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ABSTRACT: [Dy"(HBpz;),]*" moieties (HBpz,~ = hydrotris(pyrazolyl)borate) and a 3d
transition-metal ion (Fe'" or Co™) have been rationally assembled using an dithiooxalato
dianion ligand into 3d-4f [MDy,;(HBpz;)4(dto);]-4CH;CN-2CH,CL, (M = Fe (1), Co (2)
complexes. Single-crystal X-ray studies reveal that three eight-coordinated Dy™ centers in a
square antiprismatic coordination environment are connecting to a central octahedral
trivalent Fe or Co ion forming a propeller-type complex. The dynamics of the magnetization
in the two isostructural compounds, modulated by the nature of the central M™ metal ion, are
remarkably different despite their analogous direct current (dc) magnetic properties. The
slow relaxation of the magnetization observed for 2 mainly originates from isolated Dy ions,
since a diamagnetic Co™ metal ion links the magnetic Dy ions. In the case of 1, the
magnetic interaction between S = 1/2 Fe'" ion and the three Dy magnetic centers, although
weak, generates a complex energy spectrum of magnetic states with low-lying excited states
that induce a smaller energy gap than for 2 and thus a faster relaxation of the magnetization.

B INTRODUCTION

Since the discovery of Single-Molecule Magnets (SMMs) in a
dodecanuclear manganese complex, intensive research efforts
have been devoted in the quest for new SMMs.> These
complexes behave as magnets at low temperatures, in other
words, their field-induced magnetization relaxes slowly upon
removal of the applied direct current (dc) field.> Therefore, the
fantastic interest of the scientific community for SMMs is
motivated by their numerous potential applications, which
include quantum computation,” information storage,” and
biomedical purposes.® Equally remarkable has been the
magnetic refrigeration brought about by the molecules similar
to the SMMs, albeit with small magnetic anisotropy.”
Historically, the field of SMMs has grown tremendously
through the design and preparation of systems containing 3d
metal ions.** Recently, the development of mononuclear
lanthanide complexes with long magnetization relaxation
times has initiated extensive research investigations on 4f-
based SMMs.® In addition, the use of different spin carriers
(such as 3d-4f) represents a very active synthetic approach for
designing low-dimensional molecular magnets, as it allows to
combine a high-spin ground state with a large uniaxial magnetic
anisotropy.9 Thus, a few 3d-4f complexes with diverse
topologies exhibiting SMM behavior have been reported.”'
Recently, we have shown that the oxalate dianion (ox*”) can
bridge efficiently two capped Dy™ building units (the capping
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ligand being hydrotris(pyrazolyl)borate; HBpz;~), generating
intramolecular ferromagnetic interactions.” In the present
work, we report on a rational synthetic strategy to connect 4f
[Dy(HBpz;),]** moieties to a 3d transition-metal ion (Fe™ or
Co™), using an oxalato-type anionic ligand leading to
heterometallic M™'Dy™; complexes exhibiting slow relaxation
of their magnetization.

Inspired by the previously reported [Dy,(HBpz;),(u-
0x)]-2CH;CN-CH,Cl, compound,'’ our initial approach has
been to react aqueous solutions of DyCl;-6H,0/K(HBpz;) and
Fe' (or Co™) salt/K,ox. Unfortunately, this synthetic
approach produces instantly an unknown precipitate that was
not possible to characterize. Subsequently, an alternative
synthetic route for the preparation of the targeted discrete
M"/Dy™ complexes (M = Fe or Co) has been undertaken. It
consists of the reaction of M(ox); (M = Fe or Co) with an
aqueous solution of DyCl;-6H,0 and K(HBpz;). Again, an
unidentified solid is obtained as a product of this reaction. To
synthesize finally M"Dy™, complexes, we decided to use the
bridging dithiooxalato dianion (dto®”) with the idea that the
“soft” sulfur atoms of the asymmetric dto’” ligand will
preferably coordinate the “soft” metal ions in contrast to the
“hard” oxygen atoms that should rather bind to “hard” metal
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Table 1. Crystal Data and Structure Refinement for [FeDy,(HBpz,)¢(dto);]-4CH;CN-2CH,Cl, (1) and

[CoDy;(HBpz;)¢(dto);]-4CH,CN-2CH,CL, (2)

empirical formula
F, (g mol™)

1
CroH76B¢ClyDy;FeN4O4Se
2516.08

2
C0H76BsCLDy;CoN4O4Ss
2519.16

crystal system monoclinic monoclinic
space group C2/c C2/c

crystal color dark blue-violet red

crystal size (mm®) 0.23 X 0.25 X 0.26 0.20 X 0.18 X 0.16
temperature (K) 153(2) 166(2)

a (&) 28.255(5) 28.3220(13)
b (A) 24.796(5) 24.7043(12)
c (A) 18.738(5) 18.6907(9)
B (deg) 131.050(5) 131.1310(10)
vV (A% 9900(4) 9850.0(8)
Pedea (Mg/m®) 1.677 1.699

4 (mm™) 2.685 2720
F(000) 4904 4972

0 for data collection (deg) 1.91-25.00 2.18—-25.00
collected reflections 29965 26080
independent reflections 7458 6668

Ry 0.0298 0.0449
R[I> 26(D)] 0.0398 0.0434

wR (all data) 0.1119 0.1195
goodness of fit on F2 1.094 1.029

largest diff. peak and hole (e A%)

—2.179 and 2.331

—1.879 and 1.774

ions.'” Earlier studies on the dithiooxalate ligand revealed its
unique coordination properties.”> According to the hard-soft
acid-base (HSAB) theory, rare-earth ions like Dy™ are hard
acids,"* and thus are expected to coordinate to dto®~ anions
through their oxygen atoms. On the other hand, soft 3d metal
ions like Fe™ or Co™ should bind to the sulfur atoms.
Therefore, the use of this particular asymmetric ligand is crucial
to allow good control of the final heterometallic coordination
compound. Propeller-like M™Dy"; (M = Fe, Co) compounds
have been successfully assembled by applying this rational
synthetic strategy. Single-crystal X-ray studies reveal that both
compounds are isostructural, thus providing a unique
opportunity to experimentally probe the differences in the
magnetic properties on replacing the S = 1/2 Fe'" ion with the
S =0 Co™ ion. Detailed magnetization dynamics studies show
that these unique three-bladed propellers exhibit slow
relaxation of their magnetization modulated by the nature of
the central M™ metal ion.

B EXPERIMENTAL SECTION

General Procedures. All chemicals were used as commercially
obtained without further purification. Elemental analysis for C, H, and
N were carried out on a Perkin-Elmer 2400 analyzer. FTIR spectra
were recorded with a Perkin-Elmer Fourier transform infrared
spectrophotometer using the reflectance technique (4000—300
cm™'). Samples were prepared as KBr disks. The magnetic
susceptibility measurements were obtained with the use of a MPMS-
XL Quantum Design SQUID magnetometer and a PPMS-9
susceptometer housed at the Centre de Recherche Paul Pascal. The
magnetometer and the susceptometer work between 1.8 and 400 K for
dc applied fields ranging from —7 to 7 T (MPMS-XL). Alternating
current (ac) susceptibility measurements were made with an oscillating
ac field of 1 Oe with frequency between 10 to 10000 Hz (PPMS-9).
Measurements were performed on polycrystalline samples (10.36 and
11.17 mg for 1 and 2), introduced in a sealed polyethylene bag (3 X
0.5 X 0.02 cm). The magnetic data were corrected for the sample
holder and the diamagnetic contributions.
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X-ray Crystallography. Crystallographic data and refinement
details are given in Table 1. Suitable single crystals with dimensions of
0.23 X 0.25 X 0.26 mm® and 0.20 X 0.18 X 0.16 mm? for 1 and 2,
respectively, were selected for single-crystal X-ray diffraction analysis.
Crystallographic data were collected at 153(2) K (1) and 166(2) K
(2) on a Bruker ApexIl CCD diffractometer with graphite
monochromated Mo Ka radiation (4 = 0.71073 A). Data processing
was accomplished with the SAINT processing program.'> The
structure was solved by the direct methods and refined on F* by
full-matrix least-squares using SHELXTL97.' CCDC-831217 (1) and
831218 (2) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Synthesis of 1. An aqueous solution (10 mL) of DyCl;-6H,0 (0.3
mmol, 0.1131 g) and an aqueous solution (10 mL) of K(Hsz3)17
(0.6 mmol, 0.1513 g) were added simultaneously to a stirred aqueous
solution (20 mL) containing FeCly-6H,0 (0.1 mmol, 0.0270 g) and
Na,dto'® (0.3 mmol, 0.0498 g). The solution was stirred for S min,
and then cooled in a refrigerator overnight. The resulting pale-blue
precipitate was filtered off, washed three times with water, and dried
under vacuum. The crude product was recrystallized from dichloro-
methane-acetonitrile, and suitable single crystals for X-ray diffraction
analysis were obtained in the dark (yield = 12%). IR (KBr, cm™): v =
2492, 1494, 1402, 1310, 1211, 1110, 1042, 760, 718, 620. Anal. Calcd
for C,oH,4B¢Cl,Dy;FeN,,O¢Se: C, 33.42; H, 3.04; N, 22.27. Found: C,
33.65; H, 2.86; N, 21.93.

Synthesis of 2. This compound was prepared applying a similar
procedure with an aqueous solution of [Co(NH;)]ClL;* (0.1 mmol,
0.0267 g) and Na,dto (0.3 mmol, 0.0498 g) heated to 80 °C for
several minutes, and subsequently cooled to room temperature. The
red crude product was recrystallized from dichloromethane-acetoni-
trile and suitable single crystals for X-ray diffraction analysis were
obtained (yield = 65%). IR (KBr, cm™): v = 2462, 1505, 1405, 1301,
1215, 1122, 1050, 761, 722, 620. Anal. Calcd for
CyoHyBsCLDy,CoN,,O4Ss: C, 33.38; H, 3.04; N, 22.24. Found: C,
33.56; H, 2.90; N, 22.45.
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B RESULTS AND DISCUSSION

Crystal Structures. The reaction of aqueous solutions of
DyCl;-6H,0/K(HBpz;) and FeCly;:6H,0 or [Co(NH;)4]Cly/
Na,dto yields the desired heterotetranuclear compounds
[FeDy;(HBpz;)¢(dto);]-4CH;CN-2CH,Cl, (1) with 12%
yield or [CoDy;(HBpz;)4(dto);]-4CH;CN-2CH,Cl, (2) with
65% yield.

Single-crystal X-ray studies (see Supporting Information)
reveal that 1 and 2 are isostructural and crystallize in the
monoclinic C2/c space group. Perspective views of the
molecular structure of 1 and 2 are shown in Figure 1 and

Figure 1. Representation of compound 1 with the atom-numbering
scheme. Hydrogen atoms and lattice solvent molecules are not shown
for clarity. Symmetry operation: a =2 — %, , 1/2 — z.

Supporting Information, Figure S1, respectively. Details about
the structure solution and refinement are summarized in Table
1, and selected bond distances and angles are listed in
Supporting Information, Tables S1 and S2. In these
compounds, the tetranuclear M™Dy™; complexes adopt a
propeller-type geometry consisting of three eight-coordinated
DyIII centers in a square antiprismatic coordination environ-
ment, which are connected to a central octahedral trivalent Fe
or Co ion (Figure 1—2 and Supporting Information, FigureS1).

The two square bases of the Dyl antiprism coordination
sphere are formed by the (O1, N1, N3, and N7) and (02, NS,
N9, and N12) set of atoms (Figure 2A). As anticipated, the

A N5
02
O1F== R N
N12
Cc |
[ |
32 Fe1 S3
S2a S3a
|
“S1a

Figure 2. Coordination environment of the dysprosium(III) ions: Dyl
(A), Dy2 (B), and of the iron(IIT) Fel (C). Symmetry operation: a = 2
—%y 1/2 —z
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Dyl ion is coordinated by six nitrogen atoms belonging to two
HBpz,~ ligands, and two oxygen atoms from a dto’~ anion. The
Dy—N and Dy—O bond distances as well as the Dy™
coordination geometry are comparable to those observed for
[Dy,(HBpz;),(1-0x)]-2CH,CN-CH,CL,."" Dy2 exhibits a
similar environment with slight variations of the metric
parameters (Supporting Information, Table S1 and Figure
2B). Each Dy ion is connected to a Fe center, via a bridging
dto®”. Hence, Fel is in an octahedral environment formed by
six sulfur atoms belonging to three different dithiooxalato
ligands (Figure 2C). The Fe—S bond lengths and angles
(Supporting Information, Table S1) are typical of FeSq
octahedral coordination spheres.”’

The crystal lattice contains the two enantiomeric isomers of
1 with the central iron(III) atom Fel adopting two
enantiomeric conformations, namely, the A and A isomers
(Figure 3A).

B £ N
=2 _Dy2 Dy2 H,
fe] Le]
= Lq
Fel\/A AN\/Fel
O Soapoyta Dy1i<‘ = xz”r)
y Dyt o Dy1 ¥

Figure 3. Illustrations of the two coordination enantiomers present in
the crystal lattice of 1. (A) A and A forms of the central Fe atom; (B)
A/AAA and A/AA A isomers of the Fe™Dy"™l; core.

Interestingly, the Dyl (Dyla) and Dy2 atoms exhibit
opposite configurations, generating a A,A,A propeller for the
A Fel center, and a A/A/A one for the other enantiomer
(Figure 3B). Thus, in contrast with the other 3d-4f propellers
reported in the literature,”" the present Fe'"Dy'; system does
not possess a C;-symmetry, the Dy ions Dyl (or Dyla) and
Dy2 being nonequivalent. The same peculiar structural
characteristics are noticed for 2.

The replacement of iron(IlI) by cobalt(IlI) leads to the
isostructural compound [Dy;Co-
(HBpz3)4(dto);]-4CH;CN-2CH,Cl, (2). Its single-crystal X-
ray structure is depicted in Supporting Information, Figure S1.
The bond lengths and angles of 2 are very close to those
observed for 1 (Supporting Information, Tables S1 and S2). In
particular, the Dy—Dy separation distances and the Dy—M—Dy
angles are almost identical (Supporting Information, Tables S1
and S2, Figure S2), which is an important feature regarding the
magnetic-exchange coupling between the 3d and 4f ions as well
as the contribution of central metal ion to the relaxation
dynamics of these propeller-like compounds (vide infra).

Magnetic Properties. Direct-current (dc) magnetic
susceptibility studies of 1 and 2 have been carried out in an
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Inorganic Chemistry

applied magnetic field of 1 kOe in the 300—1.8 K temperature
range. The yT versus T data, where y is the molar magnetic
susceptibility, are shown in Figure 4. The observed yT value at

50
- 40 -
2
< 30f
®
G 20f
ke 5 :Q'EK
2 .
1ok . al
0 30000
8 HT1/0eK1
o] 50 100 150 200 250 300
T/K

Figure 4. Temperature dependence of yT product (y being the
magnetic susceptibility defined as M/H per M™Dy"™; complex) at 1
kOe for 1 (black) and 2 (red). Inset: M versus H/T plot at different
temperatures below 8 K for 1.

300 K of 41.8 and 41.7 cm® K mol™" for 1 and 2 are close to the
expected values (42.875 and 42.50 cm® K mol ™, respectively)
for three uncoupled Dy™ ions (S = 5/2, L = 5, °Hys,, g = 4/3)
and one low-spin S = 1/2 Fe" ion or one diamagnetic Co™ ion.
The yT product remains roughly constant until S0 K and then
decreases to reach a minimum of 40.1 and 37.9 cm® K mol ™" for
1 and 2 at 1.8 K, indicating very weak intramolecular magnetic
interaction between spin carriers. The nonsuperimposition of
the M versus H/T data on a single master-curve (Figure 4 and
Supporting Information, Figures S3—S4) suggests the presence
of a significant magnetic anisotropy, likely coming from the
Dy metal ions, and/or low-lying excited states, in agreement
with weak intramolecular magnetic interactions, in both 1 and
2.'"' As expected, the dc magnetic properties of 1 and 2 look
almost the same; however, the dynamics of the magnetization
in the two compounds is dramatically different (vide infra).

Both the temperature and frequency dependences of the ac
susceptibilities for 1 and 2 have been measured under zero-dc
field (Figure S and Supporting Information, Figures S5—S8). A
frequency dependence of the ac susceptibilities is observed for
both compounds with an out-of-phase component that is weak
in intensity and that does not display a maximum in the
experimental temperature (above 1.8 K) and frequencies (1 to
10000 Hz) windows. This result suggests the presence of a fast
relaxation of the magnetization (below 107> s) as expected in
the presence of zero-field quantum tunnelling of the magnet-
ization (QTM) often observed for low symmetry lanthanide
based-SMMs.**** To check for the presence of QTM, ac
measurements were performed under small dc fields (H < 1500
Oe) that are expected to lift the degeneracy of the + mg levels,
decrease the probability of QTM, and hence increase the
relaxation time, 7.*® Indeed, the application of a dc field causes
a drastic reduction of the characteristic frequency from above
10000 Hz (at H = 0 Oe) to a minimum value of 4800 and 3.3
Hz for 1 and 2 respectively, at same optimum field of about 800
Oe (Supporting Information, Figures $9—S11). As suspected,
these results highlight the presence of significantly fast QTM in
zero-dc field. At the optimum field of 800 Oe for which the
QTM probability is minimized, the ac susceptibility has been
measured for both complexes (Figure 6 and Supporting
Information, Figures $12—15).
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Figure S. Frequency dependence of the out-of-phase ac susceptibility
(r") of 1 (top) and 2 (bottom), under zero-dc field.

18K

ColDy'h,

x"/cm?® mol!

MIPIAIRING — =
ooanxbE
RERR AR

BRI

—
—_—

CEYF
Eooboxoos
RARR RAF

100 1000
viHz

10000

Figure 6. Frequency dependence of the out-of-phase ac susceptibility
(r") of 1 (bottom) and 2 (top), under 800 Oe dc field.

For both compounds, the ac susceptibility at 800 Oe
possesses a frequency dependent out-of-phase component that
exhibits a clear maximum above 1.8 K (Figure 6). Hence, the
temperature dependence of the relaxation time can be deduced
as shown in Figure 7 and Supporting Information, Figures
S16—S17. When 7 is plotted in a semilogarithmic scale as a
function of T~' (Figure 7), it is clear that the temperature
dependence of the relaxation is not a simple Arrhenius law, that
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Figure 7. Magnetization relaxation time, 7, versus T! semilogarithmic
plots for 1 (blue) and 2 (red) under 800 Oe dc field. The solid lines
are the Arrhenius law obtained considering data at the highest
temperatures (see text).

is, 7 is not exponentially enhanced when the temperature
decreases. Indeed, even under 800 Oe, the quantum pathway of
magnetization relaxation is still operative with relaxation times
smaller than 107" s, explaining the absence of M versus H
hysteresis at the sweeping rate used in a classical magnetometer.
Therefore it is difficult to evaluate the energy gap, A, associated
with the thermally activated regime of relaxation. Nevertheless,
a lower limit of the relaxation time can be estimated
considering only the 6 highest temperatures for which the
relaxation time can be estimated. The linear fit of the
experimental data leads to a minimum energy gap, A, and
a preexponential factor, 7y, of 15 K and 1.5 X 107° s for 1 and
52 K and 3.6 X 1078 s for 2. It should be noticed that 7,, the
attempt time of relaxation from the thermal bath, values are
notably large in comparison to the expected values around
10°=10"" s for SMMs.***® These values are obviously
enhanced by the presence of QTM even at 800 Oe confirming
that the obtained A, must be taken as a lower limit of the real
thermal energy gaps (A).

As shown above, the dynamics of the magnetization in the
two isostructural compounds are remarkably different despite
their analogous dc magnetic properties. The replacement of the
diamagnetic Co™ ion by a paramagnetic Fe" has thus a major
impact on the relaxation time of these systems. In the case of 2,
the presence of a diamagnetic metal ion, Co™™, between the
magnetic Dy™ ions is certainly leading to tiny inter-Dy
magnetic interactions. Therefore, the slow relaxation observed
for 2 is mainly originating from isolated Dy ions. It is worth
noting that the Figure 6 is clearly showing a broad relaxation
mode that certainly hides more than one relaxation process in
agreement with the presence of two different Dy sites. In the
case of 1, the S = 1/2 Fe'" ion is interacting, probably weakly,
with the three Dy"' magnetic centers. Therefore a complex
energy spectrum of magnetic states is generated with low-lying
excited states that induce a smaller energy gap than for 2 and
thus a faster relaxation of the magnetization.

H CONCLUSION

In summary, a synthetic strategy, taking advantage of the HSAB
theory (Pearson acid base concept), has been applied
successfully to design and prepare 3d-4f based coordination
complexes with unusual magnetic properties. Propeller-like
M"Dy"™, (M = Fe, Co) compounds have been obtained, with
Dy" ions forming the blades of the propellers that adopt
reverse enantiomeric configurations. These unique three-bladed
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propellers exhibit slow relaxation of their magnetization
modulated by the nature of the central M™ metal ion.

B ASSOCIATED CONTENT

© Supporting Information

Crystal data, additional crystallographic diagrams and magnetic
diagrams. This material is available free of charge via the
Internet at http://pubs.acs.org.
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