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ABSTRACT: Four lanthanide compounds with formulas [Cs-
{Dy(bfac)}] (1), [Cs{Ex(hfac),}] (2), [K{Dy(hfac),}] (3), and
[K{Er(hfac),}] (4) (hfac = hexafluoroacetylacetone) are
reported. Compounds 1 and 2 crystallize in the orthorhombic
Pbcn space group, while 3 and 4 are in the triclinic P1 space
group. All display chain structures in which the mononuclear
[Ln(hfac),]” anions are linked by alkali metal ions. However, the
coordination geometries around the Ln atoms are quite different
depending on the cation. They adopt a distorted dodecahedron

with pseudo-D,; symmetry in the cesium compounds 1 and 2, while a distorted square-antiprism with pseudo-D,,; symmetry is
adopted in the potassium compounds 3 and 4. The latter compounds show distinct field-induced slow magnetization relaxation.
The energy barriers are 23.95 and 20.21 K for compounds 3 and 4, respectively.

B INTRODUCTION

Single-molecule magnets have received great attention due to
their potential applications in information stomge,1 molecular
spintronics,” and quantum computing.® In comparison to 3d
transition metal ions, lanthanide ions possess significant
magnetic anisotropy arising from the large unquenched orbital
angular momentum. Since the discovery of [Pc,Ln]™ as the first
single ion magnet by Ishikawa et al. in 2003,* a large number of
mononuclear lanthanide-based complexes that function as
SMMs have been reported, including those containing
phthalocyanine,” polyoxometalate,”” f-diketone,* '* macro-
cyclic Schiff base,"*'* or aromatic ligands.15 In these cases,
the magnetic anisotropy required for observing slow magnetic
relaxation arises from the splitting of the 2] + 1 degenerate
ground state of the lanthanide ions when it is submitted to a
certain ligand field (LF). The splitting generates new ground-
multiplet sublevels. This creates an energy gap between the
lowest and the second-lowest substates for the spin reversal.
Apparently, the ligand field and the coordination geometry
pose strong influences on the local anisotropy of the lanthanide
ions and, further, on the magnetic dynamics. However, the
control of the coordination geometry around the lanthanide
ions and the understanding of the relaxation mechanism remain
a great challenge.'® Most work has concentrated on shaping the
geometries by using different organic ligands.'®"”

The pf-diketone complexes are one of the representative
mononuclear lanthanide compounds for investigating single
molecule magnetism. p-Diketone ligands contain stable
bidentate chelating sites and can provide suitable ligand fields
to study the magnetic anisotropy. A typical example is neutral
compound [Ln(acac);(H,0),] (acac = acetylacetonate),8
where the Ln** ion is surrounded by eight oxygen atoms
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with a local symmetry of nearly D,; Magnetic studies on the
Dy, Ho, Er analogues reveal that the Dy compound behaves as
an SMM with the anisotropy barrier of 66.1 K.* The SMM
behavior is also found in neutral compounds [Dy(phen)-
(acac);] (phen = o-phenanthroline), [Dy(dpq)(acac),] (dpq =
dipyrido-[3,2-d:2,3'-f]-quinoxaline), and [Dy(dppz)(acac);]
(dppz = dipyrido-[3,2-a:2',3'-c]-phenazine), where the phen
and its derivatives replace H,O molecules.'”'" It is rather
interesting to find that the anisotropy energy barriers (63.84,
136, 187 K, respectively) increase with the expansion of the
aromatic ring of the phen derivative. The coligand induced tiny
distortion of the lanthanide coordination geometry, and its
impact on the magnetic dynamics is also demonstrated in the
cases of [Dy(bpy)(TTA);] and [Dy(phen)(TTA),] (TTA =
thenoyltrifluoroacetonate).'*

Another typical compound of fB-diketone is formulated as
(cation) [Ln(p-diketone),] which contains an anionic monomer
of [Ln(p-diketone),]”. The lanthanide ion is surrounded by
four p-diketone forming a LnOg environment. The geometry of
the LnOyg could be affected by the particular cation employed.
Nevertheless, detailed magnetic studies on such compounds are
still rare. As far as we are aware, only one example,
[Cs{Dy(Ph2acac),}], (Ph2acac = dibenzoylmethanide),'® was
reported to show slow magnetization relaxation.

In this Article, we present the syntheses and structural
characterization of four lanthanide-$-diketone compounds,
namely, [Cs{Dy(hfac),}] (1), [Cs{Er(hfac),}] (2), [K{Dy-
(hfac),}] (3), and [K{Er(hfac),}] (4) (hfac = hexafluoroace-
tylacetone). The LnOg geometries are found to be dependent
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on the particular alkali metal ions, which influence the magnetic
dynamics of these compounds significantly. It is worth
mentionin% that structures of [Cs{Ln(hfac),}] (Ln = Sm,"
Eu,*® Nd,”” Tb," Er,*! Tm'®) were reported in the literature,
but their magnetic behaviors were unexplored.

B EXPERIMENTAL SECTION

Materials and Measurements. All reagents and solvents were
purchased from commercial sources and used without further
purification. Elemental analyses for C, N, and H were determined
with a Perkin-Elmer 240C elemental analyzer. Infrared spectra were
recorded on a VECTOR 22 spectrometer with KBr pellets in the range
400—4000 cm™!. Powder X-ray diffraction (PXRD) data were
recorded on a Bruker D8 ADVANCE X-ray powder diffractometer
(Cu Ka) over the 20 range 5—S0° at room temperature. The
magnetization data were recorded on a Quantum Design MPMS-XL7
SQUID magnetometer and a vibrating sample magnetometer (VSM)
of Quantum Design MPMS SQUID VSM system. The diamagnetic
contribution of the sample itself was estimated from Pascal’s
constant.”?

Synthesis of 1—-4. Compounds 1—4 were synthesized similarly. A
typical procedure is described for 1. A methanol solution (S mL) of
Hhfac (04161 g, 2 mmol) and CsOH-H,0 (0.3358 g, 2 mmol) was
added to a hot solution of Dy(CF;S0;); (0.3049 g, 0.5 mmol) in S mL
of methanol. The mixture was heated to reflux for 3 h under stirring.
After cooling to room temperature, the resulting solution was filtered
and left to stand at room temperature with slow evaporation. Light
yellow rod-like crystals suitable for single crystal X-ray analysis were
obtained after 2—3 weeks. Yield: 55%. Elemental analysis calcd (%) for
CaoH,F,,04DyCs: C 21.36, H 0.36. Found: C 21.21, H 0.41. IR (KBr,
em™Y): 3417(br), 1651(s), 1617(w), 1565(s), 1539(s), 1502(s),
1350(w), 1257(s), 1211(s), 1152(s), 1099(m), 1037(w), 809(s),
770(w), 743(w), 663(s), 588(s), 528(w), 468(w).

For 2: yield 39%. Elemental analysis calcd (%) for C,,H,F,,O4ErCs:
C 21.27, H 0.35. Found: C 21.29, H 0.43. IR (KBr, cm™): 3415(br),
1653(s), 1615(w), 1565(m), 1539(m), 1504(m), 1481(w), 1351(w),
1268(s), 1230(s), 1156(s), 1096(w), 1029(s), 806(w), 761(w),
746(w), 642(s), 575(w), S15(w).

For 3: yield 49%. Elemental analysis calcd (%) for C,oH,F,,0,DyK:
C 23.31, H 0.39. Found: C 23.21, H 0.35. IR (KBr, cm™): 3441(br),
1647(s), 1610(w), 1565(s), 1535(s), 1506(s), 1471(w), 1349(w),
1260(s), 1223(s), 1156(s), 1096(m), 1036(w), 806(s), 770(w),
747(w), 664(s), 590(m), 523(w), 463(w).

For 4: yield 26%. Elemental analysis calcd (%) for C,oH,F,,O4ErK:
C 23.20, H 0.39. Found: C 23.02, H 0.37. IR (KBr, cm™): 3441(br),
1650(s), 1612(w), 1564(s), 1538(s), 1505(s), 1473(w), 1393(w),
1350(w), 1258(s), 1225(s), 1156(s), 1102(m), 1042(w), 806(s),
770(w), 745(w), 664(s), 590(m), 529(w), 468(w).

X-ray Crystallographic Analyses. Single crystals of dimensions
0.45 X 025 X 0.25 mm? for 1, 0.40 X 0.25 X 0.25 mm® for 3, and
0.40% 0.22 X 0.22 mm?® for 4 were mounted on a glass rod. The crystal
data were collected on a Bruker SMART APEX DUO diffractometer
using monochromated Mo Ka radiation (4 = 0.71073 A) at 123 K
(for 1), and Bruker SMART APEX II diffractometer using
monochromated Mo Ka radiation (4 = 0.71073 A) at 153 K (for 3
and 4). The numbers of observed and unique reflections are 22 745
and 3066 (R, = 0.041) for 1, 8742 and 5908 for 3 (R, = 0.007), and
9460 and 6107 (R, = 0.035) for 4. The structures were solved by
direct methods and refined on F* by full matrix least-squares using
SHELXTL.>® All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were either put in calculated positions or found from
the difference Fourier maps and refined isotropically. The F atoms in
compounds 1 and 4 are disordered over two sites with a different
occupation factor. Details of the crystal data and refinements are
summarized in Table 1. Selected bond lengths and angles are given in
Supporting Information Tables S1—S3. For comparison, the structure
of 2 was also measured at 123 K. The crystal data and structural
parameters of 2 are provided in Supporting Information Tables S4 and
SS.
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Table 1. Crystallographic Data for 1, 3, 4

1 3 4

empirical CyH,CsDyF,,04 CyHKDyF,,04 C,H,KErF,,O4
formula

fw 1123.64 1029.83 1034.59

cryst syst, orthorhombic, triclinic, PT triclinic, PT
space group Pben

a (A) 8.5259(8) 11.7644(17) 11.799(2)

b (A) 21.272(2) 12.1610(19) 12.305(3)

c (A) 17.2044(16) 13.3468(12) 13.428(3)

a (deg) 90 73.298(2) 72.398(3)

B (deg) 90 65.509(3) 65.675(3)

7 (deg) 90 63.667(2) 63.447(3)

Vv (A, z 3120.2(5), 4 1544.8(4), 2 1572.3(6), 2

D, (g em™) 2.392 2214 2.185

u (mm™) 3.732 2742 2.987

F (000) 2100 978 982

RIY, wR2?  0.0333, 0.1151 0.0539, 0.1356 0.0595, 0.1550
[ > 26(D)]

RI1Y, wR2Y  0.0365, 0.1194 0.0567, 0.1369 0.0680, 0.1623
(all data)

GOF 1.083 1.191 1.030

(Ap)max, 1.33, —0.88 1.17, —0.86 5.16, —1.93
(Aé))min (e
A7)

CCDC 954107 954106 954108
number

9R1 = 3IF,| — IEJI/ZIE,. *'wR2 = [Sw(F,2 — F.2)%/Sw(E,2)*]V2

B RESULTS AND DISCUSSION

Crystal Structures of 1 and 2. Single-crystal structural
analyses reveal that compound 1 crystallizes in the
orthorhombic system with a Pbcn space group, isostructural
to 2."” The structure of 1 consists of a [Dy(hfac),]” anion,
charge-balanced by a cesium cation (Figure la). The Dy**
center is chelated by eight oxygen atoms (01, 02, O3, O4 and
014, 024, O34, 04A) from four hfac™ ligands. The distances
of Dy—O bonds vary from 2.323(3) A to 2.380(3) A
(Supporting Information Table S1), which falls within normal
range.*’*>"! The O—Dy—O angles vary from 72.05(9)° to
150.53(10)°. From continuous shape measure (CSM)
analysis,”* the value obtained relative to the dodecahedron is
0.177 96, which is smaller than 1.837 31 relative to the square
antiprism (Table 2). Thus, we can determine the geometry of
the octacoordinated dysprosium ion as a distorted dodecahe-
dron with D,; symmetry. The cesium atom is coordinated by
six oxygen and six fluorine atoms from bridging hfac™ ligands.
The Cs—O and Cs—F distances are 3.189(3)—3.424(3) A and
3.120(4)—3.351(6) A, respectively.

There are two crystallographically distinguished hfac™
ligands. One adopts a p-k*-k* coordination mode with the
two oxygen atoms of hfac™ bridging both the dysprosium and
the cesium atoms (Scheme 1a). The other adopts a u-x*-«'
coordination mode with only one oxygen atom involved in
bridging Dy and Cs ions (Scheme 1b). As a result, the
dysprosium and cesium atoms are connected alternately by the
hfac™ ligands, leading to an infinite chain running along the a-
axis (Figure 2a). The coordination chain is aligned in a zigzag
fashion which is reflected by the angle of Cs—Dy—Cs
154.438(2)°. The Dy--Dy distance within the chain is
8.5259(8) A. The van der Waals interactions are dominant
between the chains. The nearest interchain Dy---Dy distance is
11.6595(9) A.
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(b)

Figure 1. Building unit of compounds 1 (a) and 3 (b) with atomic
labeling scheme (30% probability). All H atoms are omitted for clarity.

Table 2. Lanthanide Geometry Analysis by SHAPE Software

CSM 1 2 3 4
antisquare prism (D,;)  1.83731 199989 040073 034639
dodecahedron (D,;) 0.177 96 0.129 44 1.586 69 1.526 84

Scheme 1. Coordination Modes of hfac™ (Ln = Dy, Er; A =
K, Cs)

@ F F (b) F F
FWF FWF
PN 1o o

o o o o
A7\ / DA AT\ /
Ln Ln

For compound 2, the [Er(hfac),]” instead of [Dy(hfac),]” is
involved. The Er’* center is again octacoordinated with a
distorted dodecahedron. The Er—O bond lengths and O—Er—
O angles are 2.314(5)-2.358(5) A and 71.81(18)—
150.44(19)°, respectively.

Crystal Structures of 3 and 4. Compounds 3 and 4 are
isostructural and crystallize in the triclinic P1 space group; thus,
only the structure of 3 is described in detail. The asymmetric
unit of 3 contains one Dy, two K (each with 50% occupancy),
and four hfac™ ligands (Figure 1). The Dy’* ion is eight-
coordinated, surrounded by all the oxygen atoms from four
hfac™ ligands. The Dy—O bond lengths and O—Dy—O angles
are 2.299(5)—2.384(4) A and 70.94(16)—147.99(15)°, respec-
tively (Supporting Information Table S2). The coordination
geometry around the Dy’* ion is approximately square-
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Figure 2. Fragment of one-dimensional chain in structures 1 (a) and 3
(b). All H and F atoms except those involved in the coordination are
omitted for clarity.

antiprism with D,; symmetry, as suggested by SHAPE software
analysis (Figure 3b, Table 2).

Figure 3. Local coordination geometry of Dy** jon in 1 (a) and 3 (b).

There are four crystallographically different hfac™ ligands in
structure 3; each chelates the Dy atom through its two oxygen
atoms, hence forming a [Dy(hfac),]” anion. The [Dy(hfac),]”
anion serves as a metallo-ligand and coordinates to the
potassium ion via six oxygen and six fluorine atoms [K—O,
2.793(5)—2.998(4) A; K—F, 2.777(5)—3.035(5) A]. An infinite
chain is thus constructed (Figure 2b). The van der Waals
interactions are dominant between the chains. The shortest
Dy--Dy distances are 7.9678(7) A within the chain and
10.1057(9) A between the chains.

Compound 4 shows an identical chain structure to that of 3
except that the [Er(hfac),]™ is involved. In this case, the Er—O
bond lengths and O—Er—O bond angles are 2.287(8)—
2.377(6) A and 71.5(3)—147.6(2)°, respectively. The coordi-
nation geometry around Er’* is close to a square-antiprism
(Table 2).

It is clear that all these four compounds show similar zigzag
chain structures with the alkali metal atoms and lanthanide
atoms aligning in an alternating fashion. The lanthanide atoms
are octacoordinated, consisting of eight oxygen atoms from the
hfac™ ligands. The most significant structural difference is that
the coordination geometry of the Og environment around
lanthanide ion. For compounds 1 and 3 which contain the same
[Dy(hfac),]” anion, a dodecahedron geometry is found in 1
when Cs* jon is used as the charge-balance cation, while a
distorted square antiprism is observed in 3 when the cation is
K'. The same phenomenon is also found for compounds 2 and
4 which concern the same [Er(hfac),]™ anion. As both Cs* and
K* are coordinated to six oxygen and six fluoride atoms in 1—4,
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the different ionic radii of Cs* (1.67 A for CN = 6) and K*
(1.38 A for CN = 6)* should be responsible to the different
geometries of the Ln* ions in 1—4. The Cs* with larger ionic
radii promotes the formation of {LnOg} in pseudo-D,,
symmetry, while the K* with smaller ionic radii leads to the
formation of {LnOg} in pseudo-D,; symmetry.

An ideal square-antiprism (SAP) geometry with D,y
symmetry can be recognized by the skew angle ® = 45° and
the magic angle a = 54.74°, as defined in Figure 4. More obtuse

Figure 4. (a) Square-antiprismatic environment with angle ® between
the diagonals of the two squares. (b) Angle a between the Sg axis and a
Dy—O vector.

and acute angles a correspond to compression and elongation,
respectively.'” In the cases of compounds 3 and 4, the skew
angles are 41.31° and 40.46°, respectively, which deviate
slightly from the ideal SAP. The a angles are 53.59—61.27° for
3 and 54.56—60.39° for 4 (Figure 4b), indicating that the SAP
polyhedra in 3 and 4 are slightly compressed. The presence of
pseudo-D,; symmetry in 3 and 4 reminds us of the other acac-
based SMMs which exhibit SMM behaviors.*?*>10~12
Magnetic Properties of 1 and 3. The direct-current (dc)
magnetic susceptibility studies of 1 and 3 were carried out in
the temperature range 2—300 K under an applied field of 1
kOe. As shown in Figure S, the room temperature yT values
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Figure S. Temperature dependence of y\T products for 1—4.

are 14.08 and 14.00 cm® K mol™ for 1 and 3, respectively,
which are in agreement with the expected value of 14.17 cm® K
mol™! for an isolated Dy** (°Hy5),, S=5/2,L=5,]=15/2,¢=
4/3). On cooling, y\T values decrease gradually and then
rapidly below 50 K, which may be attributed to the progressive
depopulation of the excited M; sublevels.'®® The magnetic
susceptibility data in the high temperature region (>50 K) obey
the Curie—Weiss law with the Weiss constant (6) being —4.00
and —2.03 K for 1 and 3, respectively (Supporting Information
Figures SS and S7). The magnetization curves of 1 and 3,
measured at 1.8 K, show a rapid increase at low field and then
slowly reach the corresponding maximum values of 6.17 and
6.12 N at 70 kOe for 1 and 3, respectively. These values are
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lower than the expected saturation value of 10 Nf for an
isolated Dy’*. The nonsuperimposed M versus H/T curves
confirm the presence of magnetic anisotropy and/or thermal
depopulation of the M; sublevels in these compounds
(Supporting Information Figure $10).%6

To investigate the magnetization dynamics, the temperature
dependent alternating-current (ac) susceptibility data were
collected for 1 and 3 at zero dc field with H,. = S Oe. Neither
peaks nor frequency dependence are observed for the in-phase
(rn’) and out-of-phase (") signals (Supporting Information
Figure S11). It is well-known that the magnetization relaxation
of Ln-SMMs could be strongly affected by the quantum
tunneling of magnetization (QTM).”” The QTM effect can be
suppressed by applying an external dc field. Thus, the ac
measurements were performed at 1.8 K with various applied dc
fields in the frequency range 1—-1500 Hz on compound 3
(Supporting Information Figure S13a). Attempts to fit these
data were unsuccessful due to the broad peaks at high
frequency range, so a moderate external field of 2 kOe was
selected to measure the ac susceptibility for 1 and 3.

For compound 1, both y" and y,,” signals are frequency
independent, and no peaks appear above 1.8 K (Figure 6, top).
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TIK
Figure 6. y\/, yu versus temperature plots for 1 (top) and 3
(bottom) under 2 kQOe field.

While, for compound 3, frequency dependence of the ac signals
appears below ca. 4 K, indicating slow relaxation of magnet-
ization (Figure 6, bottom). The peaks in the y,,” component
can be found at frequencies higher than 328 Hz. The
magnetization relaxation times 7 are derived from the y"
peaks assuming 7 = (272/) " The relaxation follows a thermally
activated mechanism, and data fitting using the Arrhenius law
gives an energy barrier of 23.21 K, with the pre-exponential
factor 7, of 3.91 X 107" s (Supporting Information Figure S12).

Frequency dependent ac susceptibilities were also measured
for 3 under 2 kOe dc field at various temperatures (1.8—3.0 K).
The decline in the y,/ component concomitant with the
appearance of the peaks in the y” component again indicate
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slow relaxation of magnetization. The magnetization relaxation
time 7 can be extracted by fitting the Cole—Cole plots using the
generalized Debye model for single relaxation process (Figure
7).2® The distribution coefficient a value is 0.260—0.452 (1.8—

i
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Figure 7. (Top) yu', xm” versus frequency plots for 3 under Hy. = 2
kOe, H,. = 5 Oe. (Bottom) Cole—Cole plots for 3 obtained using the
ac susceptibility data at a 2 kOe dc field.

3.0 K), indicating that the observed data reasonably fit the
theoretical curves (Supporting Information Table S6). The In 7
values increase linearly with the inverse of the temperatures
above 2.4 K, and progressively deviate the linearity below 2.4 K
due to QTM effects. The slight curvature is likely due to both
thermal and QTM mechanisms occurring simultaneously.*
The A/ky and 7, values deduced from the Arrhenius laws using
the data of high temperature regime are 23.95 K, and 3.12 X
1077 s, respectively (Figure 8). The 7, value falls in the range
for typical SMM:s.

Magnetic Properties of 2 and 4. The room temperature
ymT values of 2 and 4 are 11.50 and 11.45 cm® K mol™},
respectively, close to the expected value of 11.48 cm® K mol™!
for an isolated Er** ion (*Ij5/,, S=3/2,L=6,]=15/2,g=6/

-8-
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Figure 8. Arrhenius fit of the In 7 vs T plots for 3 and 4.
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S). The magnetic susceptibility data in the high temperature
region (>50 K) obey the Curie—Weiss law with 6 being —18.51
and —15.66 K for 2 and 4, respectively (Supporting
Information Figures S6 and S8). The magnetization reaches
5.15 and 4.67 Np at 70 kOe for 2 and 4, respectively, which are
lower values than the theoretical saturation value of 9 Nf for an
isolated Er’*. The unsaturated magnetization at 70 kOe and the
nonsuperimposed M versus H/T curves suggest the presence of
a large magnetic anisotropy and/or thermal depopulation of the
M; sublevels (Supporting Information Figure $10).

The ac susceptibility data were collected for 2 and 4 at zero
dc field (H,. = S Oe). Neither peaks nor frequency dependence
for the y\/ and yy,” signals are observed in the temperature
dependent plots (Supporting Information Figure S11). To
suppress the QTM effect, the ac measurements were recorded
in a 1 kOe dc field. This field was chosen as the optimum field
because it induces the slowest relaxation (Supporting
Information Figure S13b). For compound 2, only tails of y”
signals are observed below ca. 3 K, possibly due to the presence
of a slow relaxation of the magnetization (Figure 9, top). For
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Figure 9. y\/, xM versus temperature plots for 2 (top) and 4
(bottom) under 1 kOe field.

compound 4, the ac signals become frequency-dependent
below ca. 4 K (Figure 9, bottom). However, the absence of the
distinct peaks of the y” signals above 1.8 K makes it
impossible to estimate the energy barrier by fitting the
Arrhenius expression.

Variable frequency dependent ac susceptibilities were also
measured in the temperature range 1.8—3.0 K, as shown in
Figure 10. Slow magnetization relaxation is clearly observed.
The data of Cole—Cole plots can be fitted by the generalized
Debye model for single relaxation process. The fitting results
are given in Supporting Information Table S7. The distribution
coefficient @ value is 0.127—0.239 (1.8—2.6 K), indicating a
narrow width of the distribution relaxation process. From these
data, the relaxation time 7 can be deduced. The effective energy
barrier is obtained according to Arrhenius law from the high
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Figure 10. (Top) yu', xu” versus frequency plots for 4 under Hy. = 1
kOe, H,. = 5 Oe. (Bottom) Cole—Cole plots for 4 obtained using the
ac susceptibility data at a 1 kOe dc field.

temperature data as A/kz = 2021 K (7, = 1.02 X 107% s)
(Figure 8).

Clearly, slow magnetization relaxation characteristic of SMM
behavior can be observed for compounds [K{Dy(hfac),}] (3)
and [K{Er(hfac),}] (4) below ca. 4 K, while not obvious for
[Cs{Dy(hfac),}] (1) and [Cs{Er(hfac),}] (2) above 1.8 K.
Such a difference can be attributed to the different local
environments of Ln*" in 1—4. As described above, the
coordination geometry is a distorted dodecahedron with
pseudo-D,; symmetry in 1 and 2, while there is a distorted
square-antiprism with pseudo-D,; symmetry in 3 and 4. In the
latter cases, the magnetic anisotropy is significantly enhanced
compared with those in 1 and 2. The results demonstrate that
the ligand field of lanthanide ions, and, hence, the magnetic
dynamics of the (cation)[Ln(/-diketone),] systems, can be
modulated by using different alkali metal cations.

It would be of interest to compare the magnetic behaviors of
3 and 4 with the related f-diketone-based complexes. In the
compounds [Dy(acac)y(H,0),* [Dy(phen)(acac),], [Dy-
(bpy)(tta);],"* [Dy(phen)(tta);]," [Dy(dpq)(acac);],"" and
[Dy(dppz)(acac);],'" the central Dy** ion also shows an
approximate D,; symmetry. All exhibit slow relaxation of
magnetization under zero dc field with the energy barriers of
63.8—187 K. Slow relaxation of magnetization under zero dc
field was also observed in compound [Cs{Dy(Phjacac),}],.'®
In contrast, only field-induced SMM behaviors are found in
compounds 3 and 4 with a relatively small energy barriers
(23.95 K for 3, 20.21 K for 4). The difference could mainly
arise from the different ligand field strength around the Dy’*
ion induced by the hfac™ ligands as well as the counter cations.

To better understand the different magnetic behavior caused
by different alkali metal ions, the electronic fine structures of
compounds 1—4 are investigated by fitting the y\T versus T
curves using Condon package.® The Hamiltonian includes
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zero level energy (H,), interelectronic repulsion (H..), spin—
orbit effect (Hgp), crystal field effect (Hcp), and Zeeman effect
(Hyy). The definition of crystal parameters used here are that of
Wybourne.*" The crystal field operator of f electrons reads,
omitting By, is

6 k
A kaK, . krak .
A= ), B () + D, (BICS0)
k=2,4 1=2,3,4,6

+ (=176, ()])] D

For compounds 1 and 2 with an approximate dodecahedron
D,,; symmetry, the Wybourne notation By, By', B,%, B, B,°
have the nonzero values, while only By?, By, B,® are effective for
3 and 4 with an approximate square antiprism D,; symmetry.
The good fit results can be obtained from a set of crystal field
parameters (Figure S, Table 3). With this set of parameters, it is

Table 3. Crystal Field Parameters Determined for 1—4

1 2 3 4

By? 659.8 —421.9 739.9 2177.3

B, —971.0 —95.6 —1190.2 —461.7

B} —470.0 3.1

B,® —442.6 24.6 847.7 1146.8

BS 727.3 716.3

SQX“ 48 x 1073 82 x 1073 6.1x 1073 12.1 X 1073

“SQX = (T 1 (Dtobs(D) = Heaeli) ] tows(D))1)172

possible to reproduce the field dependence of the magnet-
ization at 1.8 K, although deviation is visible at higher external
fields (Supporting Information Figure S9).

Supporting Information Tables S8—S10 give the M; sublevels
of the four compounds determined by the crystal field
parameters. As shown in Supporting Information Table S8,
both 1 and 3 show the ground state of M; = + 11/2 doublet
mixed with a very small amount of M == 1/2 doublet, which
is not common for the dysprosium based SMMs with uniaxial
anisotropy. The first excited state is M; = + 15/2 in both cases.
The second excited state is a mixture of M; = + 13/2 and M =
+ 3/2 for compound 1 and M; = + 9/2 and M; = + 1/2 for
compound 3, respectively. The smaller IM;l value of the ground
state (11/2) than that of the first excited state (15/2) suggests
that the Dy** complexes 1 and 3 do not show typical Ising type
uniaxial anisotropy. This result may explain the absence of slow
magnetization relaxation under zero dc field in both cases.

If we compare the energy gap between the ground state and
the first excited state in the two cases, we find that the gap for
compound 1 (8.39 cm™ or 12.07 K) is much larger than that
for compound 3 (0.16 cm™" or 0.23 K). The large energy gap in
1 cannot be overcome simply by applying an external field of 2
kOe, considering that the magnetic energy for H = 2 kOe is ca.
0.27 K. Hence no slow relaxation of magnetization is observed
in 1 under 2 kOe dc field. For 3, however, the M; = + 15/2
doublet which is favorable for SMM behavior in many Dy
complexes'®'” lies in the first excited state with a very small
energy gap of 0.23 K, which can be overcome by applying an
external field of 2 kOe. Above this external field, the state of M;
= =+ 15/2 Kramers doublet becomes the ground state. Thus, the
Ising-type SMM behavior is switched on in compound 3.
Compared with the other Ln-based SMMs with approximate
D,; symmetry,® > the blocking temperature observed for
compound 3 is very low, which could be attributed to the
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quantum tunneling of the magnetization due to the mixing of
several M; sublevels in the ground state and the low-lying first
excited state.

For the erbium-based compounds 2 and 4, the electronic fine
structures are also estimated. As shown in Supporting
Information Tables S9 and S10, both the ground state and
the excited states contain a mixture of many M; sublevels.
Obviously, the Er’* complexes 2 and 4 do not show typical
Ising type uniaxial anisotropy. Therefore, it is reasonable that
slow magnetization relaxation under zero dc field is absent in
both cases. The observation of field-induced SMM behavior in
4 cannot be explained at this stage. Further in-depth studies as
well as ab initio calculations are required to corroborate this
proposal.

B CONCLUSIONS

We have synthesized and characterized four f-diketone-based
lanthanide compounds [Cs{Dy(hfac),}] (1), [Cs{Er(hfac),}]
(2), [K{Dy(hfac),}] (3), and [K{Er(hfac),}] (4), three of
which are new. The {LnOg} geometries and hence the
magnetic anisotropy in these complexes are significantly
influenced by different alkali metal ions. Field-induced SMM
behaviors are observed for 3 and 4, while not obvious for 1 and
2. This work provides a new route to modulate the magnetic
dynamics of Ln-SMM:s.
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