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ABSTRACT: A new family of 3d—4f heterometal 2 X 2
complexes [Co™,(L),(PhCOO),Ln"™,(hfac),] (1-5) (Ln =
Gd (compound 1), Tb (compound 2), Dy (compound 3), Ho
(compound 4), and La (compound 5)) have been synthesized
in moderate yields (48—63%) following a single-pot protocol
using stoichiometric amounts (1:1 mol ratio) of [Co"(H,L)-
(PhCOO),] (H,L = N,N’-dimethyl-N,N’-bis(2-hydroxy-3,5-
dimethylbenzyl)ethylenediamine) as a metalloligand and
[Ln"(hfac);(H,0),] (Hhfac = hexafluoroacetylacetone) as a
lanthanide precursor compound. Also reported with this series
is the Zn—Dy analog [Zn",(L),(PhCOO),Dy", (hfac),] 6 to
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help us in understanding the magnetic properties of these compounds. The compounds 1—6 are isostructural. Both
hexafluoroacetylacetonate and benzoate play crucial roles in these structures as coligands in generating a tetranuclear core of high
thermodynamic stability through a self-assembly process. The metal centers are arranged alternately at the four corners of this
rhombic core, and the carboxylato oxygen atoms of each benzoate moiety bind all of the four metal centers of this core in a rare
us—1":” bridging mode as confirmed by X-ray crystallography. The magnetic susceptibility and magnetization data confirm a
paramagnetic behavior, and no remnant magnetization exists in any of these compounds at vanishing magnetic field. The metal
centers are coupled in an antiferromagnetic manner in these compounds. The [Co",Dy",] compound exhibits a slow magnetic
relaxation below 6 K, as proven by the AC susceptibility measurements; the activation energy reads U/ks = 8.8 K (7, = 2.0 X
107" s) at Bpc = 0, and U/kg = 7.8 K (75 = 3.9 X 107" s) at By = 0.1 T. The [Zn",Dy™,] compound also behaves as a single-

molecule magnet with U/ky = 47.9 K and 7, = 2.75 X 107 s.

B INTRODUCTION

The study of heterometal complexes containing 3d—4f metal
ion combinations is an active area of research in contemporary
coordination chemistry.' The initial interest in this field
originated from a classic paper reported by Gatteschi et al.”
on the ferromagnetic interaction between copper(Il) and
isotropic gadolinium(III) ion within a discrete trinuclear
complex. The discovery of lanthanide-based single-molecule
magnets (SMMs) is an important step forward® that includes
3d—4f compounds of certain lanthanide ions (Tb**, Dy**, Ho™,
etc.) with large spin ground states (Sy) and exhibit strong
magnetic anisotropy. Some of the resulting compounds find
possible applications in the areas of information storage,
molecular spintronics, quantum computation, magnetically
addressable liquid crystals, magnetic alloys for refrigeration,
etc.t

Interestingly, only a handful of such complexes with
interesting magnetic properties have been reported thus far
because of the inherent difficulties encountered during their
preparation, mainly due to product scrambling. Most of these
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reported complexes are based on copper(Il),* manganese(II),’
and iron(Il1)” ions which can bring in, along with the
lanthanide ions, larger ground state and stronger anisotropy
in the resulting compounds. Surprisingly, however, there are
very few examples of 3d—4f compounds involving cobalt(II)
ion® in spite of their Ising-type magnetic anisotropy that
supports SMM behavior.

We have recently reported® the syntheses and structural
characterization of carboxylato complexes [M(H,L)-
(PhCO0),] (M = Ni" and Co") involving a tetradentate
phenol-based pro-ligand H,L. The nickel analogue of this pair
has been used as a metalloligand for the successful synthesis of
a family of tetra- and dinuclear nickel(Il)—vanadium(IV/V)
heterometal complexes.”® Herein, we report the synthesis of a
new series of tetranuclear 2 X 2 heterometal complexes
[Co™,(L),(PhCOO),Ln"™, (hfac),] (1—5) of cobalt(Il) and
lanthanide(Ill) ions (Ln = Gd, Tb, Dy, Ho, La), using
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Table 1. Summary of X-ray Crystallographic Data for Complexes 1—6

parameters 1 2

composition C,3H,,Co, C,3H,,Co,
F»,Gd,N,O,6 Fp,N,O,6Th,

formula wt. 2211.77 2215.11
crystal system monoclinic monoclinic
space group Cc Cc
a A 12.487(4) 12.4119(9)
b, A 30.961(11) 30.895(2)
o A 23215(7) 23.1418(16)
a, deg 90.00 90.00
B, deg 101.066(5) 100.714(3)
7, deg 90.00 90.00
v, A3 8808(5) 8719.3(11)
Peo Mg m™ 1.668 1.687
temp, K 100(2) 150(2)
A (Mo K,), A 0.71073 0.71073
Z 4 4
F(000)/ p mm™" 4384/1.971 4392/2.092
20, [] 55.80 4528
reflections collected/unique 15080/13271 10700/9153
R,/ GOF on F* 0.0278/1.136 0.0700/1.084
number of parameters 1147 1147
R1%(E,), wR2(E,) 0.0441 0.0711
(all data) 0.0828 0.1529
largest diff. peak, deepest hole, eA™ 0.884, —0.542 1.671, —1.528

“R = YIE| — IF/YIF, bwR = [X[w((F,2 = F2)?)/ Yw(F,2)*2

3 4 S 6
CsH74Co, CysH7,Co, CysH74Co, CzsH7,Dy,
Dy,F24N,O¢ Fy,Ho,N,O,4 FyLayN,O ¢ F5N,0,6Zn,
222227 222713 2175.09 2235.15
monoclinic monoclinic orthorhombic monoclinic
Cc Cc Pna2, Cc
12.4052(S) 12.4729(8) 24.0316(13) 12.4944(7)
30.8506(13) 31.218(2) 12.4015(7) 31.2598(17)
23.1455(10) 23.1884(15) 29.9633(16) 23.2190(12)
90.00 90.00 90.00 90.00
100.866(2) 100.334(2) 90.00 100.1840(10)
90.00 90.00 90.00 90.00
8699.1(6) 8882.6(10) 8929.9(8) 8925.8(8)
1.697 1.665 1.618 1.663
150(2) 298(2) 298(2) 298(2)
0.71073 0.71073 0.71073 0.71073
4 4 4 4
4400/2.189 4408/2.242 4328/1.415 4424/2.299
50.94 49.10 42.16 48.58
14797/12451 14227/11400 9565/8401 12765/10374
0.0484/0.853 0.0430/0.905 0.0579/1.129 0.0514/0.864
1147 1147 1142 1147
0.0556 0.0613 0.045S 0.0575
0.1236 0.1349 0.0872 0.1252
0.738, —0.530 0.717, —0.357 0.443, —0.309 0.695, —0.383

[Co"(H,L)(PhCOO0),] (H,L = N,N’-dimethyl-N,N’-bis(2-
hydroxy-3,5-dimethylbenzyl)-ethylenediamine) as a metalloli-
gand and [Ln"(hfac);(H,0),] (Hhfac = hexafluoroacetylace-
tone) as a lanthanide precursor. Also reported along with this
series is a Zn",Dy™, compound [Zn",(L), (PhCOO),Dy",
(hfac),] (6) that will help in understanding the magnetic
properties of complexes 1—5. The compounds have been
characterized by single-crystal X-ray diffraction analysis. Their
magnetic properties have been investigated in detail.

B EXPERIMENTAL SECTION

Materials. All reactions were carried out in an aerobic environment
with commerecially available chemicals that were used as received. The
precursor complexes [Ln"(hfac),(H,0),]"’ (Ln = Gd, Tb, Dy, Ho,
La) and [Co"(H,L)(PhCOO),]™ were prepared following reported
methods. Solvents were reagent grade, dried by standard methods,"!
and distilled under nitrogen prior to their use.

Preparation of Compounds. [Co",(L),(PhCO0),Gd",(hfac),]
1. To a stirred solution containing [Gd™ (hfac);(H,0),] (0.82 g, 1
mmol) in 50 mL of ethanol was added [Co"(H,L)(PhCOO),] (0.65
g, 1 mmol). The resulting solution was refluxed for 6 h during which
time a light orange solution was obtained. It was then kept in the open
air for slow evaporation. Block-shaped orange-brown crystals were
obtained within 4—5 d. Some of these crystals were of diffraction
quality and were used directly for X-ray structure analysis. Yield: 0.64 g
(58%). Anal. Calcd for C,3H,Co,F,,Gd,N,O,4: C, 42.36; H, 3.37; N,
2.53. Found: C, 42.19; H, 3.24; N, 2.63%. Fourier transform infrared
(FT-IR) bands (KBr pellet, cm™): 2923, 2867, 1664, 1593, 1554,
1514 1477, 1394, 1315, 1257, 1211, 1145, 1101, 860, 796, 730, 661,
584.

[Co"Z(L)z(PhCOO)sz"'z(hfac)4] 2. This compound was obtained
as an orange-brown crystalline product by following a procedure as
described above for compound 1, using [Tb™(hfac);(H,0),] as a
replacement for [Gd"(hfac);(H,0),]. The orange solution obtained
after reflux was filtered. The filtrate was left in the air for slow
evaporation. The dark orange crystalline product was obtained after ca.
5 d. Some of these crystals were of diffraction grade and used directly
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for crystal structure analysis. Yield: 0.70 g (63%). Anal. Calcd for
CysH,,C0,F,,N,0,Th,: C, 42.29; H, 3.37; N, 2.53. Found: C, 42.42;
H, 3.31; N, 2.61%. FT-IR bands (KBr pellet, cm™): 2923, 2868, 1656,
1593, 1554, 1515 1477, 1392, 1313, 1255, 1209, 1147, 1095, 860, 796,
731, 656, 582.

[Co"Z(L)z(PhCOO)ZDy"'Z(hfaC)4] 3. This compound was prepared
by following a similar method as described above for complex 1, using
[Dy™(hfac);(H,0),] as a replacement for [Gd™(hfac);(H,0),].
Orange-brown single crystals suitable for X-ray crystal structure
analysis, formed at room temperature by slow evaporation of the
filtrate over a period of 4 d, were collected by filtration. Yield: 0.60 g
(54%). Anal. Calcd for C,3H,,Co,Dy,F,,N,O,4: C, 42.16; H, 3.36; N,
2.52. Found: C, 42.28; H, 3.28; N, 2.59%. FT-IR bands (KBr pellet,
em™): 2923, 2867, 1658, 1595, 1554, 1514, 1477, 1393, 1314, 1255,
1207, 1145, 1097, 860, 796, 731, 655, 584.

[Co'",(L),(PhCOO0),Ho"(hfac),] 4. This compound was prepared
as orange-brown crystals by following the procedure described above
for complex 1 but using [Ho"™(hfac);(H,0),] instead of
[Gd™(hfac);(H,0),]. Crystals suitable for X-ray structure analysis
were obtained by slow evaporation of an ethanolic solution of the
compound. Yield: 0.66 g (59%). Anal. Calcd for
CysHy,Co,FyHooN,Oy: C, 42.06; H, 3.35; N, 2.52. Found: C,
41.94; H, 3.28; N, 2.46%. FT-IR bands (KBr pellet, cm™): 2921, 2862,
1650, 1595, 1552, 1527, 1475, 1396, 1309, 1255, 1205, 1146, 1101,
860, 796, 727, 667, 584.

[Co"Z(L)z(PhCOO)zLa'"z(hfac)4] 5. This compound was prepared
by following the same procedure as described above for complex 1,
using [La™(hfac);(H,0),] as a replacement for [Gd™(hfac);(H,0),].
Orange-brown single crystals suitable for X-ray crystal structure
analysis were formed at room temperature by slow evaporation of the
filtrate over a period of 4 d and were collected by filtration. Yield: 0.52
g (48%). Anal. Calced for C,H,,Co,F,,La,N,O4: C, 43.05; H, 3.43;
N, 2.58. Found: C, 42.92; H, 3.36; N, 2.53%. FT-IR bands (KBr pellet,
em™"): 2923, 2867, 1656, 1593, 1554, 1515, 1477, 1440, 1392, 1313,
1255, 1207, 1147, 109S, 1002, 860, 796, 731, 659, 582.

[zn",(L),(PhCOO),Dy",(hfac),] 6. Zn"(ClO,),-6H,0 (0.37 g 1
mmol) and H,L (0.36 g 1 mmol) and sodium benzoate (0.29 g, 2
mmol) were dissolved in 50 mL of EtOH and stirred for 30 min. To
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the resulting clear solution, solid [Dy™(hfac);(H,0),] (0.82 g 1
mmol) was added; this solution was refluxed for 6 h to get a light
yellow solution. It was filtered, and the filtrate was left in the air for
slow evaporation to get the pale yellow crystalline product in about §
d. Yield: 0.67 g (60%). Anal. Caled for C,H,,Dy,F,,N,O,¢Zn,: C,
41.89; H, 3.34; N, 2.51. Found: C, 41.77; H, 3.30; N, 2.44%. FT-IR
bands (KBr pellet, cm™): 2923, 2867, 1662, 1595, 1554, 1523, 1477,
1392, 1318, 1257, 1213, 1145, 1101, 860, 792, 731, 663, 584.

Physical Measurements. Elemental analyses for C, H, and N
were performed at IACS on a Perkin-Elmer model 2400 Series II
CHNS Analyzer. The IR spectra of the samples prepared as KBr
pellets were recorded using a Shimadzu model 8400S FT-IR
spectrometer.

The magnetic data were taken with the SQUID apparatus (MPMS-
XL7, Quantum Design) using the Reciprocating Sample Option mode
of detection with ca. 6 mg of the sample encapsulated in a gelatin-
made sample holder. The susceptibility taken at B = 0.1 T has been
corrected for the underlying diamagnetism. The magnetization was
measured at two temperatures: T = 2.0 and 4.6 K. The magnetization
data were taken in the field-decreasing mode to eventually catch the
remnant magnetization. The AC susceptibility measurements at
different frequencies between v = 11—1512 Hz were conducted at a
working field of Byc = 0.38 mT and an eventual applied field of By =
0.1 T. Twenty scans were averaged for each measurement.

X-ray Crystallography. Suitable crystals of complex 1 (orange-
brown block, 0.22 X 0.16 X 0.16 mm®), complex 2 (orange-brown
block, 0.20 X 0.18 X 0.14 mm?*), complex 3 (orange-brown block, 0.22
X 0.16 X 0.12 mm*), complex 4 (orange-brown block, 0.20 X 0.17 X
0.14 mm®), complex 5 (orange-brown block, 0.18 X 0.15 X 0.12 mm?),
and complex 6 (pale yellow block, 0.24 X 0.21 X 0.17 mm®) were
collected following the procedure as described above in the synthesis
part and mounted on glass fibers. Intensity data for the compounds
were measured employing a Bruker SMART APEX II CCD
diffractometer equipped with a monochromatized Mo K, radiation
(A = 071073 A) source at 100(2) K for complex 1, 150(2) K for
complexes 2 and 3, and 298(2) K for complexes 4, 5, and 6. No crystal
decay was observed during the data collections. The intensity data
were corrected for empirical absorption. In all cases, absorption
corrections based on multiscan using the SADABS software'” were
applied.

The structures were solved by direct methods'® and refined on F?
by a full-matrix least-squares procedure'® based on all data minimizing
R = Y NIF)| — IFl/ YIFyl, wR = [E;[W(FOZ - ENY/ Y (F)HY% and S
= [X[w(F® — F2)*1/(n — p)]"% SHELXL-97 was used for both
structure solutions and refinements.'* A summary of the relevant
crystallographic data and the final refinement details are given in Table
1. All non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were calculated and isotropically fixed in the final refinement
[d(C—H) = 0.95 A, with the isotropic thermal parameter of U,,,(H) =
1.2 U,,(C)]. The SMART and SAINT software packages15 were used
for data collection and reduction, respectively. Crystallo%raphic
diagrams were drawn using the DIAMOND software package. 6

B RESULTS AND DISCUSSION

Syntheses. The heterometallic tetranuclear complexes of
general formula [Co™,(L),(PhCOO),Ln™,(hfac),] (Ln = Gd,
Tb, Dy, Ho, La) have been synthesized in moderate yields
(48—63%) as crystalline solids by the self-assembly reaction
involving stoichiometric amounts (1:1 mol ratio) of
[Co"(H,L)(PhCOO),] and [Ln™(hfac);(H,0),] [Ln = Gd
(complex 1), Tb (complex 2), Dy (complex 3), Ho (complex
4), La (complex §)] in ethanol under refluxing conditions, as
summarized in Scheme 1. The precursor compound
[Co"(H,L)(PhCOO),] in this protocol functions as a
metalloligand, and [Ln"(hfac);(H,0),] functions as an
acceptor having substitutable coordination sites. Also reported
is the Zn",Dy"™, compound [Zn",(L),(PhCOO),Dy"™, (hfac),]
6, prepared by an analogous procedure in which the zinc(II)
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Scheme 1. Protocol Followed for the Synthesis of Complexes
1-6

\N/ \ /

OH HO

z

+ M(10,), + PhCOONa

H,L

1 2 3 4 5 6
M= Co Co Co Co Co Zn
Ln= Gd Tb Dy Ho La Dy

ion is used to substitute for the cobalt(I) centers. The high
thermodynamic stability of this self-assembled tetranuclear core
is possibly the driving force here that directs each carboxylato
group to bridge all the four metal centers in a rare p,—n*n>
type mode'” as confirmed by X-ray diffraction analyses (see
later discussion).

The IR spectra of complexes 1—6 show all the characteristic
bands for the coordinated tetradentate ligand (L)*”. One such
prominent band appears at ca. 1255 cm™' due to v(C—0O/
phenolate) stretching. Of particular interest here is the
appearance of strong bands in the region of 1514—1554 cm™
and at ca. 1392 cm™! due to I/asym(COO_) and I/sym(COO_)
vibrations, respectively of the ancillary carboxylato ligand."®
Corresponding signature vibrations for the f-diketonate moiety
appear at ca. 1660 cm™" due to v(C=0) and at ca. 1145 and
1210 cm™ due to v(C—F) stretching modes."

Description of Crystal Structures. The heterometal
complexes are all isostructural with four molecular weight
units accommodated in their respective unit cell. Identical
atom-labeling schemes have been adopted for all the structures
for easy comparison of their relevant metrical parameters
(Table S1, Supporting Information). The structure of complex
1, which crystallizes in the monoclinic space group Cc, is
described here as a representative example of this series
involving Co",Ln™, metal combinations (complexes 1—4). A
perspective view of complex 1 is depicted in Figure 1. The

dx.doi.org/10.1021/ic401484d | Inorg. Chem. 2014, 53, 1295—1306



Inorganic Chemistry

Figure 1. Partially labeled POV-Ray (in ball and stick form) diagram
showing the atom-labeling scheme for the complex 1.

asymmetric unit consists of a neutral tetranuclear
[Co™,(L),(PhCOO0),Gd"™, (hfac),] core in which the cobalt-
() and gadolinium(III) ions are arrayed alternately at the
corners of a rectangular plane. The cobalt(II) centers in this
core have distorted octahedral geometry involving N,O, donor
sets, while the larger and harder gadolinium(III) ions take up
the eight coordination sites involving all oxygen Og donor
combinations. The octahedral geometry around Co(1) and
Co(2) centers are completed by the O(1), N(1), N(2), and
0(2) [0(7), N(3), N(4), and O(8) for Co(2)] donor atoms,
all coming from the tetradentate ligand (L)*7, together with
0O(13) and O(15) atoms [O(14) and O(16)] from the two
bridging benzoate ligands. At the Co(1) center, the benzoato
oxygen atoms O(13) and O(15) [O(14) and O(16) for Co(2)]
along with the amino nitrogen atoms N(2) and N(1) [N(3)
and N(4)] form the N,O, basal plane, while the apical
positions are taken up by the phenolate oxygen atoms O(1)
and O(2) [O(7) and O(8)]. The trans angles of N(1)—
Co(1)—0(15) 175.15(18)°, N(2)—=Co(1)—0(13)
175.17(18)°, N(3)—Co(2)—0(16) 175.21(16)°, and N(4)—
Co(2)—0(14) 174.88(17)° are close to linearity, while the
remaining two angles, O(1)—Co(1)—0(2) 164.22(17)° and
0(7)—Co(2)—0(8) 165.12(15)°, are well short of the target,
because of the restrictions imposed by the bridging phenolate
oxygen atoms O(1), O(2), O(7), and O(8). Of the eight
oxygen donor atoms surrounding a Gd(1) center, four are
bridging oxygen atoms, namely, O(2), O(7), O(13), and O(16)
[0(1), O(8), O(14), and O(1S) for Gd(2)] playing a crucial
role in binding the metal centers, both Co™ and Gd", together
to form a crown (Figure S1, Supporting Information). The first
two of these are phenolate oxygen atoms, coming from two
tetradentate N,O, ligands, each attached to an adjacent Co"
center, while the other two are from two carboxylates, which
are in a rare y,—1:1*-type bridging mode, one above and the
other below the metal-containing plane (the rectangular plane
connecting the four metal centers). Interestingly, while the
phenoxo oxygen O(2) that bridges Co(1) and Gd(1) is lying
above the metal plane, the carboxylate oxygen O(13) between
the same two metal centers is lying below that plane. The
bridging pattern is just reversed between the next immediate
pair of metal centers [Co(1) and Gd(2)], thus generating an
undulatory pattern of an octagonal crown (Figure Sl,
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Supporting Information). The remaining four oxygen donors
around the Gd"™ centers are contributed by a pair of chelating
hfac™ ligands. This donor atom combination generates a
bicapped pseudotrigonal prismatic coordination environment
around both the Gd(1) and the Gd(2) centers, as shown in
Figure 2. The Co---Gd separations are in the range of 3.593—

010

®

‘\GEIZ“

o11

'012

Figure 2. Bicapped pseudotrigonal prismatic coordination spheres
around Gd(1) and Gd(2) in complex 1.

@

® Gois |

3.623 A, while the Co-+Gd--Co (~80°) and Gd---Co--Gd
(~100°) angles are complementary to each other, indicating a
rhombic shape of the metal-containing plane in these
heterometal complexes. Perspective views of the compounds
2, 3, and 4 are displayed (Figures S2—4, respectively, in the
Supporting Information). Their relevant metrical parameters
are summarized in Table S1.

The Co",La™, compound (5) is orthorhombic, with the
space group Pna2), and has four molecular mass units
accommodated per unit cell. Its molecular structure (Figure
3) is essentially the same as that of the other complexes of this

Figure 3. Partially labeled POV-Ray (in ball and stick form) diagram
showing the atom-labeling scheme for the complex .

series, with marginal differences in the La—O and La—N bond
distances (Table S1, Supporting Information), which are due to
the larger size of the La’* ion. With Co centers in distorted
octahedral and La centers with eight-coordinated bicapped
pseudotrigonal prismatic geometry, this structure shows
minimal differences, with Co---La separations in the range of
3.678—3.724 A, and the Co---La--Co (~79°) and La---Co--La
(~101°) angles are complementary to each other.

The perspective view of the molecular structure of
[Zn",(L),(PhCOO),Dy", (hfac),] 6 is shown in Figure 4. It
may be noted that the replacement of Co" by Zn" has only a

dx.doi.org/10.1021/ic401484d | Inorg. Chem. 2014, 53, 1295—1306
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]

Figure 4. Partially labeled POV-Ray (in ball and stick form) diagram
showing the atom-labeling scheme for the complex 6.

marginal influence on the overall structure. The Zn centers are
both octahedral, while the Dy centers are eight-coordinated,
providing bicapped trigonal prismatic environments with
different degrees of distortions. The Zn--Dy separations are
in the range of 3.600—3.640 A, and the Zn--Dy-Zn (~82°)
and Dy--Zn---Dy (~98°) angles are again complementary to
each other.

Magnetic Properties. The temperature dependence of
magnetic susceptibilities for the isostructural complexes 1—6
have been measured on crushed microcrystalline samples over
the temperature range of 1.8—300 K using B = 0.1 T as the
external magnetic field. The plots of dimensionless product
function y,,, T/C, versus T, where the Curie constant C, =
Nppouh/ky = 4.7 141997 x 107 m® K mol™, are displayed in
Figures SA—8A, while the corresponding field-dependent
isothermal magnetization studies are shown in Figures SB—8B.

The basic experimental magnetic data for complexes 1—6 are
summarized in Table 2. The complex [Co",(L),(PhCOO),-
La™,(hfac),] 5 behaves magnetically as a [d’,d"] dyad with S,
= 3/2. As shown in the inset of Figure SA, the y, . versus T

(A)

xTIC,
MmoI/( NA/’IB)

01234567
BIT

Figure 5. Magnetic functions for complex 5 [Co",La™,]. (A)
Temperature dependence of the dimensionless product function T/
Cy; inset: molar magnetic susceptibility in SI units. (B) Field
dependence of the magnetization per formula unit. Lines: fitted data
(details are in the text).
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(B)

80 20

T=20K

«
T6
£
E
°
K
RN D00Q000
0 10 20 30 40
0 L 1 L 0 S . -
0 100 200 300 01234567

TIK BIT
Figure 6. Magnetic functions for the complex 1, [Co™,Gd",]. (A):
temperature dependence of the dimensionless product function yT/
Cy; inset: molar magnetic susceptibility; (B): field dependence of the
magnetization per formula unit.

plot of this compound gets rounded at the maximum at about
10 K due to antiferromagnetic interaction and then increases
continually with further lowering of temperature due to
paramagnetic impurity. The value of y,,T/C, at 300 K is
22.2 and can be accounted for only if a high value of g-, = 3 is
used in the high-temperature limit expression yT/Cy=2 X
8co"Sco(Sco +1)/3 = 22.5. We empbhasize that this rather high
value of gc, be accepted as an experimental fact irrespective of
the model. It may be noted that although the value of saturation
magnetization per formula unit (M;=M,,;;//Napp= 2gc.Sco) is
expected to be 9.0, the observed values at low temperatures
indicate the presence of paramagnetic impurity (Figure SB).

The susceptibility and magnetization data sets have been
fitted simultaneously by applying an error functional consisting
of relative errors for susceptibility and magnetization F = R(y)
X R(M), and details of the model are described in the
Supporting Information.”**' An advanced optimization routine
that utilizes a genetic algorithm converged to the following set
of magnetic parameters: Jc,_c,/hc = =5.61 cm™, g¢,, = 2.54,
8cox = 331, Deo/he = 62.7 cm™"; molecular field correction
(zj)/hc = —0.134 cm™'; temperature independent magnetism
ytv = —9.0 X 107° m® mol™!, mole fraction of the
paramagnetic impurity xp; = 0.066 [discrepancy factors R(y)
= 0.026 and R(M) = 0.046]. The value of the D-parameter lies
at the lower edge of D-values reported for hexacoordinate
cobalt(II) complexes.”* The misalignment of the local D-
tensors was essential for a successful fit of both the
susceptibility and the magnetization data. Note that the
geometry of the chromophore cis-[CoN, (Ophemxo)z
(Ocuboxylato)2] is distorted (C, symmetry), with the average
bond lengths being Co—N = 2.163 A and Co—Ophenoxo = 2:272
A, and the Ophenoxo—C0—Ophenoxo angles deviate much from
180°, thus producing a rather weak crystal field. A weak crystal
field leads to collapsing of the excited crystal field terms and
enhances their contribution to the g-factors. Indeed, a modeling
shows that g, > 3 occurs for a weak crystal field in
hexacoordinate Co(II) complexes.”® Attempts to involve the
orbital angular momentum in the spin—orbital basis set
explicitly as reported elsewhere* has failed in this case.

In the complex [Co",(L),(PhCO0),Gd™,(hfac),] 1, the
magnetically isotropic Gd"" ion possesses the ®S;, ground state.
In this case, the high-temperature limit for the dimensionless
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Figure 7. (A): yT/C, vs T plots (inset: molar magnetic susceptibility
vs T plots). (B) Field dependence of isothermal magnetization for
compounds 2, 3, and 4.

product yT/Cy = 2gco*Sco(Sco +1)/3 + 28¢o>Sca(Sca +1)/3 is
52 if both ggq and g, = 2.0. A bit higher experimental value of
55.2 (Figure 6A) is consistent with gc, = 2.3. Again, as may be
seen in Figure 6B, the expected value of saturation magnet-
ization (M| = 2gcoScot286aSca) is closely approached (M, = 20
with go, = 2.0 and M; = 20.9 with gc, = 2.3). The expected
zero-field splitting at the Co-centers causes a reduction of M,
to <20. (A reliable fitting of magnetic data meets difficulties due
to the large dimension of the interaction matrix that is not
factored when the single-ion zero-field splitting is involved.)
The susceptibility and magnetization data for the complexes
[Co',(L),(PhCOO),Tb", (hfac),] 2 and [Co'l;-
(L),(PhCOO),Dy™, (hfac),] 3 show similar trends; a plateau
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Figure 8. Magnetic functions for complex 6, [Zn",Dy",]. (A)
Temperature dependence of the dimensionless product function T/
Cy; inset: molar magnetic susceptibility. (B) Field dependence of the
magnetization per formula unit.

exists at the magnetization curve at ca. 3 T (Figure 7). The
magnetic behavior of the holmium(III) complex shows some
resemblances to 2 or 3, albeit the plateau of the magnetization
curve is less evident in this case and could be due to level
crossing. In all these [d’,d’,f'f'] tetranuclear systems, the
single-ion ground multiplets and the g-factors of the lanthanides
are 'Fg and g = 3/2 for Tb", °H,s/, and g = 4/3 for Dy, and
STy and g = 5/4 for Ho™ (ref 20). Using gc, = 2.0 in the
equation (T /Co)ur = 28co Sco (Sco +1)/3 + 28 Tmax Umax +
1)/3, the calculated and observed values of yT/C, at 300 K are:
73 and 73 for complex 2, 85.6 and 80.8 for complex 3, and 85.0
and 71.6 for complex 4. As will be seen, complexes 2 and 4 do
not show a slow magnetic relaxation process as the out-of-phase
AC magnetic susceptibility remains silent up to 2 K for each of
these compounds.

Compound [Zn",(L),(PhCOO),Dy"™,(hfac),] 6 behaves as
a [f,’] dyad (Figure 8). In the case of Dy ion, the first excited
multiplet (J = 11/2) is 4125 cm™" above the ground multiplet
(Jmex = 15/2). The calculated high-temperature limit (yT/
Co)ur value of 75.5 compares well with the observed room
temperature value of 73.2. It may be pointed out that the yT
data could indicate antiferromagnetic coupling between j, = j, =
15/2 angular momenta, giving rise to the J =0 ground state.
However, the absence of a maximum in the susceptibility curve
up to 1.9 K indicates that even in case of such exchange
interaction, the coupling constant should be extremely small.

In the model under consideration, the magnetization per
formula unit should saturate to M; = 2gp,J,..c = 20.0; however,
the observed saturation value at B =7 T and T = 2.0 K is only
M, = 14.3. Clearly, this is a fingerprint of an additional level
splitting of the J multiplets. As the magnetization grows with
the magnetic field very rapidly, a high magnetic anisotropy is
expected. This complex did not show any remnant magnet-
ization. The zero-field-cooling magnetization/field-cooling
magnetization curves measured at B = 5, 10, and S0 mT
coincided and thus confirmed the absence of long-range
ordering. (Their course is identical with the temperature
evolution of the DC-magnetic susceptibility.) The magnetic
behavior of complex 6 appears to be analogous to that reported
recently in the literature of [Dy™,Co™, (OMe),(teaH),
(0,CPh),(MeOH),] (NO;),-MeOH-H,0 and [Dy",Co™,
(OMe),(teaH), (0,CPh),(MeOH), (NO;),]-MeOH-H,0
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Table 2. Key Magnetic Data for the Complexes 1—6

complex, ground multiplet of
[MHzLﬂmz] Ln™ & (T/Cour”
1 [Co",Gd",] 8.2 2 52.0
2 [Co",Tb",] "Fg 3/2 73.0
3 [Co",Dy",] *Hys), 4/3 85.6
4 [Co",Ho™, ] Sl 5/4 85.0
5 [Co',La",] IS, 8co = 3.0 22.5
6 [Zn",Dy",] *Hys), 4/3 75.5

(T/Co)s00k  Mume/ (Naptp) at T=2.0K, B=7.0T

M,/ (Napts), e)ipected
saturation

55.2 18.2 20
73.0 15.2 24
80.8 154 26
71.6 14.1 26
22.2 5.18 6
73.2 14.3 20

“High-temperature estimate using gc, = 2 in the equation (yT/Cy)ur = 28c, Sco(Sco + 1)/3 + 28 mamax +1)/3. bUsing gco = 2 in (Myo/Natt)sae

= 2’gCoSCO + 2’g]]max'
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Figure 9. The AC susceptibility data for complex 6 at zero DC field. (A) Temperature dependence of the in-phase molar susceptibility. (B)
Temperature dependence of the out-of-phase molar susceptibility (SI units).
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Figure 10. The AC susceptibility data for complex 6 at zero DC field. (A) Frequency dependence of the in-phase molar susceptibility. (B) Frequency

dependence of the out-of-phase molar susceptibility. Lines fitted.

(teaH, = triethanolamine).”® Here the decrease of the yT
function on cooling has been attributed to depopulation of M;
sublevels of the ground ] state and/or high magnetic
anisotropy. The quantum-chemical calculations confirmed
that the ground state is a nonmagnetic doublet, while the
first excited doublet state lying above at ca. 1.5 cm™ possesses
strong magnetic anisotropy (g, = 39).

To probe the presence of slow magnetic relaxation,
compound 6 was further subjected to AC susceptibility
measurements. As shown in Figure 9, the compound exhibits
a maximum at the out-of-phase susceptibility curve at 8 K (v =
1500 Hz). As the compound is cooled further, the x”
component does not fall to the zero, but after reaching a
minimum at ca. 3 K, it tends to increase. With the lowering of

1301

the frequency of the AC field, the maximum shifts to lower
temperatures, which confirms a superparamagnetic behavior
and the single-molecule magnetism. However, for frequencies
below 111 Hz, the two curves interfere, and at v = 11 Hz only
one component is visible.

The frequency dependence of the complex susceptibility has
been fitted according to the well-known Cole—Cole equation
7(@) = x5+ (rr — x5)/[1 + (iw7)'™*], where adiabatic (y5) and
isothermal (yr) susceptibilities are related, along with the
relaxation time 7 and the distribution parameter a (@ = 2av).
This equation decomposes for the two components, and the
fitting procedure was based upon minimization of the error
functional F = R(y’) X R(y") constructed of the relative errors
for the real and imaginary component of the susceptibility. The

dx.doi.org/10.1021/ic401484d | Inorg. Chem. 2014, 53, 1295—1306



Inorganic Chemistry

(A)

100 sk -4

—— 20K
— 22K e 0 ©
—— 26K ©

- — 30K -6 - B

= —— 34K

g 40K

o —— 50K N

E w0 % Eel |

! —— 80K

g 9.0K

z —— 100K

N _10 |- .

0 . ! L 12 L L I L L
0 50 100 150 200 00 01 02 03 04 05 06

21107 m® mol™

7K

Figure 11. The AC susceptibility data for complex 6 at zero DC field. (A) Cole—Cole plot with fitted lines for fixed temperature. (B) Arrhenius-like

fit of In 7 = In(1/270,) vs 1/T; U/ky = 47.9 K, 7, = 2.75 X 107" s.

(A)

30 T T T T T 30 T T T T
—+— 1512 Hz,B=0 —e— 1512Hz,B=01T
—e— 1111 Hz —e— 1111 Hz
—e— 777 Hz —e— 777 Hz
T o0 —e— 444 Hz T on —— 444 Hz
gzo —e— 111 Hz gzo —e— 111 Hz
- - —+— 11 Hz
€ €
9 9
S 10 A 2 10 -
=~ =~
= \\N =
0 - —s= 0 - =
| | 1 1 1 | 1 | | 1

15 20 25 3.0 35 40 45
TIK

Figure 12. The out-of-phase molar susceptibility ¥ (SI units) for complex

15 20 25 3.0 35 40 45
TIK

3 at (A) zero and (B) applied DC field. Lines serve as a guide.

results are displayed in Figure 10 for a number of temperatures
(T = 1.8-10 K). The resulting parameters were used to
generate prediction (solid) lines encompassing interpolation
and extrapolation regions. The parameters for individual
temperatures are listed (Table S2, Supporting Information).

The data in the worksheets of Figure 10 have been used to
generate the Cole—Cole (Argand) diagram as depicted in
Figure 11A. The frequency for which y”(®) adopts a maximum
is used in the Arrhenius-like plot In 7 = (1/2m,) vs 1/T
shown in Figure 11B. The first four points were used for a
linear fit, giving rise to the SMM parameters: U/kg = 47.9 K
and 7, = 2.75 X 1077 s. The parameters are typical for single-
molecule magnets and are close to those reported for a
trinuclear [Cu"Dy™,] compound.*® The remaining points in
Figure 11B indicate that the thermal activation process starts to
alter to the temperature-independent tunneling process of spin
reversal. As the distribution parameter @ increases on the
lowering of temperature, it may be concluded that solid-state
defects and disorders play prominent roles at low temperature
and adversely affect the admixing of states and hence adversely
affect the tunneling rate.

The AC susceptibility measurements were performed also for
the [Co™,Dy"™,] complex 3. The results indicate that the out-
of-phase component y” starts to rise below 6 K (Figure 12).
The profile of the susceptibility curve depends upon the
frequency of the alternating field (v = 1512, 1111, 777, 444,
111, and 11 Hz) and rises with the applied external field of B
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= 0.1 T. The expected maximum, however, lies outside the
temperature and frequency limits of the standard SQUID setup
(Toin = 1.8 K, v, = 1500 Hz). The shift of ", however, is well
observed and thus confirmed superparamagnetic behavior of
complex 3. A linear plot according to the Arrhenius-like
equation In(y"/y’) = In(2mvr,) + U/kgT serves for the
estimation of the energy barrier of the single-molecule magnet
behavior (Figure 13): U/ky ~ 8 K and 7, &~ 107 s. This
procedure is valid only when a = 0, which is true when By = 0
(see below). At Bpc = 0.1 T, a deviation from the linearity
caused by a > 0 is evident.

The AC susceptibility data for complex 3 (at varying
frequency) were fitted in the same way as they were for
complex 6, and then Figures 14 and 15 were generated.
(Analogous graphs at By = 0 are deposited in the Supporting
Information, Figures SS and S$6.) It can be concluded that at
Bpc = 0.1 T, the distribution parameter ranges as 0.14 < a <
0.20, as opposed to the case of Bpc = 0, when a = 0 holds true
(see Tables S3 and S4, Supporting Information). Consequently,
the Cole—Cole plot for complex 3 at Bpc = 0.1 T is
represented by flattened arcs (Figure 15A) as against the case of
Bpc = 0 when it is given by almost perfect semicircles,
indicating a single relaxation process. The nonzero value of the
adiabatic susceptibility ys, as it results from the fitting
procedure, causes the arcs and semicircles to merge at high
frequencies.
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The Arrhenius plots for complex 3 are pretty linear (T > 1.85
K) for both Bpc = 0 and 0.1 T, as shown in the Supporting
Information, Figure S6 and in Figure 15B, respectively. This
indicates that the thermal activation process is operative
exclusively. The Arrhenius plots allow extraction of the SMM
parameters: U/kg = 8.8 K (7, = 2.0 X 1077 s) at Bpc = 0, and
U/ky = 7.8 K (15 = 3.9 X 1077 s) at Bpc = 0.1 T. These values
span the range of SMM parameters for Dy'"-containing
complexes, as documented in Table 3. More examples of
Dy" complexes showing SMM behavior can be found in a
recent review.”’”

In complex 3, application of magnetic field By removes the
degeneracy of the energy levels to the opposite sides of the
barrier. Consequently, the quantum tunneling mechanism can
be reduced. This also causes a shift of frequency maxima at

%" (T ) to higher temperature and lower frequencies so that in
some cases the maxima can appear within the hardware
capabilities. (Sometimes, however, the applied field moves v,
to higher values.)®

The observation of the SMM behavior for complex 6
[Zn",Dy,], possessing only a pair of magnetoactive Dy(III)
ions showing no ferromagnetic exchange coupling, appears to
be a paradox. Several examples have been reported so far; for
instance, the pure [Dy,]*® complex and the [Co™,Dy,]*
system where quite high barriers for spin reversal exist: U/kg =
76 and 89 K, respectively. The height of the barrier clearly does
not correlate with the number of Dy(IIl) centers in the
complex, as documented by the data in Table 3.7* The
involvement of atoms with high magnetic anisotropy, like
Ni(II) and Co(II), leads to unpredictable changes in the U
values. In the [Dy,] series, the involvement of the heteroatom
(diamagnetic or paramagnetic) usually leads to a decrease of
U897 Thus, the important question of why the substitution
of two Zn(II) centers in complex 6 for Co(II) ones in complex
3 causes an acceleration (still slow) of magnetic relaxation
remains unanswered. Some recent reports suggest that the
embodiment of paramagnetic metal centers such as Cr(IIl) in
the [M,Dy,] core can enhance the blocking temperature
through 3d magnetic exchange.*’ However, this is not generally
true as documented by comparison of our complexes 3 and 6.

Bl CONCLUSIONS

In summary, a series of [2 X 2] 3d—4f heterometal complexes
of cobalt(II) and lanthanide(III) ions (Ln™ = Gd, Tb, Dy, Ho,
and La) have been reported along with an analogous
[Zn",Dy™,] compound. Structurally these compounds are
unique in that the metal centers are all connected by
carboxylato bridges in a rare y,—7>:* mode. The lanthanide
centers in these complexes are surrounded by eight oxygen
donors, generating a bicapped pseudotrigonal prismatic
coordination environment, while the cobalt centers have a
distorted octahedral geometry. The compounds are all
isostructural, exhibiting paramagnetic behavior with no remnant
DC-magnetization detected for them. The metal centers in
these heterometallic complexes are coupled in an antiferro-
magnetic manner. Quenching of the orbital contribution in the
case of Co", induced by significant distortions from the ideal
octahedron geometry, is prevalent in these complexes. A slow
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Figure 14. The AC susceptibility data for complex 3 at By = 0.1 T. (A) Frequency dependence of the in-phase molar susceptibility. (B) Frequency
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Table 3. Selected Examples of Dy-Containing Single Molecule Magnets

complex of Dy" Bpc/T (U/kg)/R* To/s a ref.
[Dy] 0.1 46.1° 6.4 x 107¢ 0.02—0.09 5}
(Dy] 0.1 36.57 7.9 x 1077 0.01-0.07 53
[Dy] 0.1 49.3° 4.8 x 107¢ 0.05—0.10 5}
[Dy] 0.1 37.0° 7.7 x 1077 0.01-0.07 42
[Dy] 0.1 305 1.1 x 1077 0.04—0.05 2
[Dy] 0.1 25.1 4.0 x 1077 0.06—0.07 42
[Y"Dy] 0.2 17.3 1.52 x 1077 41
[Fe'"'Dy] 0 8.98 7.77 x 1078 7c
[Co",Dy] 0 142 51 %107 8a
[Co"sDy] 0 n.a. n.a. 8i
[Dy,] 0 76 6% 1077 0.03—0.18 28
[Cu"Dy,] 0 47 1x 107 26
[Co™,Dy,] 0 88.8 5.64 x 1078 0.24—0.29 25
6, [Zn",Dy,] 0 47.9 2.75 X 1077 0.08—0.17 this Work
[Co',Dy,] 0 82.1% 62 x 1077 0.005—0.045 8h
[Co",Dy,] 11.0* 7.7 x 107 8h
3, [Co",Dy,] 0 8.8 (ext) 2.0 x 1077 0.00—0.07 this Work
3, [Co",Dy,] 0.1 7.8 (ext) 3.9 x 1077 0.14-0.20 this Work
[Ni',Dy,] 0.075 13.6 7.7 X 1078 0.16—0.24 39
[Ni', Dy, ]! 0.1 17.4 7.7 X 1077 0.10-0.30 39
[Cu'sDy,] 0 na. na. 35
[Dy,] 0.18 110 6.5 % 1077 36
[Dy,] 91 45x 1077 37
(Dy,] 0 54.2° 7.2 % 1077 0.09-0.18 34
[Dy,] 16.8° 1.4 x 107 0.41-0.58 34
[Dy,] 23 8 x 1078 30
[Dy,] 0 S4 1.1 X 107° 33
[Co"™,Dy,] 0.06 3.8 48 x 107¢ 32
[Co™,Dy,] 0 2 (est) 1076 (est) 29
[Co",Dy,] 0,02 na. na. 31
[Co",Co",Dy,] 0 n.a. na. 8f
[Co™};Dyq] 0,02 na. na. 31
[Mn",Mn"%,Dy,] 0 na. na. 40
[Dy,] 0, 0.15 na. na. 38
[Dyo] 0, 0.15 na. na. 38
[Co",Dyy] 0 25 3.14 x 107° 0.18—0.20 8d
[Co'",Dy,] 43° 113 x 107* 8d

“Est—estimated via In(y”/y’) = In(27vz,) + U/kgT; ext—based mostly upon extrapolation; n.a.—not available because the frequency maxima lie
below the limits of the hardware (1.8 K). *Two relaxation processes.

magnetic relaxation has been confirmed by AC susceptibility pounds, showing a single-molecule magnet behavior. In the
measurements for the [Co",Dy",] and [Zn",Dy"™,] com- complex [Zn",Dy™, ], the SMM parameters are U/ky = 47.9 K
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(7o = 2.75 X 1077 s); whereas, in the complex [Co",Dy", ], the
reduction of the barrier to spin reversal and a faster (still slow)
magnetic relaxation were detected: U/k; = 8.8 K (7, = 2.0 X
107" s) at Bpc = 0, and U/ky = 7.8 K (7= 3.9 X 107" s) at Bpc
= 0.1. The presence of a highly anisotropic Dy ion is largely
responsible for the existence of such energy barrier for spin
reversal in compounds 3 and 6, leading to their SMM-type
behavior.
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Skeletal view of the core structure of compound 1 (Figure S1),
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