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ABSTRACT: Two novel Co(II)-cluster-based coordination
polymers—namely, [Cos(u3—OH),(1,4-ndc),(bix),], (1) and
{[Cos(u3—OH),(1,4-ndc)¢(btp) (H,0)]-H,0}, (2)—were
prepared by hydrothermal reactions of Co(II) perchlorate
with 1,4-naphthalenedicarboxylic acid (1,4-H,ndc) and differ-
ent N-donor coligands (bix = 1,4-bis(imidazol-1-ylmethyl)-
benzene and btp = 4,4’-bis(triazol-1-ylmethyl)biphenyl). In 1,
10-connected [Cos(u;—OH),(COO);] clusters are extended
by the Us-1,4-ndc®™ and trans-bix ligands to construct a rare,
self-penetrating ile framework that can interestingly be
regarded as the cross-link of two interpenetrating 6-connected
pcu networks. While for 2, [Cog(u;—OH),(COO0),,] clusters

serve as the 8-connected nodes, which are bridged by the u,/us-1,4-ndc* and trans-btp ligands to afford the highest-connected
uninodal self-penetrating (4°°.6°) network based on octacobalt clusters. A synthetic and structural comparison of 1 and 2
demonstrates that the features of auxiliary N-donor ligands play a key role in governing the in situ formed clusters and the final 3-
D coordination frameworks. Magnetic susceptibility measurements indicate that complex 1 shows an antiferromagnetic
interaction between the adjacent Co(1II) ions, whereas 2 displays the dominant antiferromagnetic exchanges in 300—50 K and a

ferrimagnetic-like behavior at lower temperatures.

B INTRODUCTION

The field of metal—organic frameworks (MOFs) or coordina-
tion polymers has continuously evolved since Hoskins and
Robson first combined the inorganic and organic molecular
units to create infinite networks in the early 1990s." In fact, the
driving force for this is that there exist endless possibilities and
inexhaustible synthetic options to tailor their structures and
properties, which provides a huge source of experimental
systems for both fundamental science and potential applica-
tions.” As a result, in the realm of coordination polymers, many
intriguing topological types and associated interesting proper-
ties have been investigated in-depth.>® However, from the
perspective of developing advanced crystalline materials, one of
the most attractive targets is to establish a clear relationship
between the network structures and properties of coordination
polymers, which represents a great challenge, both exper-
imentally and theoretically.

In this context, metal cluster-based MOFs have drawn
particular attention, providing substantial impetus for the
development of new materials with unique frameworks and
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properties, such as magnetism, gas adsorption/storage, catalysis,
and luminescence.”® Comparing with common approach using
designed linkers and preselected metal centers as nodes for the
rationalization of network topology, the construction of cluster-
based MOFs with metal clusters as secondary building blocks
(SBUs), is a rather complex process, because these SBUs are
often generated in situ in different reactions.’ Thus, the variable
factors in the assembled processes will make significant
structural changes of the resulting clusters. Besides, the current
studies on cluster-based MOFs have shown that the organic
linkers is crucial to govern the nuclearity and arrangement of
metal ions,” in which the most well-known linkers are conjugate
polycarboxylic acids that can bind several metal centers with
specific coordination geometry to construct polynuclear
clusters, such as [Cu,(OH),(C0O0),], [Cr;O(OH),(CO0);],
[Co,(OH),(COO0)¢], and [Zn,0(CO0)4], etc.® Notably, in
the polycarboxylato-metal clusters systems, the auxiliary N-
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donor co-ligands can also induce their structural changes to
result in distinct properties.

On the other hand, in cluster-based MOFs, the coexistence
of water, hydroxide, and carboxylate has commonly been found
to connect the metal ions to afford clusters, especially for
Co(Il) systems. Thus, the assemblies of Co(II) with multi-
carboxylates are apt to form various clusters,” such as Co,, Cos,
Co,, Cos, Cog Co, Cog and Coyy, as well as chain/ladder/
layer as the SBUs of MOFs.”*? Recently, unusual 8-, 9-, 10-,
and 12-connected MOFs based on Cd;, Zn;, Cds, and Co,
clusters,'® have been constructed from the mixed-ligand system
of aromatic dicarboxylic acids and N-donor co-ligands, which
also show interesting magnetic and luminescent properties.'’
Inspired by these results, we have continued the efforts on
Co(II)-cluster based MOFs,"" and herein chose the aromatic
dicarboxyl tecton, 1,4-naphthalene dicarboxylic acid (1,4
H,ndc), to induce Co(I)-core aggregation, and different
auxiliary N-donor spacers 1,4-bis(imidazol-1-ylmethyl)-benzene
(bix) and 4,4’-bis(triazol-1-ylmethyl)biphenyl (btp) to further
tune the structures and properties of the final coordination
frameworks. As a result, two high-connected MOFs with Co;
and Cog-clusters as nodes have been obtained. Notably,
[Cos(u3—OH),(1,4-ndc)4(bix),], (1) shows a quite rare 10-
connected self-penetrating ile network that can be regarded as
the crosslinking of two interpenetrating 6-connected pcu nets,
while {[Cog(s3—OH),(1,4-ndc)s(btp)(H,0)s]-H,0}, (2) has
a unique 8-connected self-penetrating (4?°.6°) framework.
Moreover, their magnetic properties were also investigated
and discussed in detail.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All reagents and
solvents were commercially available and used as received. Elemental
analyses for C, H and N were performed on a Flash 2000 organic
elemental analyzer. Thermogravimetric analysis was performed on a
Netzsch Model STA 449C microanalyzer heated from 25 °C to 900
°C in nitrogen atmosphere. Infrared spectra (4000—600 cm™"') were
recorded on a Fourier transform infrared (FTIR) Nexus spectropho-
tometer. Powder X-ray diffraction (PXRD) patterns were taken on a
Rigaku Ultima IV diffractometer (Cu Ka radiation, 4 = 1.5406 A), with
a scan speed of 5°/min and a step size of 0.02° in 26. Variable-
temperature magnetic measurements were carried out on a Quantum
Design SQUID MPMS XL-7 instrument (2—300 K) in the magnetic
field of 1 kOe, and the diamagnetic corrections were evaluated using
Pascal’s constants.

Preparation of Complexes 1 and 2. [Cos(u;—OH),(1,4-
ndc),(bix),], (1). A mixture of 1,4-H,ndc (0.1 mmol, 21.6 mg), bix
(0.1 mmol, 23.8 mg), Co(OCl,),-6H,0 (0.2 mmol, 96.5 mg), NaOH
(0.2 mmol, 8.0 mg), and H,O/EtOH (10 mL, v:v 1:1) was placed in a
25-mL Teflon-lined stainless steel vessel, heated to 140 °C for 3 days,
and then cooled to room temperature over 24 h. Purple block crystals
of 1 were obtained. Yield: 37.2 mg (56% based on Co(II)). Elemental
analysis (%): caled for (C;6Hs4CosNgOy5): C 54.92, H 3.26, N 6.74;
found: C $5.01, H 3.30, N 6.81. IR (cm™'): 3369m, 1619m, 1585s,
1517m, 1405s, 1356vs, 1107w, 1092w, 822s, 792s, 724s, 686m, 576w,
499w.

{[Cog(us—OH),(1,4-ndc)s(btp)(H,0)s]-H,0}, (2). Complex 2 was
synthesized in a similar way as that for 1, except that bix is replaced by
btp (0.1 mmol, 31.6 mg). Dark red block crystals were obtained in
46% yield (26.1 mg, based on Co(II)). Elemental analysis (%): calcd
for (CooH,yCosN¢Os5): C 47.68, H 3.11, N 3.71; found: C 47.71, H
3.13, N 3.76. IR (cm™): 3439s, 1597s, 1553s, 1458m, 1414s, 1356vs,
1268m, 1209w, 1136w, 1041w, 843s, 799s, 748s, 690m, 563w, 498w.

X-ray Crystallography. Single-crystal X-ray diffraction data for
complexes 1 and 2 were collected on a Bruker SMART APEX CCD
diffractometer with graphite-monochromated Mo Ka radiation (4 =
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0.71073 A) at room temperature. The structures were solved by direct
methods and successive Fourier difference synthesis (SHELXS-97),
and refined by the full-matrix least-squares method on F* with
anisotropic thermal parameters for all non-H atoms (SHELXL-97). H
atoms were assigned with isotropic displacement factors and included
in the final refinement with geometrical restrains. Further crystallo-
graphic data and selected bond parameters for 1 and 2 are shown in
Table 1 and Table S1 in the Supporting Information. (See Cambridge
Crystallographic Data Centre (CCDC) (Nos. 908060 for 1 and
908061) for 2.)

Table 1. Crystallographic Data and Structural Refinement
Details for 1 and 2

1 2
formula C,6Hs4,CosNgO 5 CyoH7iC0ogNO;55
formula weight 1661.95 2267.00
temperature (K) 296(2) 296(2)
crystal system monoclinic monoclinic
space group P2,/c P2,/c
a (A) 15.440(7) 11.4903(9)
b (A) 15.677(6) 21.7478(3)
c(A) 16.500(10) 20.8346(5)
5 117.826(5) 91.029(4)
vV (A% 3532(3) 5205.5(4)
V4 2 2
D, (g em™) 1.563 1.444
u (mm™) 1.229 1.322
F (000) 1690 2296
0 range (°) 1.91-27.53 2.11-27.53
reflections, collected 37124 55095
independent reflections 8113 11903
Ry 0.1486 0.1224
data/restraints/parameters 8113/1/484 11903/0/628
GOOF 1.092 1.089

R,* wR,Y [I > 26 (I)]

Ry, wR, (all data) 0.0727, 0.1581

APiay AP (¢ A7) 0.776, —1.017
R, = Y(IF| — IE))/YIF. “wR,
Y Lw(IF)]]2.

0.0561, 0.1457 0.0666, 0.1621

0.0884, 0.1772
1.562, —0.755

[X{w(E’ — IE)/

B RESULTS AND DISCUSSION

Synthetic Chemistry. To explore the role of N-donor
bridging ligands on assembly and structural variability of the
cluster-based MOFs, a series of solvothermal reactions were
attempted. In these solvothermal synthesis, all reactions are the
same to mix 1,4-H,ndc and Co(ClO,),-6H,0 in H,0/EtOH
(v:v = 1:1), but with various N-donor coligands such as bix, btp,
4,4'-dipyridylsulfide (dps), 1,4-bis-(imidazol)butane (bib), and
1,6-bis(imidazol)hexane (bih). When these co-ligands were
applied, respectively, the corresponding different products, for
instance, metal cluster-based MOFs 1 and 2, noncluster-based
MOFs [Co(1,4-ndc)(dps)(H,0)], (CCDC No. 908062),
{[Co(1,4-ndc)(bib)]-2.5H,0}, (CCDC No. 908063), and
[Co(1,4-ndc)(bih)], (CCDC No. 908064) can be obtained.
In this contribution, we will focus on the syntheses, structures,
and properties of two Co(II)-cluster based MOFs 1 and 2.

Previous studies'> have shown that the formation of metal-
clusters [M,(u;—OH),] rely on the subtle changes in
solvothermal parameters. In this work, it is clear that the bix
or btp co-ligand can play a key role in governing the metal
clusters [Mx(ﬂ3—OH)y] and the final supramolecular structures.
So it can be speculated that the longer and flexible N-donor
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Figure 1. Crystal structure of 1: (a) coordination environments of Co(II); (b) the pentanuclear [Cos(u;—OH),(COO);] cluster (symmetry codes:
A=—x+2,—y+1,—z+ L;B=x,—y+3/p 2+, C==x+2,y =/, —z+ /3y D=—x+L,y+ '/, —z+ '/ E=x,9,z— ;F=2—x1-y2

—zG=1+x",—y",+2).

ligand that contains phenyl/biphenyl groups may facilitate the
formation of higher-nuclear cluster cores and influence the
superstructures of crystal seeds.

Complexes 1 and 2 are air stable, insoluble in common
organic solvents, and can retain their crystalline integrity at
ambient conditions for a long time. The IR spectra of 1 and 2
show strong absorption bands between 1619 and 1356 cm™ of
carboxylates, and no characteristic absorption band of COOH
in the range of 1700—1750 cm™ is observed, indicating a
complete deprotonation of the ligand. The broad bands at
region of 3439—3369 cm™' reveal the presence of water
molecules and/or hydroxyl groups.

Crystal Structures. [Cos(u;—OH),(1,4-ndc),(bix),], (1). X-
ray structural analysis reveals that compound 1 crystallizes in
monoclinic space group P2,/c, the asymmetric unit of which
consists of two and a half Co(Il) ions with different
coordination geometries, two 1,4-ndc’ anions, one bix, and
one hydroxyl group. As shown in Figure 1a, Col, sitting on an
inversion center, displays an octahedral sphere surrounded by
two ;—OH™ (Col—0S = 2.079(2) A) and four carboxylato—
O (Col-01 =2.091(2) A and Col—03 = 2.112(2) A) from
different 1,4-ndc*~ ligands. Also, Co3 shows an octahedral
sphere composed of one yu;—OH~ (Co3—0S = 2.072(2) A),
four carboxylato—O (Co03—02 = 2.121(2) A and Co03—-06 =
2.139(2) A) and one nitrogen donor (Co3—N1 = 2.086(2) A)
from bix. While Co2 atom is tetrahedrally bound to one p;—
OH™ (Co2—-05 = 1.942(2) A), two carboxylato-O (Co2—07 =
2.001(2) A and Co2—08 = 1.953(2) A) and one N atom
(Co2—N4 =2.013(2) A). Although all Co—O bond lengths are
comparable to those reported in the literature,"® the average
Co2—0 bond (1.965(2) A) is slightly shorter than that of
Col—0 (2.094(2) A) or Co3—0 (2.111(2) A).

In 1, two symmetry-related y;—OH™ groups (symmetry
code: —x + 2, —y + 1, —z + 1) connect five Co(II) atoms to
form a [Cog(u;—OH),]®* cluster subunit, which can be viewed
as two [Cos(u;—OH)]*" triangles sharing a common Col
vertex (Figure 1b). Such triangles are held together by eight
carboxylate bridges to constitute the pentanuclear [Cos(p;—
OH),(COO0);] cluster (see Figure 1b), which is similar to
some known examples.'* As a result, five Co(1I) ions within the
pentanuclear clusters are totally coplanar, in which the Co---Co
distances are 3.637 A (Col---Co2), 3.433 A (Col--Co3), and
3.198 A (Co2:-Co3).

Until now, in reported pentanuclear [Cog(u;—OH), ] cluster-
based MOFs,'* pentanuclear Cos-clusters usually serve as 6- or
8-connected nodes, which are extended to build intricate 3D

8093

frameworks with pcu, mab, and scu topology, respectively. In
this case, one type of u,-1,4-ndc’” ligand (u,-n":7'-C130607
and p,-n":n'-C180809) adopt the syn—syn bridging coordina-
tion fashion to link Co2 and Co3, with the distances of 11.091
A for Co2---Co2 and 11.375 A for Co3:+-Co3, affording (4,4)
networks with ABAB stacking fashions (see Figures 2a and 2b).

/ i i v
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Figure 2. Entangling framework of 1: (a) the parallel (4,4) network in
ABAB fashions; (b) single (4,4) layer; (c) the left- and right-hand
helical double chains; (d) 2-fold interpenetrating framework; and (e)
2-fold interpenetrating pcu net.

Moreover, the bix ligands adopting trans-configuration link Co2
and Co3 ions to form left- and right-hand helical double chains
along the c-axis (Figure 2c), which cross-link these (4,4)
networks into 2-fold interpenetrating 6-connected pcu nets
(see Figures 2d and 2e). Finally, other y,-1,4-ndc*” ligands (u,-
n':n'-C10102 and p,-n':n'-C60304) combine Col and Co3
ions of the pentacobalt clusters from neighboring layers in
zigzag-chain fashion (Figure 3a, cyan). As a result, two
interpenetrating pcu nets are linked to generate a self-
penetrating framework (Figures 3a and 3b). Topologically,
each pentacobalt cluster can be defined as a 10-connected node
(see Figures 3c and 3d), and the overall structure of 1 has a
uninodal 10-connected self-penetrating ile-(3°.4°*.5%.6*) (TD10
= 3761) framework analyzed using TOPOS" (see Figures 3e
and 3g, as well as Table S2 in the Supporting Information).
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Figure 3. Topological structures of 1: (a) the 3D framework
constructed by 2-fold interpenetrating 6-connected pcu nets and
zigzag-chains from p,-1,4-ndc*™/pentacobalt clusters (cyan); (b) 10-
connected self-penetrating net; (c) the linkages of pentacobalt cluster
with 10 adjacent cores; (d) 10-connected pentacobalt node; (e) 10-
connected self-penetrating ile-(3°.4%%.5%.6%) net; (f) the linkages of
each center of hxl-3° net with four different centers in upper and lower
layers; (g) perspective views of the ring links between 4-membered
shortest rings within the ile net.

Notably, this example represents the highest-connected
uninodal self-penetrating network based on pentacobalt
clusters.

So far, nine different uninodal 10-connected coordination
nets have been known: §u—312.426.57 net based on
pentanuclear Cd(II) clusters, * (3°4.5%6%) net based on
[Ni,N,O4] dimers,"® bct-3'2.4%%.5% net based on tetranuclear
Cd(1I) clusters'® and trinuclear Co(II) clusters,'® ile-
3°4%*5%6% net based on tetranuclear Co(II) clusters'®® and
pentanuclear Zn(II) clusters,'t FeB-(3'°.4°2.5%) framework
based on dinuclear Dy(III),l6e (3'2.4*.5%) net based on Dy(III)
jon,'®f (31°.4%5.5'°) net based on tetranuclear Ca(II) clusters,'®
(3°4%.583.6%) net based on Cd,¢ clusters'® and (4*.6*) net
based on trinuclear Cd(1I) clusters.'® Among them, only four

uninodal 10-connected nets have self-penetrating topological
configuration, namely, ile-3%.4%%.5%.6% (3%.4%'. 5°6?),
(3%.4%.5"%.6%), and (4*.6"). In this structure, according to the
approach for analysis of high-connected frameworks proposed
by Schréder et al,,'” the 10-fold connectivity of 1 can also be
described as being formed from parallel 2D hxl-3° nets (see
Figure 3e), in which each center provides four links to four
Co(Il) centers in upper and lower layers (Figure 3f).
Alternately, this ile net can be viewed as the crosslink of two
interpenetrating 6-connected pcu nets (Figure 3b).

{[Cog(i3—OH) ,(1,4-ndc)s(btp)(H,0)]-H,0}, (2). When bix
was replaced with the longer btp ligand, an unprecedented 8-
connected self-penetrating framework based on octanuclear
Co(II) clusters was observed for 2. The asymmetric unit of 2
contains four independent Co(II) ions, three 1,4-ndc®” anions,
one btp, two hydroxyl groups, and three aqua ligands, along
with a half lattice water molecule (Figure 4a). Col, Co2, and
Co3 all take the distorted octahedral geometries of [CoOg] or
[CoOsN]. Col and Co2 are coordinated by six O atoms from
u;—OH™ anions (Col—013 = 2.107(2) A, Co2—014/016 =
2.125(2)/2.107(2) A), three carboxylates of 1,4-ndc*” (Col—O
= 2.059(2)—2.126 (2) A, Co2—0 = 2.067(2)—2.123(2) A),
and two water ligands (Col—013 = 2.107(2) A, Co2—-015 =
2.066(3) A), respectively. While Co3 is surrounded by five O
atoms from one p;—OH~ group (Co3—016 = 2.085(2) A),
three carboxylates (Co3—O 2.076(2)—2.189(2) A), one
water ligand (Co3—017 = 2.120(5) A) and one N atom
(Co3—N1 = 2.091(3) A) from btp ligand. Differently, Co4 is
bound to five O atoms from two y;—OH™ ions (Co4—016/
O14= 1.992(2)—2.007(2) A) and three carboxylates (Co4—0O
= 2.017(2)—2.141(2) A), resulting in a distorted trigonal
bipyramid geometry of [CoO;]. Four symmetry-related Col—
ColA, Co02—Co02A, Co3—Co3A, and Co4—Co4A pairs
(symmetry code: 1 — x, 1 — y, 1 — z) are ligated by 2 pairs
of u;—OH™ groups and 12 carboxylate groups to afford a
unique centrosymmetric [Cog(p3—OH),(COO);,] cluster (see
Figure 3b). It can also be viewed as formed by [Co;(4,-02) (4,-
05)(u3-014)(u3-016)] subunits connected through O4
atoms. In the Cog cluster, the adjacent Co---Co separations
are 3.148 A for Col--Co2, 3.260 A for Col---Co4, 3.180 A for
Co02---Co3, 3.918 A for Co2---Co4), 3.607 A for Co2---Co4A,
and 3.531 A for Co3---Co4A).

In 2, the 1,4-ndc*” ligands adopt three different types of
coordination modes [Us-fo1 o2 Mos Hoss (A), fy-

2., 0. 1. 1 1 1 1 1
Mos Mos Mo7 Mos' (B) and pyos Moo Mo1r Mo’ (C)] to
extend the Cog clusters to construct a 6-connected pcu network

(@ 2 AR
& 3 & f oy AP
‘ | '00?6.',“:'_’3 Tl
co2 9
004/’( %..1.3 %D@%
®cot e:-"

9 P “o-8

(b)

Figure 4. Crystal structure of 2: (a) coordination environments of Co(II); (b) the octanuclear [Cog(s3—OH),(COO);,] cluster (symmetry codes:

A:x+1,y,z).
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Figure 5. Structural evolution of 2: (a) the centrosymmetric [Cog(u;—OH),(COO),,] cluster; (b) three coordination modes of 1,4-ndc’”, us-
Mot Mo2" M0 Moa (A), HaNos™NosNor Mos” (B) and iy-oe" 010 Mo11 Mo’ (C); (c) three-dimensional (3D) framework from octacobalt clusters
linked by 1,4-ndc’™ anions; (d) pcu net; (e) the resulting 3D architecture constructed from octacobalt clusters linked by 1,4-ndc’>~ and trans-btp

ligands (red and cyan); and (f) 8-connected net.

(see Figures Sa—d). Furthermore, the btp ligands with trans-
configuration (Figures Se and Sf: red and cyan) join this pcu
net to furnish a three-dimensional (3D) 8-connected
coordination framework (Figures Se and Sf), defining a
uninodal 8-connected self-penetrating net of (4°°.6%) topology
(see Figures 6a—6d).

A recent Cambridge Structural Database (CSD) search
(version 5.34, Feb. 2013) indicates that there are only several
Cog-cluster cases,'”® such as the spherelike [Cog(u—0,)Qs,]
(HQ = 8-hydroxyquinoline),"® [Cog] cage,'™ cubane-related
Cog cluster [Cog(C,0,),(H,0),,],"* octacobalt phosphonate
cage,18 cubic nanocage CogL,, (HL = 4,6-bis(2-pyridyl)-1,3,5-
triazin-2-0l),"® and other octanuclear Co(II) cluster.'®
However, only a 3D Cog-based MOF [
OH),(S0,),(depbpy),-(H,0),]-12DMF-4EtOH-24H,0"*
(MCEF-32, H,dcpbpy = 2,6-dipcarboxyphenyl-4,4’-bipyridine)
has been reported, where 3-connected dcpbpy®~ link the 12-
connected Cog-clusters to form a (3,12)-connected porous
framework showing gas sorption and spin-glassy magnetic
behavior. Thus, complex 2 not only presents a new
centrosymmetric octacobalt cluster motif, but also represents
the second case of 3D MOFs based on octacobalt clusters.

Recently, 11 uninodal self-penetrating 8-connected nets have
been summarized." Significantly, although the net of 2 has the
same point symbol with two eight-connected self-penetrating
8T10 or 8T3 net based on trinuclear Cd(I)'*® or binuclear
Ni(11)'*® SBU, respectively, they exhibit different network
topologies with the long vertex symbol of
(4.4.4.4.4,.4,.4,.4,.4,.4,.4,.4,.4,.4,.4,.4,.43.43.43.43.64.6,0.6,.
6,1.651.6,1.6,,.65¢) for 2 (TD10 = 3599, see Table S3 in the
Supporting Information), (4.4.4.4.4.4.4.4.444.44444444.4.
6,.6,.614.614:614.614.740.740) for 8T10 net (TD10 = 5637),'"
and (4.4.4.4.4,.4,.4,.4,.4,.4,.4,.4,.4,.4,4,.4,.4,.4,.4,.4..
64.65.65.66.610:610.610.610) for 8T3 net (TD10 = 3091),"*
respectively. On the other hand, the main difference between
2, 8T10, and 8T3 net is that only the shortest six-membered

8095

Figure 6. Topological structure of 2: (a) the linkage of the Cog cluster
with eight adjacent cores; (b) 8-connected octacobalt node; (c) 8-
connected self-penetrating (42°.6®) net; (d) the ring links between 6-
membered shortest rings; (e) 8-connected self-penetrating 8T3 net;
and (f) the ring links between 6-membered shortest rings of 8T3 net.
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rings are interlocked in 2 and 8T3 nets (see Figures 6a and 6e),
while the shortest four-membered and six-membered rings are
interlocked in an 8T10 net.'”® A careful analysis using
TOPOS" indicates that the nonequivalent 6-membered
shortest rings of 2 (6% 64.6,0.6,0.6.651.651.6,1.6,5) and 8T3
(6%, 64.65.65.65.610.610.610.6;0) are catenated and connected in
different ways (28 in 2 and 81 in 8T3; see Table S4 in the
Supporting Information), and as a representative Hopf link (see
Figures 6d and 6f). Thus, 2 is a new, three-periodic 8-
connected self-penetrating network and also represents the
highest-connected uninodal self-penetrating network based on
octacobalt clusters.

Structural Comparison. As discussed above, complexes 1
and 2 are composed of centrosymmetric [Cog(u;—
OH),(COO0);] and [Cog(p;—0OH),(COO),,] clusters as
SBUs, respectively, in which the Co(II) centers adopt a variety
of coordination spheres including [CoO4], [CoOsN], and
[CoO;N] for 1 and [CoOq), [CoOsN], and [CoOs] for 2.
Also, the 1,4-ndc*™ anions take different bridging modes (4
for 1, py and pg- for 2), which incorporate the trans-
configuration bix and btp spacers, respectively, to extend the
CoS or Co8 clusters in distinct ways, resulting in rare, highly
connected, self-penetrating networks. In fact, although
complexes 1 and 2 were obtained under similar solvothermal
conditions, the presence of different N-donor ligands is
responsible for their significant structural discrepancy. In this
sense, the auxiliary N-donor ligands play an important role in
governing the coordination clusters and the final supra-
molecular structures in such assembled systems.

PXRD and TG Results. In order to check the phase purity
of bulk materials for 1 and 2, powder X-ray diffraction (PXRD)
patterns were recorded at room temperature (see Figure S1 in
the Supporting Information). The peak positions of exper-
imental and simulated PXRD patterns are in good agreement,
which confirm their phase purity. The difference in intensity of
some diffraction peaks may be attributed to the preferred
orientation of the crystalline samples.

Thermogravimetric (TG) experiments were performed on
single-crystal samples of 1 and 2 in the temperature range of
30—900 °C (Figure S2 in the Supporting Information).
Complex 1 is thermally stable up to 295 °C, beyond which
the framework begins to collapse and the final residual weight is
likely attributed to CoO (calc. 22.54% and exp. 23.30%).
Complex 2 first loses the lattice and coordinated water in 70—
191 °C region (calc. 5.56% and exp. 5.96%), and the residue
remains largely unchanged until heating to 310 °C, whereupon
expulsion of the organic components occurs. Also, the final
mass remnant of 27.33% likely represents the deposition of
CoO solid (26.44% calcd) at 523 °C.

Magnetic Properties. The temperature-dependent mag-
netic susceptibilities were measured on polycrystalline samples
of 1 and 2 at 1000 Oe in the range of 1.8—300 K. For 1, as
shown in Figure 7, the value of yT at 300 K is 12.01 cm?®
mol™" K, which is larger than the calculated spin-only value
(9.375 cm® mol™" K) for five Co(II) (S = 3/,) ions, indicating
the orbital contribution arising from the high-spin octahedral
Co(II). Upon cooling, y\ T decreases monotonously to achieve
a minimum value of 0.95 cm® mol™ K at 2 K, suggesting an
appreciable antiferromagnetic exchange between the Co(II)
ions connected through two y;—0 and O—C—O bridges. The
Co01-05-Co2, Col—05—Co3, and Co2—05—Co3 angles are
129.46(11)°, 111.59(10)°, and 105.59(11)°, respectively.
These large Co—O—Co angles, as well as the syn—syn bridging
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Figure 7. Temperature dependence of y\T and yy versus T of 1.
Inset: temperature dependence of yy; the solid line represents the
best fit of the Curie—Weiss law yy; = C/(T — 0).

mode of the carboxylate group, are generally indications of
antiferromagnetic interactions.”” Above 15 K, the temperature
dependence of 1/y,; obeys the Curie—Weiss law with C =
14.55 cm® K mol™ and 6 = —62.1 K (see Figure 7, insert),
revealing dominant antiferromagnetic interactions between the
Co(II) ions and the presence of spin—orbit couplings.

The field dependence of magnetization of 1 at 2 K is shown
in Figure S3 in the Supporting Information. The magnetization
at 2 K and an applied filed of 50 kOe is 5.73 N per Cos unit.
This value is higher than the value of one Co(II), and lower
than that for three Co(II) ions in an octahedral environment
with § = '/, and g = 4.1-5.0. In the structure description, Cos
contains two Coj triangular units. In these antiferromagnetic
trinuclear Co; units, the spin frustration is one of the important
magnetic phenomena, and wusually causes the variety,
degeneracy, and mediated spin value of the ground spin state.
The T value, which is 0.95 cm® mol™ K at 2 K lower than
that for isolated Co(II) may be due to the frustration effect.
However, the intercluster interactions cannot be excluded. In
addition, the ac magnetic susceptibility data for 1 were recorded
with switching frequencies of 1, 10, 100, 1100 Hz (see Figure
S4 in the Supporting Information), and nonfrequency depend-
ency has been detected down to 1.8 K. It demonstrates that
compound 1 is not a single molecule magnet (SMM).

The yT and yy versus T plots of 2 are shown in Figure 8.
The yT value at 300 K is 20.77 cm® K mol™’, which is much
higher than the spin-only value of 15.0 cm® K mol™" expected
for eight S = 3/, spins with g = 2, because of the significant
spin—orbital coupling of Co(Il) centers’' and the ferromag-
netic exchanges between Co(II) ions. Upon cooling, T first
decreases smoothly to reach a minimum value of 12.10 cm?®
mol™ K at 25 K, then increases to a maximum of 13.81 cm?®
mol™ K at 7.0 K, and finally decreases smoothly to 12.84 cm?
mol™ K at 1.8 K. This observation of a shallow minimum is as
expected for a ferrimagnetic-like behavior, and the decrease of
YuT below 7 K may be attributed to interchain antiferromag-
netic interactions and/or zero-field splitting of the anisotropic
high-spin  Co(II) ions.”> Above 50 K, the temperature
dependence of 1/yy obeys the Curie—Weiss law, with C =
24.16 cm® K mol™ and 0 = —50.2 K, indicating dominant
antiferromagnetic interactions between the Co(II) ions and the
presence of spin—orbit coupling,*®

The field dependence of magnetization of 2 at 2 K is shown
in Figure 9. For high-spin octahedral Co(II) center, the overall
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Figure 8. Temperature dependence of yT and yy versus T for 2.
Inset: temperature dependence of yy; the solid line represents the
best fit of the Curie—Weiss law yy; = C/(T — 0).
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Figure 9. Field dependence of magnetization for 2.

effect of low-symmetry crystal-field components and spin—orbit
coupling split the 4T1g ground state into six Kramers doublets
and result in a doublet ground state. In low-temperature region
(T < 30 K), only the two lowest Kramers doublets are
significantly populated and Co(II) systems may be described as
having an effective spin of '/, with large anisotropy. As
described in the structure, complex 2 contains Cog cluster
formed by [Cos(p,—0),(u3—0),] units interconnected
through O4 atoms. Within the Co;O, units, the magnetic
interactions between Col---Co2, Co2:--Co3, and their
symmetry equivalents are transmitted via two u,—O and two
#3—0O pathways, with Co1—05—Co2, Col—014—Co2, Co2—
02—Co3, and Co2—016—Co3 angles of 95.57(9)°, 94.91(8)°,
95.22(9)°, and 98.68(9)°, respectively, which generally leads to
ferromagnetic interactions between the Co(II) ions.>* The
exchange pathways between Col---Co4, Co2:--Co4, Co3---Co4,
and their symmetry equivalents involve y;—O and syn—syn
carboxylate bridges, in which Col—014—Co4, Co2—014—
Co4, Co02—016—Co4A, and Co3—016—Co4A angles are
103.36(9)°, 143.02(11)°, 123.18(11)°, and 119.99(10)°.
These values are in the range of antiferromagnetic inter-
actions.”! Magnetization at 2 K and an applied filed of 70 kOe
is 8.16 NS per Cog unit. This value is close to the expected
saturation value for four octahedral Co(II) ions with S = '/,
and g = 4.1-5.0, which is consistent with a ferrimagnetic-like
state arising from the coexistence of both ferromagnetic and
antiferromagnetic exchange interactions within the Cog unit.
Besides, the ac magnetic susceptibility data for 2 were recorded
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with switching frequencies of 1, 10, 100, and 1100 Hz (see
Figure SS in the Supporting Information), and nonfrequency
dependency has been detected in the temperature range of
1.8—16 K. It demonstrates that compound 2 is not a SMM,
although Cog shows a ferrimagnetic spin ground state.

B CONCLUSIONS

In summary, two high-connected Co(II) coordination frame-
works with different cluster units have been prepared under
solvothermal conditions, using Co(II) perchlorate and 1,4-
naphthalene dicarboxylic acid with the introduction of
rationally selected N-donor ancillary ligands in a H,O/EtOH
system. For 1, pentanuclear [Cos(u;—OH),(COO);] clusters
are interlinked into a rare three-dimensional (3D) 10-
connected self-penetrating ile net that can be considered as
the crosslinking of two interpenetrating 6-connected pcu
networks. For 2, the octanuclear [Cog(p;—OH),(COO);,]
clusters are extended to form a 3D 8-connected self-penetrating
(4*°.6%) framework, which is the highest-connected uninodal
self-penetrating motif based on octacobalt clusters. That is, the
overall coordination frameworks can be well-modulated by the
N-donor coligands. Magnetic studies reveal that 1 shows an
antiferromagnetic exchange between the Co(Il) ions, while
dominant antiferromagnetic interactions (in 300—50 K) and
ferrimagnetic-like behaviors (at lower temperatures) are
observed in 2. These results further enrich our knowledge of
structural topologies for coordination networks, and they also
confirm the promising potential of auxiliary ligand-directed
assembled strategy for the design of new cluster-based MOFs
with unique structures and properties.
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X-ray crystallographic information for 1 and 2 in CIF format,
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