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Abstract: Two distinct template mediated coordination polymers [Co3(ina)4(N3)2(CH3OH)2] 

with tri-nuclear nodes (1), and [Co8(OH)(ina)8(N3)8•X] with dual tetra-nuclear cobalt nodes (2) 

have been synthesized under hydrothermal conditions by utilizing the template agent of 

pentaerythritol. 1 shows 2D layer comprised of linear tri-nuclear CoII clusters, in which the 

central cobalt ion is inter-linked with two terminal ones via mixed bridges as syn-syn 

carboxylate and end-on azide ion. In contrast, compound 2 exhibits a three-dimensional 

framework based on two kinds of six-connected tetra-nuclear cobalt clusters: square-planar 

node and cuboidal node. Both 1 and 2 might exhibit spin-canted magnetism. In addition, the 

activated sample of 2 exhibits the sorption ability of H2 and CO2 molecules. 

 

 

 

 

 

 

 

 

Introduction 

The rational construction of cluster-based porous coordination 
polymers (PCPs) has attracted great attention in recent years, 
and progress has been made in the aspects of stability, porosity 
and pore size/shape, which are considered as the essential 
ingredients of applications as storage, separation and catalysis.1-

6 The utilization of metal clusters as secondary building blocks 
(SBUs) has proved to be a feasible method to construct unusual 
PCPs with one or more desirable properties. However, despite 
such superiorities of cluster-based PCPs, the rational 
construction of PCPs is still unconsummated due to not only the 
difficulty in predicting the specific metal-organic connectivity 
and the coordination geometry of metal centers, but the variable 
factors that affect the self-assembly process of PCPs.2-6 Usually, 
due to the naturally self-assemble process of crystallization, 
homogeneous type of metallic cluster acted as the nodes are 
stabilized in PCPs. In contrast, two or more types of different 
clusters consisted in one PCP is rarely presented.7-8 Recent 
studies have also shown that the introduction of proper template 
would be of one effective way to modulate novel network 
topologies with anticipated properties.9 Template species, also 
called structure-directing agents, is an isolated entity in the PCP 
frameworks, but play an important role in directing the self-
assembly of the extended frameworks. The commonly used 
templates include solvent molecules, tetraalkylammonium 
cations, counter anions and additional phenyl derivatives.10-

11The template of organic alcohols had been widely used in the 
synthesis process of nanomaterials. In contrast, polyhydroxyl 
organic molecules acted as templates for PCPs had received 
less academic attention. 
  In addition, pyridyl-carboxylates have been also confirmed 
as proper ligands to construct cluster-based PCPs because of 
their multi-directional and variable coordinated characteristic.12-

13 Therefore, the combination of pyridyl-carboxylates and 
proper template guests would be facile to build novel cluster-
based PCPs with anticipated functional properties. With all the 
above considerations in mind, the simplest pyridyl-carboxylates, 
isonicotinic acid (Hina), and pentaerythritol acted as the 
template molecule are selected to construct cluster-based PCPs 
with cobalt ion and azide. Herein, we reported two distinct 
template mediated CPs, [Co3(ina)4(N3)2(CH3OH)2] with tri-
nuclear nodes (1), and [Co8(OH)(ina)8(N3)8•X] with dual tetra-
nuclear cobalt nodes (2). In addition, the variable temperature 
magnetic properties and adsorption properties have been 
investigated and described as follows. 
 

Results and discussion 

Synthesis of 1 and 2 

The crystalline compounds were synthesized from the 
solvothermal reactions of cobalt salts, NaN3 and Hina in the 
mixed solvent of methanol and water, and their crystal data 
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were listed in Table 1. For the observation of template effect, 
only for 2, template agent pentaerythritol, was added in the 
reaction solvent. In this way, two CPs with different cobalt 
clusters were obtained. In the IR spectrum, the characteristic 
absorption peaks of the azide group and other functional ones 
were clearly presented. The strong absorption bands around 
2070 and 1350 cm−1 are assigned to the asymmetric or 
symmetric azide vibration. The strong bands in the regions of 
1610-1350 cm−1 are assignable to the pyridine and carboxylate 
groups. 

Table 1 crystal data of 1 and 2 

Chemical formula C26H24Co3N10O10 C48H33Co8N32O17 
Formula Mass 813.34 1801.5 
Crystal system Monoclinic Tetragonal 

a/Å 9.2691(12) 17.4654(18) 
b/Å 9.3354(13) 17.4654(18) 
c/Å 18.669(3) 19.854(3) 
β/° 98.925(12) 90.00 

Unit cell volume/Å3 1595.9(4) 6056.3(13) 
Space group P2(1)/n I 4̄ m2 

Z 2 2 
Rint 0.0685 0.0660 

Final R1 (I > 2σ(I)) 0.0504 0.0994 

Final R1 values (all data) 0.0699 0.1136 

 
Figure 1. The perspective view of the asymmetric structure of 1 (30% probability) 

along with the atom numbering scheme (H atoms were omitted for clarity). 

 
Figure 2. The perspective view of the cobalt coordination environments showing 

the mixed-bridges of carboxylate and azide in the trimer of 1. All hydrogen atoms 

are omitted for clarity. 

Crystal structure of 1 

 
The X-ray single crystal diffraction study indicates that 1 
crystallizes in the monoclinic crystal system P2(1)/n, and a 2D 

layer crystal structure with tri-nuclear cobalt centers is 
presented. The asymmetric unit contains one and half cobalt 
ions, one coordinated methanol molecule, one independent end-
on azide ion and two independent ina ligands ( Figure 1). From 
the core structure it can be seen that the Co1 and Co2 centers 
are nonequivalent in terms of their coordination environments. 
The Co1 center is coordinated by three oxygen atoms from two 
different carboxylates of ina ligands ( O2 from syn-syn 
carboxylate, and µ2-bridged O3 atom ) and one methanol 
molecule, and three nitrogen atom from two ina ligands and one 
end-on azide ion ( Co1-O =  2.080(2) and 2.221(1) Å; Co1-N 
=  2.088(1) and 2.173(2) Å); the Co2 centre is bound to four 
ina ligands through four oxygen atoms of carboxylates and two 
azide ions ( Co2-O =  2.039(2) and 2.203(1) Å; Co2-N =  
2.113(2) Å). All of these values are in consistent with the 
reported Co(II) systems.14 The central Co2 atom lies on a 
crystallographic inversion center and is linked by end-on azide 
anion and syn-syn carboxylate to the terminal Co1 atoms. In 
this way, linear tri-nuclear cobalt unit is formed and stabilized 
by eight coordinated ina ligands ( Figure 2). Linear Co(II) 
trimers have been reported by several groups, normally bridged 
by dipyridylamine and carboxylate ligands.14-15 To our 
knowledge, the linear Co(II) trimers with mixed carboxylate 
and azide bridging ligands are rarely reported. The distance 
between the neighboring Co(II) atoms is 3.21 Å, similar to 
other Co(II) trimers.15 In structure of 1, each trimer is further 
inter-linked by the coordinated ina ligands to result in 2D layer 
structure, shown in figure 3. No obvious π-π interactions could 
be observed in the 2D layer. Considering the trimers and ina 
ligands as four- and two-connecting nodes, the 2D sheet of 1 
topologically possesses a 4-connected uninodal sql/Shubnikov 
tetragonal plane net with the point (Schläfli) symbol {44•62} 
calculated with TOPOS software.16 Thus interleaved 
sql/Shubnikov tetragonal plane net stack over each other along 
c axis direction. Interestingly, a [4] tiling structure with plane 
net signature of [121]4[4•4•4•4] is further presented, which not 
only tend to decrease the pore volume, but stabilize the whole 
crystal structure through weak interactions. 

 
 
Figure 3. Partial perspective of the 2D-layer crystal structure of 1 along the 

crystallographic c-axis direction. 

Page 2 of 7New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3 

 
 
Figure 4. The perspective view of the asymmetric structure of 2 (30% probability) 

along with the atom numbering scheme (H atoms were omitted for clarity). 

Symmetric code: A, -x, y, z ; B, x, y, -z. 

 
Figure 5. Perspective view of coordination modes of the cubic-Co4(a) and planar-

Co4 (b) cluster-based SBUs in 2. Symmetric code:a) A, x, -y, -z+1; B, -x, -y, z; C, -x, 

y, -z+1; D, -x, y, z; E, -x+1/2, -y+1/2, z+1/2; F, -x+1/2, -y+1/2, -z+1/2. b) A, x, -y, -z; 

B, -x, -y, z; C, -x, y, -z; D, x, y, -z; E, -x, y, z. 

 
Figure 6. Partial perspective of the 3D crystal structure with 1D channels in 2 

along the crystallographic c-axis direction. Green area represents the surface of 

coordination polymer. 

Crystal structure of 2 

Comparably, by adding the template agent, the novel PCP was 
obtained. The X-ray single crystal diffraction study indicates 

that 2 crystallizes in the tetragonal crystal system I 4̄ m2, and 
an anionic 3D crystal structure with dual tetra-nuclear cobalt 
centers is presented. The asymmetric unit contains two half 
cobalt ions, one quarter oxygen atom, two half azide ions and 
two half ina ligands ( Figure 4). From the 3D structure it can be 
seen that the Co1 and Co2 centers are nonequivalent and form 
the planar teternuclear node and cuboidal one, respectively.  
  The Co1 center is coordinated by three oxygen atoms from 
two different carboxylates of ina ligands ( two O1 atoms from 
different syn-syn carboxylates, and µ4-bridged O3 atom ), and 
three nitrogen atom from one ina ligand and two end-on azide 
ions. The Co1-O bond lengths range from 2.069(2) to 2.201(1) 
Å, and Co1-N distances are 2.107(1) and 2.114(2) Å, 
corresponding the typical Co(II) state. Four edge-sharing 
CoO3N3 octahedra form a square-planar Co4 cluster (Figure 
5b). Each cobalt ion is inter-linked to the adjacent ones via end-
on azide ions, syn-syn carboxylate of ina ligands and the µ4-
bridged O3 atom with the shortest distance of 3.11 Å. The µ4-
bridged O3 atom located in the center of tetranuclear square 
should be anionic OH-.17 In addition, each vertexes of the 
square is further capped by one ina ligand. In this way, a 
square-planar Co4 cluster core is stabilized. Thus [Co4(OH)] 
cluster is very unusual because the common [M4(OH)] node 
reported is generally non-planar. To our knowledge, the azide-
bridged square-planar [Co4(OH)] cluster had never been 
reported, and this is the first example observed in crystal 
structure.  
  In contrast, the Co2 center is bound to three ina ligands 
through two oxygen atoms of syn-syn carboxylates and one 
pyridyl N atom, three µ3-bridged azide ions amd  ( Co2-O = 
2.032(2) Å; Co2-N = 2.111(2) and 2.191 Å). These values are 
also in consistent with the typical Co(II) state. Four plane-
sharing CoO2N4 octahedra alternating with four triply bridged 
azide ions at the eight corners of a cube generate a cubane core 
(Figure 5a). The adjacent cobalt ions were bridged by two end-
on azide ions and one syn-syn carboxylate of ina ligands with 
the shortest distance of 3.11 Å. To furnish a complete 
octahedral coordination environment, each cobalt ion is also 
capped by one ina ligand. The overall arrangement has 
idealized D2d symmetry, which has been seen in other tetra-
nuclear clusters. The cuboidal core is distorted, with all the N-
Co-N angles being smaller than 90°, while all the Co-N-Co 
angles are larger than 90°. 
  Each tetra-nuclear node is further cross-linked to six other 
sorts via the peripheral ina ligands to form the likely-NaCl 
lattice. In this way 1D channel with the approximate diameter 
of 0.5 nm along the axial c-direction were left in the structure, 
which are occupied by guest molecules and counter cations that 
could not be located via X-Ray study, shown in Figure 6. The 
template agent was also located even by X-Ray study and IR 
spectra ( Figure S6 ). Although the pentaerythritol was not 
including in the final structure, it might affect the coordination 
environment of cobalt ions, be favor to assemble the tetra-
nuclear clusters and sustain the formation of porous structure. 
No obvious π-π interactions could be observed in the 3D 
structure. Considering each tetra-nuclear units and ina ligands 
as four- and two-connecting nodes, the 3D structure of 2 
topologically possesses a 6-connected uninodal primitive cubic 
with the point (Schläfli) symbol {412•63} calculated with 
TOPOS software.16  

Thermal Stability of 1 and 2 

The thermogravimetric (TG) analysis was performed in N2 
atmosphere on polycrystalline samples of complexes 1 and 2 
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and the TG curves are shown in Figure S1. The TG curve of 1 
show no weight loss in the temperature range of 25-200 oC, 
which indicates the framework retains. Along with the 
temperature increasing, the curve begins to drop, indicating the 
loss of organic ligands. For 2, the weight loss attributed to the 
gradual release of three water molecules per formula unit is 
observed in the range of 25–120 oC (obsd: 4.38 %), then the 
framework retains in the temperature range of 70–250 oC, and 
then decompose. 
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Figure 7. χΜT and χΜ −1versus T plots of 1 in the temperature range of 2-300 K 

under 1 kOe. The solid lines are the best fit using the Equation 1 (blue), the best 

fit with Seff(Co) = 1/2 at temperature below 30 K (purple) and the best fit with 

Si(Co) = 3/2 above 30 K (green). 
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Figure 8. the field-dependent magnetic susceptibilities of 1 below 25 K. Inset: 

ZFCM/FCM plots for 1 at low temperature. 

Magnetic studies of 1 and 2 

The temperature-dependent magnetic susceptibilities for 
microcrystalline 1 and 2 were measured in the temperature 
range 2-300 K with an applied field of 1000 Oe. As shown in 
Fig. 7, the χΜΤ value per trimer at room temperature is 8.92 
cm3 K mol−1, which is large than that for three noninteracting 
cobalt ions of S = 3/2 because of the orbital contribution. Upon 
cooling, this value steadily increases to 10.88 cm3 K mol−1 at 7 
K, followed by a rapid decrease to 10.55 cm3 K mol−1 at 2 K. 
The 1/χM value above 30 K fitted with the Curie-Weiss law 

gave C = 8.63 cm3 K mol−1 and θ = 2.04 K, which shows an 
intramolecular ferromagnetic coupling of the adjacent cobalt 
atoms. 
  Usually, the magnetic fitting of Co(II) systems is difficult 
due to the large anisotropy caused by spin-orbital coupling. 
Therefore, the following considerations by considering J and g 

as isotropic are quite rough. In order to simulate the 
experimental magnetic data, the modified Lines’s model15d and 
the linear trinuclear model15b with two different g tensors had 
been adopted to fit the experimental data. However, no 
reasonable results could be given. Therefore, we tried to 
analyze the magnetic susceptibility by the corresponding 
expression derived through the spin Hamiltonian including the 
effect of the intermolecular exchange interaction (zJ’) and the 
zero-field splitting parameter (D) in the molecular-field 
approximation:18 

� $ $ $ $ $
2

1 2 1A 22 ( ) / 3H J S S S S DS= − ⋅ + ⋅ +  and trimer

trimer2 2

2 '
1

zJ

Ng

χ
χ

χ
β

=

−

  （1） 

Where S1 = S1A = S2 = 3/2. The best fit for the temperatures 
greater than 5 K gives g = 2.52, J = 3.28 cm-1, D = 4.91 cm-1 
and zJ’ = -0.022 cm-1, the calculated fit is however slightly off 
at temperature greater than 20 K. On the other hand, the Co(II) 
ion is usually treated as an effective spin SCo’ = 1/2 at low 
temperature19, thus a symmetric trimer model through Kambe’s 
method may be used with S1’ = S1A’ = S2’ = 1/2. Fitting of the 
magnetic susceptibility data in the temperature range of 2-30 K 
gives g = 5.11, J = 6.23 cm-1, and zJ’ = - 0.19 cm-1. Using the 
same method to fit the data above 30 K with S1 = S1A = S2 = 
3/2 gives g = 2.54, J = 0.35 cm-1, and zJ’ = -0.37 cm-1. All 
fittings give positive J values that exclusively indicate 
ferromagnetic coupling within the trimer. 
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Figure 9. field dependence of the magnetization for 1 ( Inset: partial view of 

hystersis plot ). The continuous black line corresponds to the Brillouin function 

for three uncoupled Co
II
 ions, S = 3/2 with g=2.0, and red line represents the 

Brillouin function for S = 3/2 state. 

  To elucidate the actual coupling nature, more-detailed 
measurements for 1 were performed. It is noticeable that the 
magnetic susceptibility shows slight field dependence below 13 
K, shown in Figure 8. By applying different magnetic fields, 
the magnetic susceptibility increases with decreasing magnetic 
field for 1. Moreover, in order to characterize the low-
temperature behaviors, the field-cooled (FC) and zero-field-
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cooled (ZFC) magnetizations were measured at 200 Oe upon 
warming from 2 K to 30 K ( Figure 8:inset ). The ZFC and FC 
plots completely diverge below 12 K, suggesting the possible 
onset of long-range ordering or spin canting. The temperature 
dependencies of ac magnetic susceptibility under Hdc=0 Oe and 
Hac= 3Oe had also been measured with frequencies of 1 and 
1488 Hz from 2 to 20 K, no significant in-phase and out-phase 
ac signal signals could be detected. 
  The field-dependent magnetization of 1 shows a rapid 
increase at low fields, and almost reaches saturation at 2T 
( Figure 9 ). The magnetization at 70 kOe is 6.5 Nβ. The 
saturation magnetization at 70 kOe approximates to 2.15 Nβ 
per cobalt, which is close to the expected value gS for g=4.3 
and S=1/2. The experimental magnetization is clearly above 
the calculated value for a sum of the Brillouin functions of 
three uncoupled Co centers, S = 3/2, and slightly below 
Brillouin function for an S = 3/2 state which might be 
caused by the incomplete population of the S=3/2 ground 
state.20 However, the ferromagnetic interaction of Co3 
cluster was confirmed. Therefore, it is reasonable to 
conclude that the moments of intratrimer Co atoms are 
aligned antiparallel. A very small hysteresis loop is 
observed clearly at 2.0 K giving a coercive field of Hc ≈ 18 
Oe and a remnant magnetization of Mr= 0.018 Nβ. ( Figure 
9: inset, S4 ). The canting angle can then be estimated to be 
about 0.16 based on the equation13 = tan–1 (Mr/Ms). 
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Figure 10. χΜT and χΜ versus T plots of 2 in the temperature range of 2-300 K 

under 1 kOe. Inset: ZFCM/FCM plots for 2 at low temperature. 
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Figure 11. field dependence of the magnetization for 2 ( Inset: partial view of 

hystersis plot.) 

 
  The χMT value of 2 at 300 K is about 18.15 cm3 K mol–1, 
higher than the experimental value of the spin-only value 
(15 cm3 K mol–1) expected for eight magnetically isolated 
high-spin d

7 CoII ions, which might be caused by the 
unquenched orbital contributions for octahedral Co(II) ions 
or magnetic interactions between Co(II) ions. As the 
temperature is lowered, the χMT value decreases 
continuously down to 14.55 cm3 K mol–1 at 24 K. Then the 
χMT value increases rapidly up to a maximum value of 15.69 
cm3 K mol–1 at 8 K. Upon a further decrease of the 
temperature lower than 8 K, the χMT value drops rapidly to 
14.11 cm3 K mol–1 at 2K because of the saturation effect. 
The data above 30 K follow the Curie-Weiss law with C = 
19.10 cm3 K mol–1 and θ = -11.19 K. In planar clusters, each 
cobalt ion should present antiferromagnetic interaction with 
adjacent one. However, in cuboidal cluster, each cobalt ion 
express antiferromagnetic coupling via syn-syn carboxyl 
bridges and ferromagnetic interaction by µ3-bridged azides. 
  In addition, the magnetic susceptibilities of 2 shows a very 
slight field-dependent behavior. Moreover, a slight diverge 
below 12 K could be observed in the ZFC and FC plots 
( Figure 10:inset ), suggesting the possibility of long-range 
ordering or spin canting. The temperature dependencies of 
ac magnetic susceptibility under Hdc=0 Oe and Hac= 3Oe 
had also been measured with frequencies of 1 and 1488 Hz 
from 2 to 20 K, no significant in-phase and out-phase ac 
signal signals could be detected. 
  The field-dependent magnetization of 2 shows a gradual 
increase at low filed ( Figure 11 ). At 70 kOe, the 
magnetization is not saturated and reaches 9.5 Nβ, lower 
than the expected value gS for g=4.3 and S=1/2, which 
might be caused by the strong antiferromagnetic coupling 
between cobalt ions in 2. A very small hysteresis loop is 
observed clearly at 2.0 K giving a coercive field of Hc ≈ 15 
Oe and a remnant magnetization of Mr= 0.015 Nβ. (Figure 
11: inset, S5). The canting angle can then be estimated to be 
about 0.15 based on the equation  = tan–1 (Mr/Ms). 

Gas sorption properties 
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Figure 12. The sorption isotherms of N2, H2 and CO2 of 2. Blue circle, N2 

adsorption; Red square, N2 adsorption; Green diamond, H2 adsorption; Green 

line, fitting of the H2 adsorption; Purple triangle, H2 adsorption; Pink pentagon, 

CO2 adsorption; Dark-purple hexagon, CO2 adsorption. 

The highly porous and stable framework makes 2 a good 
candidate for gas storage. To check the permanent porosities of 
2, N2 sorption isotherms at 77 K were collected for the 
desolvated samples obtained by soaking 2 in MeOH and 
acetone and then vacuum-drying at room temperature and at 
120 °C overnight, respectively. The color of sample changes 
from light-red to dark-red, indicating the loss of guest 
molecules. As shown in Figure 12, 2 displays typical Type-I 
adsorption isotherms with a small hystersis, corresponding to 
the other ones of micro-porous materials. As expected, Sample 
2 adsorbs 155 cm3/g of N2 at 77 K, and the Brunauer-Emmett-
Teller (BET) and Langmuir surface areas are 482 m2/g and 738 
m2/g, respectively, similar to other reported PCPs constructed 
by cobalt ions and ina ligand. This phenomenon encourages us 
to explore their potential capabilities on H2 storage and CO2 
adsorption. 
  Low-pressure H2 uptakes of desolvated samples of 2 were 
continuously determined using volumetric gas adsorption 
measurements. The adsorption isotherms also present a small 
hysteresis, and exhibit 80 cm3/g ( 0.71 wt% ) H2 uptake under 
the conditions of 77K and 1 bar ( Figure 12 ). A predicted 
saturation of 1.53 wt% H2 uptake is given by a fit of the 
Langmuir-Freundlich equation to the H2 uptake data.20 This 
value is lower than [Co7(OH)4(H2O)2(ina)4(pip)3]•10H2O

13c 

( pip = 5-phenyl- isophthalate ), which might be ascribed to the 
lack of effective interaction sites, such as open metal sites. In 
addition, the de-sorption curve confirms that 63% of the 
adsorbed H2 is trapped in the framework while the pressure is 
reduced from 1.0 bar to 0.3 bar, and 27% of the adsorbed H2 
remains when the pressure is further reduced to 0.05 bar. 
Similarly, due to the lack of open metal sites and other  
interaction sites, the adsorption amount of CO2 ( 23 cm3/g ) is 
also low than the other ina-based PCPs ( Figure 12 ). The XRD 
pattern of bulk crystalline samples after the adsorption 
experiments is similar to the one simulated from the single-
crystal structure and fresh samples of 2 ( Figure S3 ), which 
further supported the sustained porosity and stable framework. 

Conclusions 

In summary, two coordination polymers with different 
SBUs have been synthesized under hydrothermal conditions 
by utilizing the template agent of pentaerythritol. 1 shows 

2D layer comprised of linear trinuclear CoII clusters, in 
which the central cobalt ion is inter-linked with two terminal 
ones via mixed bridges as syn-syn carboxylate and end-on 
azide ion. In contrast, compound 2 exhibits a three-
dimensional framework based on two kinds of six-
connected tetra-nuclear cobalt clusters: square-planar node 
and cuboidal node. Both 1 and 2 might exhibit spin-canted 
magnetism. In addition, the activated sample of 2 exhibits 
the sorption ability of H2 and CO2 molecules. This article 
demonstrates that the introduction of proper template agent 
could be a powerful way to design and explore 
multifunctional cluster-based PCPs featuring magnetic 
properties and gas storage. 
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