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’ INTRODUCTION

The research on cluster-based coordination polymers has
attracted considerable attention for their intriguing architectures
and potential applications as functional materials.1-5 It is con-
sidered that some fascinating properties of metal clusters can be
inherited by the final structures.2,3 For example, the assembly of
coordination polymers by using magnetic clusters as secondary
building units (SBUs) can provide an attractive route for the
preparation of porous magnets,4 while metal cluster units con-
taining different terminal sites can be used not only for the
rational assembly, but also for the creation of potential active sites
for effective adsorption and other chemical/physical activities.5,6

Therefore, the introduction of metal active sites in the porous
frameworks has recently become one of the most active topics
because of their beneficial role, and the accompanied apical
ligand substitution reactions have also aroused interest.7,8 Mean-
while, the dynamic crystal-to-crystal transformations are help-
ful to probe the changes that occur upon the metal active sites
and the flexibility of the frameworks at the molecular level.9,10

Herein, we report a new porous coordination polymer (PCP)
[Co3(ina)4(OH)(C2H5OH)3](NO3) 3C2H5OH 3 (H2O)3 (1, or
MCF-38; ina = isonicotinate), which is composed of atypical
Co(II) hydroxo-centered trinuclear clusters acting as SBUs and
active metal sites due to the coordinative instability of apical

EtOHmolecules. The interesting apical ligand substitution of the
SBUs and the solvent template effect have been studied. The H2

storage capacity and magnetic properties of 1 have also been
characterized.

’EXPERIMENTAL SECTION

Materials and General Methods. Solvents and reagents were of
reagent grade and used as received. Infrared spectra were recorded in the
range 400-4000 cm-1 on a Bruker TENSOR 27 Fourier transform
infrared spectrometry (FT-IR) spectrophotometer using KBr pellets.
Elemental analyses were performed on a Perkin-Elemer 2400 elemental
analyzer (C, H, N). Thermogravimetry analyses (TGA) were performed
on a Netzsch TG 209 instrument in flowing N2 with a heating rate of
10 �C/min. Powder X-ray diffraction (PXRD) measurements were
performed on a Bruker D8 ADVANCE X-ray diffractometer with Cu
KR radiation. Variable-temperature PXRD measurements were re-
corded after the sample had stayed at the respective temperature for
30min inN2 atmosphere. Gas sorption isotherms were performedwith a
Belsorp-Max automatic volumetric adsorption apparatus. Detailed ac
and dc magnetic data were collected on a Quantum Design MPMS
SQUID-XL-7 magnetometer using the crushed single crystals.
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ABSTRACT: A microporous coordination polymer, namely,
[Co3(ina)4(OH)(C2H5OH)3](NO3) 3C2H5OH 3 (H2O)3 (1, or
MCF-38, ina = isonicotinate), with 8-connected {Co3(OH)}
clusters as the structural secondary building units, has been
solvothermally synthesized. The hydroxo-centered Co(II) cluster
involves multiple active metal sites. The interesting apical ligand
substitutions have been directly observed, and the corresponding
products of [Co3(ina)4(OH)(G)x(H2O)n](NO3) 3G 3 (H2O)m
(1 ⊃ PrOH, G = PrOH, x = 2, n = 1, m = 3; 1 ⊃ BuOH, G =
BuOH, x = 2, n = 1,m = 1, and 1⊃MeOH, G =MeOH, x = 3, n =
0, m = 7) have also been obtained by solvothermal syntheses or
crystal-to-crystal transformations. High-pressure H2 adsorption measurement at 77 K reveals that activated 1 can absorb 2.2 wt %H2 at 5
bar. The relative H2 absorption at low pressure (86% of the storage capacity at 1 bar) is higher than the corresponding values reported for
some typical porous coordination polymers. Themagnetic studies of 1 show a dominant antiferromagnetic coupling betweenCo(II) ions
of intra- and inter-cluster.
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Preparation of [Co3(ina)4(OH)(C2H5OH)3](NO3) 3C2H5OH 3
(H2O)3 (1). Amixture of Co(NO3)2 3 6H2O (1 mmol, 0.029 g), Hina (1
mmol, 0.121 g), triethylamine (0.20 mL), and EtOH (10mL) was sealed
in a 15 mL Teflon-lined stainless-steel parr bomb at 140 �C for 72 h,
which was then slowly cooled to room temperature. The block red
crystals were obtained in about 75% yield based on Co. Anal. Calcd for
C32H47Co3N5O19: C, 39.12; H, 4.82; N, 7.13%. Found: C, 39.10; H,
4.82; N, 7.12%. IR for 1 (KBr, cm-1): 3372s, 1617s, 1550s, 1384vs,
1229w, 1058w, 1019w, 869w, 775 m, 690 m, 568w, 457w.
Preparation of [Co3(ina)4(OH)(H2O)(C3H7OH)2](NO3) 3C3

H7OH 3 (H2O)3 (1 ⊃ PrOH) and [Co3(ina)4(OH)(H2O)(C4H9OH)2]
(NO3) 3C4H9OH 3 (H2O) (1⊃ BuOH). The same synthetic procedure of
1 was performed with n-PrOH and n-BuOH (10 mL) instead of EtOH to
generate 1 ⊃ PrOH and 1 ⊃ BuOH (Yield: about 55% and about 50%
based on Co), respectively. Anal. Calcd for C33H49Co3N5O19 (1 ⊃
PrOH): C, 39.77; H, 4.95; N, 7.03%. Found: C, 39.07; H, 4.57; N,
7.50%. Anal. Calcd for C36H51Co3N5O17 (1⊃ BuOH): C, 43.13; H, 5.13;
N, 6.99%. Found: C, 43.01; H, 4.83; N, 7.21%. IR data for 1⊃ PrOH (KBr,
cm-1): 3371s, 2961 m, 2938 m, 2874w, 1622s, 1551s, 1499w, 1385vs,
1229w, 1091 m, 1058w, 1018w, 867w, 832w, 776 m, 711 m, 690s, 574w,
454w. For 1 ⊃ BuOH: 3371s, 2957 m, 2930 m, 2870w, 1625s, 1552s,
1499w, 1385vs, 1229w, 1107m, 1060w, 1019w, 867w, 844m, 776 m, 690s,
574w, 453w.
Preparation of [Co3(ina)4(OH)(CH3OH)3](NO3) 3CH3OH 3

(H2O)7 (1 ⊃ MeOH). After immersing clean crystals of 1 in MeOH
solvent in small tubes at room temperature for one day, the crystals
retained their primary well-defined external shapes, furnishing crystals of
1⊃MeOH. Anal. Calcd for C28H47Co3N5O23 (1⊃MeOH): C, 33.68;
H, 4.74; N, 7.01%. Found: C, 32.95; H, 4.57; N, 7.04%. IR for 1 ⊃
MeOH (KBr, cm-1): 3371s, 2925 m, 2854w, 1620s, 1550s, 1404s,
1385vs, 1229w, 1058w, 1019w, 869w, 775 m, 710 m, 690s, 578w.
X-ray Crystallography. Diffraction intensities of all compounds

were collected on a Bruker Apex CCD area detector diffractometer (Mo
KR, λ 0.71073 Å). Absorption corrections were applied by using the
multiscan program SADABS.11 The structures were solved with direct
methods and refined with a full-matrix least-squares technique with the
SHELXTL program package.12 All nonhydrogen atoms were refined

with anisotropic displacement parameters. The solvent molecules in the
compounds were disordered and located from difference maps. The
organic hydrogen atoms were generated geometrically (C-H 0.96 Å).
Some of the ina ligands and coordinated alcohol molecules were treated
with disorder models of two equivalent parts. The large Ueq(max)/
Ueq(min) of the nonsolvent C atoms are attributed to the weakly
coordinated alcohol molecules. The disordered guest molecules and
nitrate anions cannot be modeled and were treated by the SQUEEZE
routine,13 and their amount was determined by TGA results and
elemental analyses. The crystal data and structure refinement results
are listed in Table 1, while the selected bond distances and bond angles
are listed in Table S1 of the Supporting Information.

’RESULTS AND DISCUSSION

Crystal Structures. There are one and one half Co(II) ions
(two independent modes), two ina ligands, half of a hydroxyl
group, and one and one half EtOH molecules in an asymmetric
unit of 1. Each six-coordinate Co(II) ion lies in an octahedral
environment, which is formed by three carboxylate O atoms
[Co-O2.050(5)-2.080(4) Å] and one pyridyl N atom [Co-N
2.138(7)-2.218(8) Å] from four ina ligands, one μ3-O atom
[Co-O 2.114(4), 2.114(6) Å], and one weakly coordinated
EtOH molecule [Co-O 2.165(9), 2.176(7) Å] (Figure 1A and
Figure S1 of the Supporting Information). The counter nitrate
anions and some solvent molecules are located in the crystal
lattice. Each Co(II) atom is linked to two other Co(II) atoms by
mixed hydroxyl and syn-syn carboxylate bridges [Co 3 3 3Co
3.641(1), 3.461(1) Å, Co-O-Co 118.8(2)�, 110.5(2)�] into a
triangular Co3(μ3-OH)(O2C)4 SBU.14 Different from the
reported planar {M3O} unit with equilateral triangular arrange-
ment ofD3h symmetry,6,15 the central oxygen atom in the SBU of
1 is displaced from the Co3 isosceles triangle to furnish an
approximate Cs symmetry for the {Co3O} unit.
In 1, the trinuclear SBU acts as an 8-connected node of atypical

twisted dodecahedral geometry (Figure 1B). These SBUs are

Table 1. Crystallographic Data
complex 1 1 ⊃ PrOH 1 ⊃ BuOH 1 ⊃ MeOH

formula C30H43Co3N5O19 C33H49Co3N5O19 C36H51Co3N5O17 C28H47Co3N5O23

formula weight 954.5 996.6 1002.6 998.5

temperature (K) 123(2) 123(2) 123(2) 123(2)

crystal system orthorhombic orthorhombic orthorhombic orthorhombic

space group Pnma Pnma Pnma Pnma

a (Å) 18.986(4) 18.9542(2) 18.9705(2) 18.7824(1)

b (Å) 19.683(4) 19.697(2) 19.4783(2) 19.6842(1)

c(Å) 12.081(2) 12.0228(1) 12.0751(1) 12.0490(7)

V(Å3) 4514.6(2) 4488.6(8) 4461.9(7) 4454.7(5)

Z 4 4 4 4

Dc (g cm
-3) 1.298 1.304 1.263 1.253

μ (mm-1) 1.150 1.157 1.156 1.162

reflns coll. 4539 4082 4055 4435

unique reflns 3713 3411 3845 3296

Rint 0.0451 0.0387 0.0327 0.0557

R1
a [I > 2σ(I)] 0.0882 0.0967 0.0886 0.0966

wRb
2 (all data) 0.2653 0.2722 0.2417 0.2640

GOF 1.075 1.014 1.077 1.042

ΔFmin/max/e (Å)3) 1.81/-2.79 1.77/-1.53 2.77/-1.83 1.35/-0.95
aR1 = ∑||Fo| - |Fc||/∑|Fo|.

bwR2 = [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2.
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further interlinked by ina linkers into a uninodal 8-connected
hex net, in which the center-to-center distances of adjacent
{Co3O(μ3-OH)} clusters are 12.083(5) and 12.081(9) Å in
the bc plane and 9.494(8) Å along the a direction (Figure 1C,
Table 3). Generally, small clusters with a high number of

connections are limited because of the steric effect,1,2,16 whereas
high connectivity nodes (more than six) are often made up
by bulk high-nuclear metal clusters (usually higher than
hexanuclear) (Scheme 1).2,3a The trinuclear clusters of the type
M3(μ3-OH)(O2CR)nLm (M = Cr, Fe, Ni, Co, etc.) have been
widely used as 3-connected, octahedral and trigonal-prismatic
6-connected SBUs,6,15 but only one tricapped trigonal-prismatic
uninodal 9-connected node has been reported recently.17 To the
best of our knowledge, 1 is the first case of the 8-connected net
based on the above hydroxo-centered trinuclear SBUs, and also
represents the smallest unit in the known 8-connected net.2

The void space of 1 consists of cavities and 1-D channels,
which accommodates uncoordinated guest molecules and occu-
pies about 19.8% volume of the crystal (Figure 2).18 The cavity is
enclosed by the apical ligands in SBUs and adjacent nitrate anion,
with an internal free diameter of about 2.2 Å. The 1-D channels
running along the a axis are generated by interconnection of
irregular cavities (about 3.5 � 5.6 � 8.7 Å3), with the smallest
aperture of 1.5 Å, corresponding to the trigonal window along the
a direction with side length of about 5.0 Å (Figure 1B) (taking
into account the van der Waals radii). It should be noted that the
removal of all the apical coordinated EtOHmolecules opens new
space connecting the cavities and channels along the b axis by the
windows with a minimum diameter of about 4.0 Å, and the free
volume is then increased to 39.0% (Figure 2). The presence of
potential metal active sites encouraged us to further explore the
corresponding structural changes through apical ligand substitu-
tion and the porosity of this system.
Thermal Stability. The TGA curve (Figure 3) of 1 displays

that the weight losses of the guest and coordinated solvent
molecules are not well resolved. The first step from 30 to 70 �C
with about 9.0% weight loss may be attributed to the release of
guest EtOH and water molecules (step I, weight abou 10.1%),
and then that of 15.0% corresponds to the loss of three
coordinated EtOH molecules up to ∼200 �C (step II, about
14.1%). The PXRD patterns (Figures S2 and S3 of the Support-
ing Information) show that the patterns below 70 �C are almost
the same, indicating that the framework is maintained after the
removal of guest molecules. Between 70 and 200 �C, the decrease
in intensity and slight shift of some peaks of the PXRD pattern
imply that the framework is gradually distorted and/or partially
collapses due to the transformation after the loss of coordinated
EtOH molecules.10a Above 200 �C, the sample becomes amor-
phous, as shown by the absence of diffraction peaks in the PXRD
pattern. The TGA performed on the desolvated sample (10) after
gas sorption experiments shows no significant weight loss (∼2%)
up to 200 �C, confirming that all uncoordinated and coordinated
solvents are removed from the pores. Interestingly, the original

Scheme 1. Distribution of Numbers of Connection of Poly-
nuclear SBUs with Different Nuclear Numbers in 3-D Co-
ordination Polymers

Figure 2. Perspective views of the cavity and channel in 1 (left), and the possible transformation upon desorption of coordinated EtOH molecules, in
which the weakly coordinated EtOH are highlighted in space-filling modes (right).

Figure 1. Perspective views of the coordination environment (A) and
coordination framework (B) of 1 along the a axis (counteranions and H
atoms omitted for clarity). Schematic representation of the uninodal 8-con-
necting twisted dodecahedral node and the hex topological net of 1 (C).
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PXRD pattern of 1 can be recovered by immersing 10 in fresh
EtOH for several hours (Figure S2e of the Supporting In-
formation). This dynamic phenomenon suggests a reversible
structural transformation in response to the removal and adsorp-
tion of guest molecules, which indicates the framework flexibility
of 1. Unfortunately, we cannot obtain the crystal structures of the
desolvated sample 10 and resolvated sample 100 because of their
poor single crystallinity. The TGA curve of 100 shows a similar
weight loss process (inset of Figure 3), which further confirms
the reversibility of the framework.
Apical Ligand Substitutions of 1, 1 ⊃ PrOH, 1 BuOH, and

1 ⊃ MeOH. Enlightened by the volatile terminal EtOH mole-
cules and framework flexibility of 1, we have performed crystal-
lographic studies on the apical ligand substitution at the metal
centers through different solvent-templated syntheses and crys-
tal-to-crystal transformations.
When the similar synthetic procedure of 1was performedwith n-

PrOHor n-BuOH instead of EtOH, the corresponding products of
[Co3(ina)4(OH)(H2O)(C3H7OH)2](NO3) 3C3H7OH 3 (H2O)3
(1 ⊃ PrOH) or [Co3(ina)4(OH)(H2O)(C4H9OH)2](NO3) 3
C4H9OH 3 (H2O) (1 ⊃ BuOH) (Figure 4 and Figure S5 of the
Supporting Information) were yielded. However, a similar sol-
vothermal reaction failed to give a methanol-solvated complex and

only cobalt formate as the final product. Fortunately, we success-
fully obtained [Co3(ina)4(OH)(CH3OH)3](NO3) 3 (CH3OH)2 3
(H2O)7 (1 ⊃ MeOH) by a crystal-to-crystal transformation
procedure with the mother single crystals of 1 immersed inMeOH
for one day at room temperature. On the other hand, our trials by
the sameprocedurewith n-PrOHor n-BuOH as the solvent did not
yield 1 ⊃ PrOH or 1 ⊃ BuOH.
As shown in Figure 4, the single crystals of the four com-

pounds display no evident changes in size, morphology, color, or
transparency. Although the crystal system and space group
remain unchanged, the unit-cell volumes are decreased from
4514.6(2) to 4454.7(5) Å3 in the order of 1, 1 ⊃ PrOH, 1 ⊃
BuOH, and 1 ⊃ MeOH (Table 1). Very minor changes in the
frameworks have also been observed. Slightly different from the
structure of 1, both organic solvent and water molecules parti-
cipate in coordination with the Co(II) ions. Crystallographic
analysis reveal that the apical site of Co1 on the mirror plane is
occupied by one water molecule, while that of Co2 is bound with
one PrOH or BuOHmolecule in 1⊃ PrOH and 1⊃ BuOH. On
the other hand, all the apical sites are occupied by MeOH
molecules in 1 ⊃ MeOH. Meanwhile, all of the apical alcohol
and water molecules are weakly bonded with the relatively longer
Co-O distances (2.14-2.18 Å, Figure S1 of the Supporting
Information), implying that they are labile in certain extent. The
largest deviations in the Co-O-Co angles and Co 3 3 3Co
lengths within the {Co3(OH)} core are 2.1% for the four
compounds (Table 2), which suggest the similarity of the
{Co3(OH)} cores. In addition, the largest deviations in three
types of the center-to-center distances between adjacent
{Co3(OH)} clusters are 0.3, 0.5, and 1.1% (Table 3), respec-
tively, which suggest marked robustness of the host frameworks.
The difference in the differently solvated products may be

explained by the following considerations. First, the formation of
1, 1 ⊃ PrOH, and 1 ⊃ BuOH may be dependent upon the
presence of bulky solvent molecules that serve as templates in the
solvothermal syntheses,14 and such phenomenon is confirmed by
the unsuccessful synthesis using smaller MeOHmolecules as the
solvent. Second, substitutions of the apical water and alcohol at
different sites on the {Co3(OH)} core may be governed by the
different environment around it. The larger n-PrOH and n-
BuOH molecules are difficult to approach the spatially crowded

Figure 3. TGA curves of the four different solvate compounds,
desolvated sample 10 and resolvated sample 10 0; two steps of weight
losses of 1 are indicated.

Figure 4. Evolution of the coordination environment of the active metal sites from ligation of EtOHmolecules in 1 to other different apical ligands and
the photos of their crystals.
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Co1 site when compared with the water molecule, whereas the
size effect seems insignificant between MeOH and water mole-
cules yet.10a At the same time, the limited size (5.0 Å) of the
triangular windows in 1 prevents the entrance of bulky guest
molecules (n-PrOH or bigger ones) for a direct crystal-to-crystal
transformation by solvent exchange.10a

Sorption Properties. The desolvated framework was gener-
ated by heating 1 at 60 �C for 7 h under high vacuum. N2

adsorption isotherms of activated 1 at 77 K (Figure 5) present a
type-I isotherm with an apparent Langmuir surface area of 544
m2 g-1. The adsorption amount of N2 at saturation is about 125
cm3 (STP) 3 g

-1, and the given microporous volume is Vf = 0.20
cm3/g, lower than the VP value calculated from the crystal
structure (0.30 cm 3 g

-1, void: 39.0%) using PLATON.12 This
is possibly due to the slight shrinkage and/or partial collapse of

Figure 5. N2 and CO2 adsorption isotherms. Figure 6. H2 adsorption isotherm for 1. Inset: enlargement of the low-
pressure region.

Table 2. Inter-Atomic Distances (Å) and Angles (deg) in the {Co3(OH)} Corea

1 1 ⊃ PrOH 1 ⊃ BuOH 1 ⊃ MeOH max deviation (%)

Co(1)-O(6) 2.176(7) 2.152(7) 2.147(5) 2.180(6) 1.5

Co(2)-O(7) 2.165(9) — — 2.154(7) 0.5

Co(2)-O(1W) — 2.150(8) 2.141(7) — 0.4

Co(1)-O(1) 2.114(3) 2.094(3) 2.101(3) 2.096(3) 0.9

Co(2)-O(1) 2.114(6) 2.107(6) 2.118(5) 2.074(4) 2.1

Co(2) 3 3 3Co(1) 3.641(1) 3.613(1) 3.627(1) 3.628(1) 0.7

Co(1) 3 3 3Co(1a) 3.461(1) 3.436(1) 3.423(1) 3.445(1) 1.1

Co(2)-O(1)-Co(1) 118.90(2) 118.66(2) 118.54(2) 118.94(1) 0.3

Co(1)-O(1)-Co(1a) 109.9(3) 110.3(2) 109.1(2) 110.5(2) 1.3
a Symmetry code: (a) x, -y þ 3/2, z.

Table 3. Center-Center Distances (Å) of {Co3(OH)} Clusters in the Hex Nets

1 1 ⊃ PrOH 1 ⊃ BuOH 1 ⊃ MeOH max deviation (%)

type A (in blue) 9.494(8) 9.481(8) 9.500(8) 9.400(8) 1.1

type B (in yellow) 12.083(5) 12.040(5) 12.043(4) 12.074(4) 0.3

type C (in red) 12.081(9) 12.023(9) 12.075(7) 12.049(7) 0.5
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the coordination framework after removing all coordinated and
lattice solvents.
A high-pressure H2 adsorption isotherm of 1 at 77 K

(Figure 6) exhibits an increase in the adsorbed amount of
hydrogen gas as the pressure up to approximately 5 bar, where
the H2 uptake is 242 cm3 (STP) 3 g

-1. The density of the
adsorbed H2 is roughly estimated with respect to VP to give a
value of about 0.072 g cm-3, corresponding to that of liquid H2

(0.071 g cm-3),19 implying a very high degree of H2 compressed
in the pores.22c The adsorption enthalpy for H2 is around 7.4 kJ
mol-1, which is higher than that of MOF-5 (5.2 kJ mol-1)
(Figure S5 of the Supporting Information). Although the max-
imum uptake of H2 is relatively low in comparison to other PCPs
with the high capacity reported to date (3.44-7.52 wt %),20 the
performance of 1 at low pressures compares favorably with the
literature examples. The H2 uptake of 1.9 wt % at 1 bar is
appreciably higher than the value of microporous zeolites and
aluminophosphates,20 but lower than that of MOF-505,
[Cu2(bptc)] or PCN-12, which show high capacities of H2

uptake (2.5-3.0 wt %) under similar conditions (77 K and 1
bar).20 Significantly, 86% of the H2 storage capacity of 1 at 1 bar
has been reached, higher than the corresponding values of the
best PCPs (Table 4).21a,22 The enhancement of H2 uptake can
probably be attributed to the multiple open metal sites in 1,
which strengthen the H2-framework interactions. This conclu-
sion is in accord with some investigations of strong interactions
of H2 with open Cu(II), Ni(II), and light metal centers.7 The
framework flexibility of 1may also be responsible for the high H2

storage density.
Meanwhile, CO2 sorptions were also performed at 195 K

(Figure 5), showing relatively low adsorption amount 117 cm3

(STP) 3 g
-1 at 1 bar. A high-pressure, the CO2 adsorption

isotherm at 298 K (Figure S7 of the Supporting Information)
exhibits an adsorption amount of 68 cm3 (STP) 3 g

-1 at about 19
bar. The difference in adsorption amounts between N2 and CO2

gases should be better elucidated by their molecular sizes (CO2

3.4� 3.3� 5.4 Å3, N2 3.1� 3.1� 4.0 Å3) rather than the kinetic
diameters (CO2 3.3 Å, N2 3.6 Å).

17

Magnetic Studies. Magnetic susceptibility measurements
were carried out on a phase pure sample of 1 with 1000 Oe.
The χmT product of each Co3 unit (9.14 cm

3 K mol-1) at 300 K
is larger than that (5.63 cm3 K mol-1) expected for three
magnetically isolated high-spin Co(II) atoms with S = 3/2
(Figure 7). This is a common phenomenon for Co(II) ions
because of its strong spin-orbit coupling interaction.14,23 The
χmT value decreases gradually with a decrease in temperature,
reaching a minimum value of 1.55 cm3 K mol-1 at 2 K. Between
50 and 300 K, the χm

-1 versus T data can be well fit by
the Curie-Weiss law with C = 11.9(4) cm3 K mol-1 and θ =
-70.08(6) K. The negative θ value, which is significantly
larger than those of other known Co(II)-hydroxy compounds
(Table S2 of the Supporting Information),24 indicates a
dominating intra-cluster antiferromagnetic coupling. To
further investigate the low-temperature magnetic properties
of 1, ac magnetic measurements were performed. The tem-
perature dependence of zero-static field ac magnetic suscept-
ibility exhibits a behavior analogous to that of dc magnetic
susceptibility without frequency dependence and peaks. Even
with temperatures down to 2 K, no sharp transition indicative
of magnetic order has been observed. The isothermal magne-
tization experiments at 2 K shows the maximum magnetiza-
tion of 2.83 Nβ at 70 kOe, and no magnetic hysteresis loop
was observed in this system, indicating a traditional antifer-
romagnetic behavior.25

In order to estimate the strength of the antiferromagnetic
exchange interactions, the noncritical-scaling theory with the
following simple phenomenological equation was used to fit the
experimental data from 300 to 2 K26

χT ¼ Aexpð- E1=kTÞ þ Bexpð- E2=kTÞ

Here, Aþ B equals the Curie constant, while E1 and E2 represent
the ‘‘activation energies’’ corresponding to the spin-orbit cou-
pling and the antiferromagnetic exchange interactions. This
equation adequately describes the spin-orbit coupling, which
results in a splitting between discrete levels. It is in excellent
agreement with the experimental data obtained in this work
(Figure 3). The obtained values of A þ B = 10.4 cm3 K mol-1

and E1/k = þ41.9 K (using a least-squares fitting method)
are consistent with those given in the literature for the
Curie constant (C ∼ 11.19 cm3 K mol-1) and for the effect of

Table 4. Summary of H2 Adsorption for Some PCPs at 77 K
materials S (m2/g)a N (wt %)b P (bar)c nd (%) ref

MIL-102 42L 0.85/1.0 1/35 85 6e

HKUST-1 1958L 2.18/3.6 1/50 61 7h

IRMOF-6 3263L 1.46/4.63 1/45 32 5c

IRMOF-11 2337L 1.6/3.5 1/34 46 5c

IRMOF-20 4346L 1.2/6.7 1/80 19 5c

MOF-5 4400L 1.3/5 1/80 26 5c

MOF-177 5640L 1.2/7.1 1/66 17 5c

MOF-74 1132L 1.6/2.3 1/26 69 5c

MOF-505 1830L 2.47 1 — 7e

NOTT-100 1640B 2.59/4.02 1/20 64 7b

NOTT-101 2316B 2.52/6.05 1/20 42 7b

NOTT-102 2942B 2.24/6.07 1/20 37 7b

Ni3(OH)(dcppy)3 1553B 2.0/4.15 1/20 48 6d

[Cu(dccptp)(NO3)] 268 B 1.27/1.9 1/20 67 22c

PCN-12 2425L 3.05 1 — 7c

1 544L 1.9/2.2 1/5 86 this work
a Langumir (L) or BET (B) surface area. bAmount of H2 absorbed at 77 K.
cPressure conditions, corresponding to the above N. dRelative H2

absorption at low pressure [n = N (uptake of H2 at 1 bar)/N(maximum
uptake of H2)]; dcppy = 3,5-di(4-carboxyphenyl)pyridine; dccptp =3,5-
dicyano-4-(4-carboxyphenyl)-2,20:640 0-terpyridine.

Figure 7. Temperature dependence of magnetic susceptibility of 1
under a static field of 1000 Oe.
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spin-orbit coupling and site distortion (E1/k of the order of
þ100 K).21 As for the value found for the antiferromagnetic
exchange interaction, it is weak but significant (E2/k = 2.17 K).
Usually, the bulk magnetic behaviors are consistent with the

cooperative correlation of the distribution of trinuclear clusters in
3-D net, modulated by the organic bridges. The magnetic
behavior of 1 is interpreted as dominated by the intra-cluster
antiferromagnetic coupling because the distances between clus-
ters are large enough to preclude any effective coupling between
them. Therefore, the magnetic behavior of 1 (Figure 8) is not
much different from that of similar discrete Co3 molecular
systems.24b

’CONCLUSION

In summary, the Co(II) PCP based on 8-connected
{Co3(OH)} clusters and isonicotinate linkers provides a good
example for the indirect observation of interesting apical ligand
substitution of active metal sites by utilizing solvothermal
syntheses with different solvents and crystal-to-crystal transfor-
mations induced by guest exchanges. Three EtOH molecules
weakly coordinated with the {Co3(OH)} core are volatile upon
external stimuli. The activated 1 shows a relatively high H2

absorption at low pressure. The investigation of 1 implies that
the multiple metal active sites of the SBUs may improve
the performance of PCPs, and the utilization of longer and
bulky organic linkers is expected to be more profitable for gas
storage.
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