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ABSTRACT: The synthesis, structure and magnetic proper-
ties are reported of two disklike mixed-valence cobalt clusters
[Co™Co"(thmp),(acac)¢(ada);] (1) and [Co™,Co"};-
(thmp)4(Me3CC00)4(acac)5(OH)4(HZO)4](Me3CCOO)2~
H,0 (2). Heptanuclear complex 1 was prepared by
solvothermal reaction of cobalt(II) acetylacetonate (Co-
(acac),), 1,1,1-tris(hydroxymethyl)-propane (H;thmp), and
adamantane-1-carboxylic acid (Hada), whereas by substituting
Hada with Me;CCO,H, tridecanuclear complex 2 was

016!

obtained with an unexpected [Co™,Co"};] core. The core structures of 1 and 2 are related to each other: that of 1 arranges

as a centered hexagon of a central Co™

ion surrounded by a [Co"] hexagon, while that of 2 can be described as a larger oligomer

based on two vertex-sharing [Co™Co"] clusters. Variable-temperature direct-current magnetic susceptibility measurements
demonstrated overall ferromagnetic coupling between the Co' ions within both clusters. The magnetic exchange (J) and
magnetic anisotropy (D) values were quantified with appropriate spin-Hamiltonian models and were also supported by density
functional theory calculations. The presence of frequency-dependent out-of-phase (yy,") alternating current susceptibility signals
at temperatures below 3 K suggested that 2 might be a single-molecule magnet.

B INTRODUCTION

A great number of polynuclear complexes have been
synthesized and investigated in the past decade, because of
their interesting physical or catalytic properties and especially
because of their lpotential to function as single-molecule
magnets (SMMs).”> SMMs not only show properties of
classical bulk magnets, but also fascinating quantum mechanical
properties, and they have potential applications in information
storage and quantum computing.> The first SMM, known as
Mn ,acetate, was published in 1991; it is a mixed-valence oxo—
manganese cluster.” The synthesis of SMMs is still a
tremendous challenge because of the difficulties in assembling
predetermined structures with predictable magnetic properties.
Maybe a reasonable strategy is to make a smaller cluster whose
magnetic property can be controlled, and then extend it to a
larger cluster with a foreseeably better magnetic property.

To date, most of the SMMs based on ions with only second-
order spin—orbit coupling (e.g, Mn™) are in the strong-
exchange limit."® In this limit, the exchange interactions lead to
larger separations between low-lying spin-exchange multiplets
than the effects of the magnetic anisotropy.” For this type of
SMM, the upper limit of the energy barrier for reversal of
magnetization is given by S?DI or (S* — 1/4)IDI for integer and
half-integer S values, respectively. Thus, the necessary
ingredients are large ground-state spin (S) and significant
Ising (easy-axis) types of magnetoanisotropy, as reflected by a
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negative second-order axial zero-field splitting (ZFS) parameter
D. Notably, studies suggested that IDI and S are not completely
independent parameters.® A promising approach to better
SMMs is to move to the weak-exchange limit.*’

In the weak-exchange limit, the magnetic anisotropies of
metal jons could be of the same order of magnitude or even
larger than the exchange interactions.’ In this situation, the
equation describing the energy barrier by S* and D is not
applicable, as S is no longer a good quantum number. Evident
candidate metal jons for this type of SMM are certain
lanthanoid"® and cobalt(IT) ions."" Research on such complexes
has been an active field recently, and some of the studied
complexes exhibited SMM behavior.

Tripodal ligands such as 1,1,1-tris(hydroxymethyl)propane
(H,thmp) have been used extensively in the synthesis of oxo—
vanadium clusters, oxo—molybdenum clusters,'* and para-
magnetic 3d transition-metal clusters."”> We have synthesized a
series of Mn™,Mn" clusters via the solvothermal reactions of
manganese(II) acetylacetonate (Mn(acac),), tripodal ligands,
and carboxylates.'* In these compounds, the disposition of the
three alkoxide arms of the trianion directs the formation of
fused triangular [Mn;] units, where each arm of the ligand
bridges one edge of the triangle. Herein, we present the
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synthesis, structures, and magnetic properties of two mixed-
valence cobalt clusters, [Co"'Co"(thmp),(acac)s(ada);] (1)
and [COIHZCOHH(thmp)4(Me3CC02)4(acac)6(OH)4(HZO)4]-
(Me;CCO,),-H,0 (2). Heptanuclear complex 1 was prepared
by solvothermal reaction of cobalt(I) acetylacetonate (Co-
(acac),), Hsthmp, and adamantane-1-carboxylic acid (Hada).
By substituting Hada with Me;CCO,H, tridecanuclear complex
2 was obtained under the same reaction conditions. The
[Co™Co"] core of 1 can be described as a centered hexagon of
a central Co™ ion surrounded by a Co"s hexagon. These kinds
of Co, disks were widely studied,"'"""'* and some of them were
confirmed as SMMs.''*™ The core structure of 2 can be
described as a larger oligomer based on two vertex-sharing
[Co™Co"] cores. Variable-temperature direct-current (dc)
magnetic susceptibility measurements demonstrated overall
ferromagnetic coupling between the Co" ions within both
clusters. The presence of frequency-dependent out-of-phase
(rm") alternating current (ac) susceptibility signals at temper-
atures below 3 K suggested that 2 might be an SMM.

B EXPERIMENTAL SECTION

Materials and General Procedures. All chemicals were
commercially available and used as received without further
purification. The C, H, and N microanalyses were carried out with
an Elementar Vario-EL CHNS elemental analyzer. The Fouriet
transform infrared (FT-IR) spectra were recorded from KBr pellets in
the range of 4000—400 cm™' on a Bio-Rad FTS-7 spectrometer.
Magnetic susceptibility measurements of 1 and 2 were performed with
a Quantum Design MPMS-XL7 SQUID magnetometer. Samples were
embedded in vaseline to prevent torquing. All the ac susceptibility data
were collected at zero dc field and 5 Oe ac amplitude. Data were
corrected for the diamagnetic contribution calculated from Pascal
constants.

Synthesis. [Co™Co"(thmp),(acac)s(ada);] (1): A mixture of
[Co(acac),] (0.076 g, 0.30 mmol), Hythmp (0.026 g, 0.20 mmol),
Hada (0.036 g, 0.20 mmol), and MeOH (15 mL) was sealed in a 25
mL Teflon-lined, stainless-steel vessel, heated at 120 °C for 50 h, and
then cooled to room temperature. Red block crystals were obtained
(yield ca. 42% based on Hithmp). C, H analysis caled. (%) for
CysH,00C0,0,4: C 49.84, H 6.08; found (%): C 49.46, H 5.83.
Selected IR data (KBr, cm™): 2906 (m), 2852 (w), 1605 (m), 1557
(m), 1517 (s), 1406 (s), 1309 (w), 1259 (m), 1194 (w), 1116 (w),
1048 (m), 1018 (m), 924 (m), 766 (m), 618 (m), 566 (w).

[Co',Co",(thmp),(Me;CCOO)4(acac)s(OH),(H,0),]-
(Me;CCO0),-H,0 (2): The procedure was the same as that
employed for complex 1, except that Me;CCOOH (0.020 g, 0.20
mmol) was employed instead of Hada. Red block crystals were
obtained (yield ca. 35% based on Hsthmp).C, H analysis calcd. (%) for
Cg4H 54,C0,30,5: C 38.06, H 5.86; found (%): C 37.96, H 6.01.
Selected IR data (KBr, cm™): 2959 (m), 2920(m), 2862 (w), 1554
(s), 1520 (s), 1483 (m), 1394 (s), 1260 (w), 1225 (w), 1118 (w),
1055 (m), 1021 (w), 949 (w), 932 (w), 606 (m).

X-ray Structure Determination. Diffraction intensities were
collected on a Bruker Apex CCD area-detector diffractometer (Mo
Ka, 4 =0.71073 A) at 293(2) K. The raw data frames were integrated
with the Bruker SAINT package with a narrow frame algorithm.lé An
empirical absorption correction based on symmetry equivalent
reflections was applied using the SADABS program.'” The structures
were solved by direct methods, and all non-hydrogen atoms were
refined anisotropically by least-squares on F* using the SHELXTL
program.'® Anisotropic thermal parameters were assigned to all non-
hydrogen atoms. The hydrogen atoms attached to carbon were placed
in idealized positions and refined using a riding model to the atom to
which they were attached. The H atoms attached to nitrogen and
oxygen atoms were experimentally located from the Fourier difference
maps and refined with isotropic displacement parameters set to 1.2 X
U, of the attached atoms. Crystal data as well as details of data
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collection and refinements for complexes are summarized in Table 1.

The Oak Ridge thermal ellipsoid plot (ORTEP) plots and packing

Table 1. Summary of the Crystal Data and Structure
Refinement Parameters for 1 and 2

1 2
formula C75H109C070,4 CysH 54C013045
formula weight 1807.13 2650.16
T/K 293(2) 293(2)
color red block red block
space group PT PT
a/A 12.4752(4) 12.453(2)
b/A 14.4731(4) 16.319(5)
c/A 23.9086(8) 16.838(4)
a/deg 97.291(1) 85.465(13)
B/deg 97.813(1) 71.841(7)
y/deg 93.466(1) 68.454(7)
V/A3 4228.9(2) 3022(1)
V4 2 1
D yea(grem™) 1.419 1.456
ref. collected 33200 53497
ref. unique 16171 13733
Ry 0.0439 0.0681
GOF 1.094 1.015
R,? 1> 26(1)] 0.0647 0.0689
wR,” [all data] 0.2300 0.2603

“R, = YIFyl — IEll/ YIF. bwR, = {[Xw(F,> — EX)/ Y [w(FH)H 2

pictures were produced with Diamond 3.1."° Additional crystallo-
graphic data can be found in the Supporting Information.

DFT Calculations. The density functional theory (DFT)
calculations were carried out with the ORCA 3.0 computational
package.”® The hybrid B3LYP functional®® was used for the
calculations of the isotropic exchange constants J following Ruiz’s
approach® by comparing the energies of high-spin (HS) and broken-
symmetry (BS) spin states. The polarized triple- quality basis set
def2-TZVP(-f) proposed by Ahlrichs and co-workers was used for
cobalt and oxygen atoms,”® while def2-SVP was used for carbon and
hydrogen atoms. The calculations utilized the resolution of identity
(RI) approximation with the decontracted auxiliary def2-TZV/J or
def2-SVP/] Coulomb fitting basis sets and the chain-of-spheres
(RIJCOSX) approximation to exact exchange as implemented in
ORCA.** Increased integration grids (GridS and GridXS in ORCA
convention) and strong self-consistent field (SCF) convergence
criteria were used in all calculations.

B RESULTS AND DISCUSSION

Synthesis. Most of the mixed-valence cobalt clusters were
synthesized via room-temperature solution reactions of cobalt-
(I1) salts. These two cobalt clusters were synthesized by the
solvothermal reactions, which was not so widely used to
prepare discrete molecular clusters other than the metal—
organic frameworks (MOFs) and inorganic materials.”> Super-
heated solvents exhibit (i) reduced viscosity (and therefore
enhanced diffusion of chemical species) and (ii) very different
solubilizing properties (e.g, the dielectric constant of water
decreases rapidly with increasing temperature)*® compared to
ambient conditions. Note that the vessel was not full of solvent;
the Co™ ions in the final molecular species might be oxidized
by the air in the vessel from Co'" acetylacetonate. With
unknown brown precipitate obtained with the crystals, the yield
of 1 and 2 is not so high.

Crystal Structures. Complex 1 crystallizes in the triclinic
space group PI with a complete heptanuclear cluster
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[Co,(thmp),(acac)¢(ada);] (Figure 1a) in the asymmetric unit
and a total of two clusters per unit cell (Table 1). Selected

Figure 1. Structure of the [Co™Co"] cluster of 1, viewed
perpendicular (a) and parallel (b) to the metal plane. (c) The
bridging mode of the two thmp®~ ligands above and under the plane.
The thicker double-color bonds indicate the magnetic exchange
pathways between Co™ ions. Color code: Co", lavender; Co™, light
blue; O, red; C, gray.

interatomic distances and angles are listed in Supporting
Information, Table S1. All the cobalt ions exhibit identical Og
environments in distorted octahedral geometries. As the cluster
is neutral, charge-balance consideration indicates that one
cobalt ion should be in the 3+ valence state and six in the 2+
valence state. As the central Co7 displays evidently shorter
bond lengths (1.888—1.915 A) than the other six Co ions
(2.002—2.185 A), the 3+ valence state is attributed to Co7.
Bond valence sum (BVS) calculations® were performed for
each cobalt center and confirmed this attribution (Supporting
Information, Table S2). Thus, the [CoIIICOIlé(y3—OthmP)6(ﬂ—
O,ac)s) core of 1 arranges as a centered hexagon of a central
Co™ jon surrounded by a Co"; hexagon (Figure 2a). Or, the
structure can be described as six distorted missing-corner
cubanes sharing the neighboring faces of one another (Figure
2b). This disklike core is directed by the two thmp®~ ligands
that exhibit the 7°#°5° 4, mode and sit above and below the
plane of the seven metal atoms (Figure 1b), with each arm
bridging two peripheral Co' ions and the central Co™ ion
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Figure 2. Central core of 1, viewed perpendicular (a) and parallel (b)
to the metal plane.

(Figure 1c). The Co—O—Co angles are in the range of 96.2—
100.5°, and the adjacent Co™-Co" distances are 3.17—3.22 A.
Peripheral ligation is provided by three ada™ groups bridging
two Co' ions in the common 7',5',u-bridging mode and six
acac”™ groups exhibiting the n';’,u mode. No significant
intermolecular interactions are observed. Notably, two
CoCo''s clusters, TBA[Co™Co"(thme),(0,CCMe,),Br,]-
MeCN and Na,[Co™Co"((thme),(0,CMe),,(H,0),]-
(0,CMe)-4.6MeOH-3H,0, based on another tripodal ligand,
Hjthme, were reported in 2006.">*

Complex 2 crystallizes in the triclinic space group P1 and
consists of a cationic tridecanuclear cluster [Co™,Co",;-
(thmp),(Me;CCOO),(acac)s(OH),(H,0),]*" (Figure 3a),
two Me;CCOQO™ counteranions, and a lattice H,O. Selected
interatomic distances and angles are listed in Supporting
Information, Table S3. There are seven independent Co ions,
each assuming a distorted octahedral geometry with O
environments. Charge-balance considerations and the fact
that Co7 displays evidently shorter bond lengths (1.887—
1.907 A) than the other six Co ions (1.979—2.209 A) indicate
the 3+ valence state of Co7, as confirmed by BVS calculations
(Supporting Information, Table S2). Thus, the [Co™,Co™,; (u5-
0)14(1,-0) 0] (Figure 4a) core of 2 describes a larger oligomer
of the core of 1 based on two centered hexagon [Co™Co"(]
cores sharing a vertical Col, which lies on the inversion center.
Also, the core can be regarded as 14 distorted missing-corner
cubanes sharing the neighboring faces of one another (Figure
4b). Again, this disklike core is directed by the four thmp*~
ligands that exhibit the 7°7%7° 4, mode above and below the
plane of the 13 metal atoms (Figure 3b). The Co—O—Co
angles are in the range of 90.4—102.9°, and the adjacent Co'll...
Co" distances are 3.04—3.14 A. BVS calculations were also
performed on the inorganic O atoms to assess their
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Figure 3. Structure of the [Co™,Co"};] cluster of 2 viewed
perpendicular (a), and parallel (b) to the metal plane. Intramolecular
H-bonds are shown as dashed lines.

Figure 4. Central core of 2, viewed perpendicular (a) and parallel (b)
to the metal plane. Symmetric codes, A: —x, —y, 1 — z.

protonations and suggested two x,-OH™ jons (O8 and its
symmetry equivalent), two y3-OH™ ions (O7 and its symmetry
equivalent), and four terminal H,O ligands (O1W, O2W, and
their symmetry equivalent). Peripheral ligation is completed by
four pivalate groups and six acac™ groups. Each pivalate group
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bridges two Co" ions in the common 7',",u-bridging mode,
while the six acac™ groups exhibit two binding modes: four
exhibit the 77',7%,4 mode and two adopt a less common 7%, u3
mode. The terminal aqua ligands form H bonds to pivalate
ligands, either in the same molecule (Figure 3a), or to pivalate
counteranions, which also form H bonds to u;-OH™ ions O7
(Figure 5). Again, no significant intercluster interactions can be

Figure S. Terminal aqua ligands and y1;-OH™ ions from H bonds with
the pivalate counteranions.

observed. The [Co™,Co"};] units are well-isolated by pivalate
ligands, pivalate counteranions, and H,O molecules, with the
nearest intercluster Co---Co distance of 7.49 A. This is very
important to the confirmation of the SMM nature of 2, which

will be discussed later.
Magnetic Properties. DFT Study of Complex 1. Before

analyzing the obtained experimental magnetic data of 1, we
performed theoretical calculations of the isotropic exchange
constants ], among paramagnetic Co' atoms based on DFT
using B3LYP functional with the help of ORCA. Taking into
the account the molecular structure of 1 and presuming that
dominant magnetic exchange is mediated between adjacent
Co' atoms through oxygen atoms belonging to hydroxo and

carboxylate ligands, following spin Hamiltonian was postulated.

I:I = _]12(51'52) - ]23(32'53) - ]34(83'84) - ]45(84'55)

- ]56(85'86) - ]16(81'86) (1)

To be able to analyze all six potential magnetic exchange
interactions J;, the several BS spin states were calculated as
outlined in Supporting Information, Table S4. In HS and BS
spin states, most of the spin density was localized on Co' atoms
and partially also on oxygen atoms of corresponding CoO6
chromophores. By following Ruiz’s approach for calculation of
J-parameters, we derived these expressions for individual J-

values:
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]12 = (Al + Az - Alz)/lz

s = (A + A, +A,)/12

Jy = (A — A, +2A, — A)/12

Jis = (A, + Ay —2A, +2A, + A)/12

Joo = (B = Ay + 24, — 24, + 245 — A},)/12

Jis = (A= A, + Ap)/12 (2)
where A, is the energy difference between each BS spin state
and HS state. The analysis resulted in these isotropic exchange
constants: J;, = =040 cm™}, J,; = +1.54 em ™, J;, = +3.88 cm™,
Jis = +6.36 cm™!, Joo = +1.10 cm™!, and J;4 = +11.38 cm™".
Thus, these results show that the ferromagnetic exchange is
prevailing in compound 1. Furthermore, the magnetic exchange
pathways can be divided into two groups; in the first one the
magnetic exchange between Co(II) is mediated by two bridging
oxygen atoms belonging to thmp and acac ligands, [Co,(ys-
Othmp)(ﬂ—Oacac)Coj] (i—j = 1-2, 2—3, and 4-5), while in the
second group, the carboxylic group of the ada ligand is also
involved, [Coi(ﬂl’s'othmp)(ﬂ'oacac)(Iu'oloada)coj] (l_] = 1_6;
3—4, and 5—6). In both groups, the correlation between
averaged Co—O—Co angles and calculated J-values is evident
(Figure 6).

Magnetic Properties of Complex 1. Variable-temperature
and dc magnetic susceptibility measurements were performed
on a microcrystalline powder sample of 1 in a 500 G (0.05 T)

12 4
.
10 1
84
T 64 U
&
< 4 °
2]
-
.
0
) Y
_2 T T T T
90 92 94 96 98

angle(Co-0-Co), /°

Figure 6. (top) The calculated spin density distribution using B3LYP
of compound 1 for the HS state. Positive spin density is represented
by blue surface. The isodensity surfaces are plotted with the cutoff
values of 0.01 e a,™>. (bottom) The DFT-based J-values vs averaged
Co—0—Co angles, where M represents J;-values for [Coi(yyothmp) (u-
Omc)Co}-] (i—j = 1-2,2—3, and 4—5) pairs and @ represents Ji-values
for [Coi(,"{fot}xmp)(M‘Oacac)(/’l_oloada)coj] (l_] = 1—6, 3_4; and 5—
6) pairs. The red and blue oblong shapes serve as a guide for eyes.
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field and in the 1.8—300 K range, and also the isothermal
magnetization at 1.8 K was measured up to maximum magnetic
field of 7 T. The obtained data are shown in Figure 7. The p

16 16
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Figure 7. Magnetic data for 1. (left) The temperature dependence of
the effective magnetic moment and molar magnetization measured at
B = 0.05 T. (right) The isothermal magnetizations measured at T =
1.8. Empty circles—experimental data, full lines—calculated data using
eq 3, with J, = +0.95 em™, J, = S.11 em™, D = 79.3 cm™, and g =
2.65S.

value of 12.69 g is much larger than the spin-only (S =3/2, g
= 2) value of six noninteracting HS Co" ions (9.49 u), due to
the significant spin—orbit coupling of the octahedral Co" ions.
The value decreases gradually to a minimum at T = 40 K and
then increases sharply to reach a value of 14.57 yg at T = 4 K.
For HS Co" ions with distorted octahedral symmetry, the only
level that populated at sufficiently low temperature is the
lowest-lying Kramer’s doublet corresponding to an effective
spin 8’ = 1/2, with effective anisotropic g’ values.”® So, the
decrease of p.g before 40 K can be attributed to such spin—
orbit coupling and low-symmetry ligand field eftects, while the
sharp increase below 40 K indicates ferromagnetic exchange
coupling between metallic centers. The maximum g/ piy value
at 4 K corresponds to six ferromagnetic coupled Co" ions each
with an effective S’ = 1/2 state and a g’ value of 4.2. The
sudden decrease below 4 K could be attributed mainly to the
field saturation effect. The fast-increased variation on
isothermal field-dependent magnetization versus magnetic
field further confirms the intramolecular ferromagnetic
coupling. The saturation value M,,,/Nyup at B = 7.0 T equals
13.9, which is much less than the theoretical value of 18.0 for
six HS Co™ ions (S = 3/2, g = 2), thus confirming large ZFS of
cobalt(II) ions.

To quantitatively determine the isotropic exchange and the
ZFS parameters in 1, and taking into account results from DFT
analysis, the following spin Hamiltonian was used.

H=—] (S8, + 8,85 + S:S) — ], (S3°S, + S;°S;

6 6
+ 88, + Z S;:D;S; + iy Z B-gS$,

i=1 i=1

(©)

where ], represents weaker averaged isotropic exchange
between Col—Co2, Co2—Co3, and Co5—Co6 atoms, and J;
represents stronger averaged isotropic exchange among the rest
of the cobalt couples. The third term in eq 1 represents ZFS,
where we assumed that the D-tensor is equal for all cobalt(II)
atoms and is parametrized with single-ion axial ZFS parameter
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Table 2. Summary of Structural and Magnetic Parameters for 1

Co,—Co; d(Co,-—Co/) (A) 2£(Co;~0—Co;) (deg) 2£(Co;~0—Co),, (deg) JPET (em™) PG (em™h)®
Col-Co2 3.174 95.60 97.25 —0.40 +0.95
98.90
Co2—-Co3 3.169 94.70 96.80 +1.54 +0.95
98.90
Co3—Co4 3.022 90.03 90.36 +3.88 +5.11
90.69
Co4—CoS 3.145 95.06 95.91 +6.36 +5.11
96.75
Co5—Co6 3.034 91.05 91.36 +1.10 +0.95
91.67
Co6—Col 3.038 89.13 90.35 +11.38 +5.11
91.58
“The experimental magnetic data were fitted with averaged J-parameter, J, = ], = Jy3 = Jsg and J, = J34 = Ju4s = Ji6-
D. Also, the isotropic g-value was assumed in the Zeeman term. 26 33
The spin Hamiltonian then acted on local spin basis set IS, 4 30 4
Mg,)-ISs, Mg), which ended in matrices with dimension of 24 | ) 27 50099
4096 X 4096. The diagonalization of such matrices for a given Sj 2 24 4 0022
set of parameters (J,, J, D, and g) and for given magnetic fields . s 21 2
enabled us to obtain eigenvalues and, hence, partition function & 0 Ssssc ;: 18
Z, which was used to calculate molar magnetization as M, = & 0 10 20 30 40 | <15
NukT d(In(Z))/d(B). The magnetization for powder sample 20 + 3E12_
was then calculated as an arithmetic average M, = (2M, + 9
M,)/3. Next, the four parameters were varied to obtain the best 18 4 6
agreement between experimental and calculated magnetic data 3
(both temperature and field dependent), which resulted in J, = 6 0
+0.95 em™, J, = S.11 em™, D = 793 em™, and g = 2.65 0 50 100 150 200 250 300 01234567
(Figure 7). The J-values are in qualitative agreement with TIK BIT

averaged DFT calculated parameters (J°F = +0.75 em™, 0T =

721 cm™), which emphasize the importance of theoretical
methods in magnetic analysis of complex systems. Also, the
large D-value and g-factor agree well with distorted octahedral
chromophore of cobalt(Il) ions and significant spin—orbit
coupling. The fitted parameters clearly confirmed that weak-
exchange limit, IDI > I]}, is present in compound 1 (Table 2),
so the spin S is no longer a good quantum number, and the
energy pattern is dominated by ZFS parameter D, as
demonstrated in Supporting Information, Figure S1.

Furthermore, to investigate whether complex 1 might be
SMM, ac susceptibility measurements were performedina 5 G
ac field oscillating at 1—1500 Hz and with a zero applied dc
field (Supporting Information, Figure S2). Unfortunately, no
out-of-phase (yy") ac signal is observed.

Magnetic Properties of Complex 2. Variable-temperature dc
magnetic susceptibility data for complex 2 were collected as for
1 and are shown in Figure 8. Again, the room-temperature p g
value (17.20 pg) is much larger than the spin-only (S =3/2, g =
2) value of 11 HS Co" ions (12.85 pieq/up). The value slowly
increases until T = 140 K, then decreases gradually to a
minimum at T = 55 K, and then increases sharply to 23.38 ¢/
pg at T = 3.5 K. The gentle increase and decrease before 55 K
could be attributed to the competition between the spin—orbit
coupling of the Co' ions and the overall ferromagnetic
intracluster exchange. The latter is clearly revealed by the
sharp increase below 55 K. The maximum g value at 3.5 K
corresponds to 11 ferromagnetic coupled Co" ions each with
an effective " = 1/2 state and a g’ value of 3.9. The sudden
decrease below 3.5 K could be attributed to the field saturation
effect. As with complex 1, the fast-increased variation on the
isothermal field-dependent magnetization versus B further
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Figure 8. Magnetic data for 2. (left) The temperature dependence of
the effective magnetic moment and molar magnetization measured at
B = 0.05 T. (right) The isothermal magnetizations measured at T =
1.8. Empty circles—experimental data, full lines—calculated data using
eq 4, with J = 3.34 cm™, D = 63.8 cm™', and g = 2.64.

confirms the intermolecular ferromagnetic coupling. At T =
1.8 K and B = 7.0 T, the M,,;;/Nuy value reaches a maximum
that equals 27.2, which is lower than the theoretical value of
33.0 for 11 HS Co" ions (S = 3/2, g = 2), thus again confirming
large ZFS of cobalt(II) ions.

In the case of compound 2, magnetic analysis requires
knowledge about of (2S; + 1)'' = 4'" = 4 194 304 magnetic
states, which is beyond the capabilities of exact diagonalization
techniques. Therefore, to provide some estimates of magnetic
parameters within this compound, we approximate its magnetic
properties with a model usually adopted for one-dimensional
(1D) chains—the model of finite-size closed ring with spin
Hamiltonian

N-1 N
I:I =-] Z (Si'si+1) - ](SN'S1) + Z Si'Di'si

i=1 i=1

N
+ uy Z B-g-S

i=1

(4)

It usually holds that the larger the value of N is, the better the
approximation to infinite 1D chain. However, including ZFS
term means that knowledge about all magnetic states is
necessary. This restricted us to N = 7, which resulted in 4” = 16
384 magnetic levels. To efficiently calculate magnetic properties
for different temperatures and magnetic fields and for varying
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parameters (J, D, g), many diagonalizations are required.
Therefore, the spin permutational symmetry of the spin
Hamiltonian was used, and a new set of symmetry-adapted
spin basis set was created using D, point group.” Such
procedure split the total interaction matrix into submatrices A,
(N = 1300), A, (N = 1044), E, (N = 4680), E, (N = 4680), and
E; (N = 4680), labeled using the irreducible representations.™
Then, the fitting procedure based on both temperature and
field-dependent magnetic data resulted in J = 3.34 cm™, D =
63.8 cm™', and g = 2.64 (Figure 8). Even though the overall fit
shows some deviations from experimental data, the obtained
values confirmed dominant ferromagnetic coupling within this
compound and significant ZFS of Co(Il) ions similar to
compound 1.

Furthermore, ac susceptibility measurements were performed
for complex 2 in a S G ac field oscillating at 1—1500 Hz and
with a zero applied dc field (Figure 9). Clearly nonzero and

2.0
Q —0—1Hz 440
e —0—99 Hz
1.5 —o0— 700 Hz
= —0— 1488 Hz <
AR E
o 104 g e 1. E
£ e, £
(3] Q o
= Q ~.~. =~
= e,
0.5- X ®e.q =
3 o, 420
0.
B0
25

3.0
T/IK

Figure 9. Temperature dependence of the in-phase (', ®) and out-
of-phase (y"y, O) ac susceptibility signals under zero dc field at the
indicated frequencies for 2.

frequency-dependent out-of-phase (yy”) ac signal was
observed below 3 K, indicating a slow relaxation of the
magnetization. However, no peak in y,” is seen even down to
1.8 K, the limit of our magnetometer. Under a dc field of 1000
Oe, the in-phase ac susceptibility signals clearly show

frequency-dependence, while the peak of y” is still absent
(Supporting Information, Figure S3).

B DISCUSSION

The disklike cobalt clusters have been widely studied and
synthesized with different ligands and oxidation levels such as
[Coll,], tm 153 [ColCyl ] 15 [Colll,Colt, ], M bised
[Co™,Co™,],"** and [Co"yCo™,]"f (Figure 10). On the
other hand, these disklike cores can be described as many

Figure 10. Core structures of [Co™™ 1" (left) and [Co"yCo™,]***
(right). Color code: Co", lavender; Co™, light blue; O, red; N, blue.
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distorted missing-corner cubanes sharing the neighboring faces
of one another. To the best of our knowledge, the
[Co™,Co"};] cluster reported here is one of the biggest
disklike cobalt clusters.*’ Notably, all the overall intracluster
exchanges between the Co" ions within the reported cobalt
disks are ferromagnetic, except [Co'l5Co™,]."*" This might be
directed by the inner y5-N/O atoms, which sit above and below
the metal disks. The coplane arrangement of the Co ions
restricts these Co—(u3-)N/O—Co angles to 89.4—100°, while
for [Co"yCo™,], the cobalt ions are not strictly coplane
arranged, leading to a 103.5° angle (Supporting Information,
Table S3). It was known that (i) the ferromagnetic exchange
pathways are dominant in the range of 90—100° and (ii) large
superexchange angles lead to antiferromagnetic interactions,
while smaller ones induce ferromagnetic coupling.’> For
complex 1 and 2, the inner y;-O are supplied by thmp®~, and
the Co—(p3-)O—Co angles are in the range of 89.9—96.5°.

B CONCLUSION

The use of tripodal ligand Hsthmp and different carboxylates
represents a strategy for assembling high-nuclearity ferromag-
netic cobalt clusters. This work demonstrates the synthesis and
magnetic studies of two disklike cobalt clusters. The
tridecanuclear complex 2 was obtained via substituting the
carboxylate ligands of heptanuclear complex 1. The core
structure of 2 can be described as a larger oligomer based on
two vertex-sharing [Co™Co"] cores. More significantly, the
tridecanuclear cluster inherited the ferromagnetic manner of
the heptanuclear cluster. Thus, a larger ferromagnetic cluster
was obtained. The advanced magnetic analysis, supported by
DFT calculations in case of 1, provided us with valuable
information about isotropic exchange and ZFS parameters
presented in such complicated structures. Furthermore,
complex 2 shows slow magnetic relaxation at static zero and
1000 Oe fields below 4 K, toward SMM behavior. The reason
why we see SMM-like behavior in 2 and not in 1 may be
complex; however, we can speculate that main reasons lie in
small but significant changes in chromophore geometries of
paramagnetic Co(II) ions and slight modifications of exchange
pathways resulting in change of spin-reversal energy barrier.
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