteristic time of 55.9 ms and an a value
of 0.50, indicating that it has an extremely broad distribution of
relaxation times compared to the slow process. Increasing the
temperature to 6 K narrows the distributions of both processes,
with the slow process having a characteristic time of 26.5 s and
an @ value of zero, whereas the fast process has a characteristic
time of 14.8 ms and an « value of 0.27. At 8 K, the slow process
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has entirely disappeared and the fast process now has a
characteristic time of 8.54 ms and an a value of 0.31, which
show that it has unusually slightly broadened.

It has previously been noted for polynuclear lanthanide
complexes possessing distinct anisotropy centers (i.e., more
than one unique coordination environment) that multiple
relaxation modes can be observed for differing time scales, as
the smgle ion behavior often dominates the molecular
behavior.'” In the present case, however, the molecule displays
one unique Dy coordination environment because the second
ion is crystallographically equivalent to it. The appearance of a
second relaxation pathway upon the application of a static dc
field has been observed in a small number of monomeric and
dimeric cases containing equivalent Dyl sites, similar to the
situation that we observed for 1, including the [ Dy(DOTA)
[Cp,Dy(thf) (u-CD)],," [Dy<COT”>2L1(THF><DME)] 2
[Co(SPh),]*” complexes.” These compounds dlsplay a
second, slower process in applied fields, displaying a temper-
ature-dependent thermally activated relaxation mechanism.
This is the opposite of what was observed in the case of 1,
and further investigations are warranted to try and shed some
light on these new observations.

Compound 3 also displays similar field-dependent behavior
to that of 1 at 2 K, as shown in Figure S1S5. Two relaxation
modes are observed upon the application of a static dc field,
with the appearance of the second slow mechanism appearing
at the expense of the faster mechanism. It is observed that the
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optimal fields are found at 500 and 2750 Oe for the fast
process, with the appearance of the second slower process
becoming observable between 3000 and 4000 Oe. Again, at
higher fields the slow process is dominant and the
disappearance of the high-frequency peaks occurs.

Although the dynamic magnetic behavior for 1 and 2 is
similar to that of 3, it is apparent that there are obvious
differences, even though their first-coordination sphere is
identical. The relaxation barriers that were determined from
the ac data differ in zero field, with pure quantum regimes
occurring at differing tunneling frequencies. These systems are
therefore ideal for further study to better understand the single-
molecule behavior of dinuclear lanthanide complexes.

Recent studies of dinuclear dysprosium complexes diluted
with an isostructural Y' diamagnetic matrix have shown that
the slow relaxation mechanism of the whole complex in such
weakly coupled systems is of single-ion origin and have
displayed the importance of the neighboring ion upon the zero
field quantum tunneling time scale.'”*** The preparation of a
5% Dy-doped sample resulted in a complex containing three
possible products (ignoring the Co™ ions), namely, the {Y",},
{Y"Dy"}, and {Dy"™,} species. The probability of observing
the different dinuclear species at the 5% dysprosium dilution
level is 90.25% for {Y"™,}, 9.5% for {Y"'Dy"™}, and 0.25% for
{Dy",}. Therefore, the major paramagnetic product will be the
single ion {Y"'Dy"™"} species. ac measurements were performed
in a zero applied dc field on a 5:95 Dy/Y sample of 1. The data
show a similar slow magnetic relaxation below 18 K to {Dy"!,}
complex 1, with frequency-dependent out-of-phase signals
indicating that the slow relaxation is of single-ion origin (Figure
11). It appears that the plateaus observed in the {Dy'",} species
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Figure 11. Temperature dependence of the out-of-phase susceptibility
(rM'") for the 5:95 Dy/Y sample of 1. The solid lines join the data
points.

are now obscured by a second, more prevalent increase at lower
temperatures, indicating that quantum tunneling is very
efficient at zero field in this dilute sample. This can also be
observed via the frequency-dependent plot shown in Figure
S16. It therefore shows the importance that the neighboring
ions play in modulating the dynamic magnetic behavior in
single-ion-based molecular magnets.

Field-dependent ac measurements were again performed on
the dilute sample, with the isofield y,;'" versus frequency plots
being shown in Figure S17. Again, at low fields (<1000 Oe) we
observe peak maxima in y,,"" at high frequencies that shift to
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lower frequencies upon the application of larger fields. Above
1250 Oe, we observe a broadening of these peaks until a new
second peak becomes observable at the expense of the first
peak, with a further increase becoming apparent at even lower
frequencies, indicating a third process. At the highest fields
measured (>4500 Oe), only the low-frequency increase is
observable with the maxima lying below the minimum
frequency of our instrument. This again shows that there are
multiple mechanisms that are of single-ion origin. These data
may confirm that there are greater than two relaxation
mechanisms active in compound 1, but again it appears that
the dynamics are greatly affected by the neighboring ion
because maxima appear at differing frequencies between the
pure and dilute samples.

B CONCLUSIONS
11

Three new heterometallic tetranuclear {Co™,Dy™,} complexes
have been isolated utilizing triethanolamine or methyldietha-
nolamine and acetyacetonate as bridging ligands. All complexes
display a butterfly metallic-core arrangement and are similar to
our previously reported heterometallic SMMs."' ac magnetic
susceptibility measurements confirm that single molecule
magnet behavior is displayed in zero dc magnetic field with
thermally activated anisotropy barriers of 27, 28, and 38 K. It is
also observed that a second, faster relaxation process may be
present at frequencies greater than 1500 Hz. We have also
shown via dilution studies of the Dy"™ sample within a Y™
diamagnetic matrix that the single-molecule magnet behavior is
single ion in origin. The dynamic magnetic behavior observed
for compounds 1—3 is similar overall, but it does display some
subtle differences such as the barrier height and the occurrence
of a pure quantum regime at differing time scales (between 1
and 3). The present complexes differ 51gn1ﬁcantly from
previously reported {Co™,Dy",} SMM complexes.'””> SHAPE
calculations have revealed significant distortions of the local
DYHI ion geometry in the present complexes in comparison to
those in the previous complexes, which likely accounts for the
differences between them. Upon the application of a static dc
field to 1 and 3, further relaxation mechanisms are observed for
each sample as shown via the appearance of a slower,
temperature-independent relaxation mechanism that occurs at
the expense of the more prominent faster relaxation mode. The
appearance of multiple relaxation mechanisms in the present
complexes may be due to the significantly distorted square
antiprismatic geometry of 1—3 that lowers the local symmetry
of the ion. There is much that is yet to be rationalized regarding
these relaxation effects, and further investigations are underway
using related complexes that we have recently synthesized.
These studies will be reported in due course.
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Crystallographic data in CIF format, molecular structure of 1
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