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Two cobalt(I) complexes with 5-(1H-benzotriazol-1-ylmethyl)
isophthalate: synthesis, structural characterization and
magnetism
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Co(Il) salts react with 5-(1H-benzotriazol-1-ylmethyl)isophthalic acid (H,L) under hydrothermal
conditions to yield [Co(L)(py)(H,0)] (1) and [Co(L)] (2) [py=pyridine], which have been charac-
terized by single crystal and powder X-ray diffractions, Infrared, elemental and thermogravimetric
analysis. The two complexes have structures dependent on the different experimental conditions.
As a result, 1 has a 1-D ladder structure, which can be further linked to build a 3-D framework
through hydrogen bonding and n—r interactions; 2 is a binodal (3,6)-connected 2-D kgd network
with (4%),(4°.6°.8%) topology. Synthetic strategies on coordination modes of ligand and structures
of resultant complexes are discussed. Magnetism of 2 was investigated.

Keywords: Cobalt; Metal-organic framework; Characterization; Magnetic property

1. Introduction

Design and synthesis of metal-organic frameworks have attracted attention for their intrigu-
ing structures and interesting properties [1]. Exploration of such hybrid materials has
become a goal of crystal engineering [2]. Functional properties of complexes are dependent
on the nature of metal centers, bridging ligands, and their architectures. For example, com-
plexes with porous architectures may show sorption or catalytic properties [3], and metal
ions containing unpaired electrons such as Co(Il) could be bridged by ligands to form poly-
nuclear subunits which may mediate magnetic interactions [4]. Structural diversity may be
achieved by different experimental conditions even though it is still a challenge to assemble
complexes with target structures because of uncertainty in the assembly process [5]. Among
many factors, the nature of ligands plays a decisive role in the formation of complexes [6].
In previous research, most coordination frameworks are formed via multidentate ligands
bridging metals [7]. Coordination polymers with aromatic polycarboxylates such as
terephthalate and isophthalate have been well studied due to their rigidness, diverse
coordination modes and high thermal stability [8]. Linkers with an amalgamation of
heterocyclic and carboxylates have been a hot research theme for construction of
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coordination frameworks [9]. Recently, we selected a mixed N- and O-donor ligand
combining with 1,2,3-benzotriazole and aromatic carboxylates as building blocks, namely
5-(1H-benzotriazol-1-ylmethyl)isophthalic acid (H,L), to synthesize complexes with inter-
esting properties. Apart from anticorrosion properties [10], benzotriazole and its derivatives
may perform well in crystal engineering for their peculiar structural characteristics: (1)
steric hindrance of benzotriazolyl might engender subtle impact on the formation of
complexes; (2) more potential coordination sites may endow them to adopt variable
coordination modes to satisfy geometric requirements of metal centers. Moreover, H,L
combines carboxylate and benzotriazolyl groups. Given the coordination modes of carbox-
ylates [11], H,L can act as a multi-connector in assembly of complexes with various struc-
tures. Flexible benzotriazolylmethyl arm in H,L has freedom to adopt different orientations
[12] from its axial rotation to satisfy coordination requirements. Herein, we report synthe-
sis and characterization of two new Co(Il) coordination polymers, [Co(L)(py)(H,O)] (1)
and [Co(L)] (2). The H,L ligand exhibits varied coordination modes in 1 and 2 (scheme
1). The magnetic properties of 2 were investigated.

2. Experimental
2.1. Materials and methods

All commercially available chemicals are of reagent grade and used as received. According
to the literature [13], a slightly revised experimental procedure was used to synthesize
H,L. Elemental analyses of C, H, and N were taken on a Perkin-Elmer 240C elemental
analyzer. Infrared spectra (IR) were recorded on a Bruker Vector22 FT-IR spectrophotome-
ter using KBr pellets. Thermogravimetric analysis (TGA) was performed on a simulta-
neous SDT 2960 thermal analyzer under nitrogen with a heating rate of 10°Cmin .
Powder X-ray diffraction (PXRD) patterns were measured on a Shimadzu XRD-6000 X-
ray diffractometer with Cu Ka (A=1.5418 A) radiation at room temperature. The magnetic
measurements from 1.8 to 300 K were carried out on a Quantum Design MPMS7 SQUID
magnetometer in a field of 2000 Oe.

2.2. Preparation of [Co(L)(py)(H,0)] (1)

A solution of Co(NO;),6H,O (87.3mg, 0.3mM) and H,L (29.6mg, 0.1 mM) in
pyridine/H,O (2:8, 10 mL) was stirred for 30 min and then placed in a 16 mL Teflon-lined

@, . o (b) M M
\ J\@/L /M J\@/L /M

(o] (o} (o} (o}
N’N\ M N'N\ M

Scheme 1. The coordination modes of L*>~ in 1 (A) and 2 (B).
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stainless steel container and heated at 180°C for 72h. Then the oven was shut off and
cooled naturally at ambient temperature. After cooling to room temperature, light red plate-
let crystals of 1 were obtained with an approximate yield of 20% based on H,L. Anal.
Calcd for CyoH14N4O5Co (%): C, 53.23; H, 3.57; N, 12.41. Found (%): C, 53.51; H, 3.80;
N, 12.66. IR (KBr pellet, cm™'): 3315 (m, br), 1,602 (m), 1,553 (s), 1504 (w), 1,485 (w),
1,456 (s), 1,441 (s), 1,377 (s), 1,353 (s), 1,314 (m), 1,275 (w), 1,240 (w), 1,226 (m),
1,163 (w), 1,143 (w), 1,114 (w), 792 (m), 762 (s), 753 (s), 718 (s), 694 (s).

2.3. Preparation of [Co(L)] (2)

Reaction mixture of Co(NOj),'6H,O (87.3mg, 0.3mM), H,L (29.6mg, 0.1 mM) and
KOH (11.2mg, 0.2mM) in 10 mL H,O was sealed in a 16 mL Teflon-lined stainless steel
container and heated at 210 °C for 48 h. The oven cooled at a rate of 20 °C/h giving dark
purple slender crystals of 2 with an approximate yield of 20% based on H,L. Anal. Calcd
for C15sHoN304Co (%): C, 50.87; H, 2.56; N, 11.86. Found (%): C, 50.62; H, 2.83; N,
12.12. IR (KBr pellet, cm™'): 1,619 (s), 1,556 (s), 1,498 (m), 1,454 (s), 1,429 (w), 1,381
(s), 1,356 (m), 1,317 (w), 1,302 (w), 1,282 (m), 1,249 (w), 1,219 (m), 1,170 (m), 1,156
(w), 951 (w), 804 (m), 780 (m), 765 (s), 740 (s), 722 (s), 594 (m).

2.4. X-ray crystallography

The crystallographic data collections for 1 and 2 were carried out on a Bruker Smart Apex
CCD area-detector diffractometer using graphite-monochromated Mo-Ka radiation
(A=0.71073 A) at 293(2)K. The diffraction data were integrated by using SAINT [14],
which was also used for intensity corrections for Lorentz and polarization effects.

Table 1. Crystallographic data and structure refinement details for 1 and 2.

1 2
Empirical formula C,0H16N405Co C;5HoN3;04Co
Formula weight 451.30 354.18
Temperature/K 293(2) 293(2)
Crystal system Triclinic Monoclinic
Space group P-1 P2,/c
alA 10.0073(7) 8.3839(6)
b/A 10.1073(7) 11.1671(8)
c/A 11.6425(8) 16.8776(10)
a/° 77.4990(10) 90.00
pr° 65.0560(10) 119.785(3)
y/° 61.4580(10) 90.00
V(A% 937.82(11) 1371.40(16)
Z, Dealea (Mg/m?) 2, 1.598 4,1.715
F(000) 462 716
0 range/® 1.93-28.37 2.29-28.34
Reflections collected 6,825 9,734
Independent reflections 4,656 3,418
Goodness-of-fit on F* 1.054 1.052
R [[>26 (D]* 0.0294 0.0405
wR, [I>20 (I)]° 0.0776 0.1131

Ry =3||Fo| — |Fl/SIF|. "wRy=[Ew(Fof* — [FEw(Fo)"?, where w = 1/[6*(F3) + (aP)’ + bP], P = (F3+
2F2)/3.
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Table 2. Selected bond lengths [A] and angles [°] for 1 and 2.

1

Co(1)-0(1) 2.0309(11) Co(1)-0(5) 2.1132(11)
Co(1)-N(21) 2.1481(13) Co(1)-0(3)#1 2.1746(11)
Co(1)-0(4)#1 2.1454(11) Co(1)-N(1)#2 2.1739(14)
0(1)-Co(1)-O(5) 95.92(5) O(1)-Co(1)-N(21) 88.61(5)
0(1)-Co(1)-0(3)#1 164.85(4) O(1)-Co(1)-O(4)#1 104.04(4)
O(1)-Co(1)-N(1)#2 90.32(5) 0(5)-Co(1)-N(21) 88.64(5)
0(3)#1-Co(1)-O(5) 99.10(4) O(4)#1-Co(1)-O(5) 159.99(5)
0(5)-Co(1)-N(1)#2 93.37(5) O(3)#1-Co(1)-N(21) 89.75(5)
O(4)#1-Co(1)-N(21) 90.60(5) N(1)#2-Co(1)-N(21) 177.82(5)
O(3)#1-Co(1)-O(4)#1 60.91(4) O(3)#1-Co(1)-N(1)#2 90.78(5)
O(4)#1-Co(1)-N(1)#2 87.81(5)

2

Co(1)-0(2) 1.9833(13) Co(1)-N(1)#1 2.0511(17)
Co(1)-O(1)#2 2.0072(14) Co(1)-O(4)#3 2.0320(15)
0(2)-Co(1)-N(1)#1 98.08(6) O(1)#2-Co(1)-0(2) 106.39(6)
0(2)-Co(1)-O(4)#3 101.95(6) O(1)#2-Co(1)-N(1)#1 108.80(6)
O(4)#3—Co(1)-N(1)#1 111.94(7) O(1)#2-Co(1)-O(4)#3 125.60(6)

Symmetry transformations used to generate equivalent atoms: for 1, #1 1+x, —1+y, z; #2 1 —x, 1 —y, —z; for 2,
#l1—x, 124y, 32—z, #2 1—x, 1 —y, 1 —z; #3 x, 32—y, —1/2+z.

Semi-empirical absorption correction was applied using SADABS [15]. The structures of 1
and 2 were solved by direct methods and all non-hydrogen atoms were refined anisotropi-
cally on F? by full-matrix least-squares using the SHELXL-97 crystallographic software
package [16]. In 1 and 2, all hydrogens on carbon were generated geometrically, while
hydrogens on OS5 in 1 could be found at reasonable positions in the difference Fourier
maps. The details of crystal parameters, data collection, and refinements for the complexes
are summarized in table 1; selected bond lengths and angles are listed in table 2.

3. Results and discussion
3.1. Preparation

As shown in scheme 2, hydrothermal reactions of stoichiometric amount of Co(Il) with
H,L under different experimental conditions provided single crystalline materials of 1 and
2, which are stable in air. H,L exhibits varied coordination modes in 1 and 2 (scheme 1).

3.2. Crystal structure description of [Co(L)(py)(H»0)] (1)

The hydrothermal reaction of cobalt nitrate hexahydrate and H,L in the presence of pyri-
dine at 180 °C provided 1. Single-crystal X-ray structural analysis shows that 1 has a 1-D
ladder structure and crystallizes in the triclinic crystal system with P—1 space group
(table 1). H,L was completely deprotonated by pyridine to L*~, which could be further
confirmed by IR spectrum for the absence of vibration band at 1690-1730cm™' (see
experimental section). The asymmetric unit consists of one Co(II), one L*~, one pyridine
and one coordinated water. The coordination environment around Co(II) is shown in figure
1(a) with atom numbering scheme. Col is six-coordinate with distorted octahedral coordi-
nation geometry by three carboxylate oxygens from two different L*~, one water, one
benzotriazolyl nitrogen, and one pyridine. The equatorial plane is occupied by four
oxygens with average Co—O bond length of 2.116 A; two axial positions are held by two
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Scheme 2. Simplified schematic representation of synthesis of 1 and 2.

nitrogens with Co-N bond lengths of 2.1481(13) and 2.1739(14) A; the coordination bond
angles around Co(Il) vary from 60.91(4) to 177.82(5)° (table 2). In 1, two carboxylates in
L>~ exhibit p;—n' : n°-monodentate and p;—n' : n'-chelating coordination modes; each
benzotriazolyl coordinates to a metal center, and thus the whole L*~ ligand adopts ps—' :
11" : n'-n' mode as three-connector bridge (scheme 1); each metal center is coordinated
by three different L?~. The interconnection of metal and ligand extends infinitely to form
a 1-D neutral double-stranded chain structure figure 1(b). Apart from coordination bonds,
hydrogen bonding and m—m stacking interactions in 1 play a very important role in
constructing and stabilizing the structure. According to their function in building the supra-
molecular framework, we divide the weak interactions into two groups: (1) O(5)-H
(16)--OQ2)#1 [#1: 1—x, 1—y, 1—2z; O(5)-OQR)#1=2.7829(19) A; Z0O(5)-H(16)-0(2)
#1=163°], the hydrogen bonding interactions between coordinated water and carboxylate
O from adjacent chains, which further link the adjacent double-stranded chains to form a
2-D network figure 1(c); (2) m—m stacking interactions with the centroid—centroid distance
between the central benzene rings of 3.797 A, through which adjacent 2-D networks are
further linked to yield a 3-D supramolecular framework figure 1(d).

3.3. Crystal structure description of [Co(L)] (2)

When KOH was used in the hydrothermal reaction system as alkaline reagent instead of
pyridine and reaction temperature was raised to 210°C, 2 was obtained, which exhibits a
2-D network structure based on Co(Il) and L*". It crystallizes in the monoclinic system
with P2,/c space group. In the asymmetrical unit there are one Co(II) and one L*~. As
shown in figure 2(a), each Co(Il) is four-coordinate by one benzotriazolyl nitrogen and
three carboxylate oxygens from three different L~ to furnish a slightly distorted tetrahedral
geometry [CoNOs]. The coordinating bond lengths vary from 1.9833(13) to 2.0511(17) A;
the coordinating bond angles are in the range of 60.57(5)-125.60(6)°. One carboxylate in
L?~ adopts p;—n' : n°-monodentate coordination; the other is p,—n' : n'-bridging, with
almost identical C-O bond lengths [1.260(2) and 1.263(2)A] and corresponding Co-O
bond distances [1.9833(13) and 2.0072(14)A], consistent with electronic delocalization
from coordination. A binuclear secondary building unit (SBU) [Co,(COO),] is formed
through carboxylate-bridging two cobalts with Co---Co distance of 3.75A figure 2(a),
which is shorter than the sum of van der Waals radii (3.84 A) [17]. In 2, each L*~ bridges
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Figure 1. (a) The coordination environment of Co(Il) in 1 with 30% probability displacement ellipsoids.
Hydrogens were omitted for clarity. (b) View 1-D structure of 1. (c) 2-D network of 1 extended by hydrogen
bonds and (d) the extended 3-D framework of 1.

three SBUs; each SBU is surrounded by six L?~. This kind of connection proceeds infinitely
to generate a 2-D layer structure figure 2(b). If using topology to analyze the structure, each
SBU could be regarded as a 6sixconnector node and L*~ as a three-connector node
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Figure 2. (a) The coordination environment of Co(Il) in 2 with 30% probability displacement ellipsoids.
Hydrogens were omitted for clarity. (b) 2-D network of 2. (c) Schematic representation of six-connecting nodes of
SBU and (d) schematic representation of the binodal (3,6)-connected 2-D network of 2.

fiigure 2(c), and thus, the resultant structure of 2 could be simplified as binodal (3,6)-con-
nected 2-D kgd network with (4°),(4°.6°.8%) topology figure 2(d) [18].

3.4. Coordination modes of H,L ligand and structural comparison of 1 and 2

Mixed N- and O-donors are regarded as good candidates for constructing MOFs due to
their coordinating capacities and variable coordination modes. H,L contains a flexible
benzotriazolyl, able to adopt more coordination modes and conformations. H,L was
completely deprotonated to L~ and displays different coordination in 1 and 2 (scheme 1).
In 1, the L>~ shows ps—n' : n'-n' : n°%n' tetradentate coordination as a three-connector to
bridge different Co(Il) ions to give a 1-D neutral double-stranded chain. In 2, each L*~
with s : n'=n' : n°%n' tetradentate coordination is a three-connected node to link three
SBUs [Co0,(COO0),] to form a 2-D network. The coordination numbers of Co(Il) are six
and four for the two complexes. Synthetic strategies can influence coordination and
structures of resultant complexes. Certainly, the potential variable coordination modes and
conformations of H,L provide the feasibility to assemble complexes with various structures
by adjusting experimental conditions.
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3.5. PXRD and TGA

The phase purity of 1 and 2 could be proved by PXRD analyses. As shown in Supplemen-
tary material, each pattern of the bulk sample was in agreement with the simulated pattern
from the corresponding single crystal data.

TGA were carried out for 1 and 2 (Supplementary Material). Complex 1 shows continu-
ous weight loss of 21.22% from 150 to 338 °C corresponding to release of coordinated
water and pyridine (calcd 21.49%), accompanied by subsequent decomposition of the
framework. For 2, no obvious weight loss can be observed before decomposition of the
framework at 457 °C, which further confirms no solvent in the structure.

3.6. Magnetic property

Co(Il) are bridged by carboxylates to form dinuclear unit [Co,(COO),] in 2, which may
mediate magnetic interactions [19]. Thus, the magnetic properties of 2 were investigated
from 1.8 to 300K with a 2,000 Oe applied magnetic field. The magnetic behaviors of 2 as
s It > and ymT versus T are depicted in figure 3. The yyT value is 2.19 emuK mol™" at
300K, which is higher than the spin-only value of 1.875 emuK mol ' based on one mag-
netically isolated Co(Il) (g=2 and S=3/2) due to spin-orbital coupling in 2. As the tem-
perature is lowered, the y\7 value decreases slowly and then more rapidly below 75K to
reach 0.090 emu K mol ™" at 1.8 K. The v value (above 50K) obeys the Curie-Weiss law
well with a Weiss constant (0) of —32.41 K and a Curie constant (C) of 2.54 emuK mol .
The negative value of 0 and the shape of the y\T versus T curve suggests antiferromag-
netic interactions between neighboring Co(Il) centers, furthermore, the high value of Curie
constant (C) [1.875 emuK mol ™" for spin-only Co(II)] may be due to spin-orbit coupling,
which is comparable to previously reported Co(II) complexes in tetrahedral ligand field
[20]. Magnetic analyses for Co(Il) complexes are complicated because of their spin-orbital
coupling, and some approximate methods may be applied to analyze the magnetic interac-
tions between Co(Il) ions. In the present work, the main magnetic interactions may be con-
sidered to occur between adjacent Co(II) ions bridged by carboxylate, and the
superexchange interactions between the Co(II) ions bridged by L?~ can be ignored because

0.05 - 2.0
A
~ 0,04 15 ©
s £
E X
2 0.03 1 3
g - 1.0 E
= 4 00 150 200 2%0 300 :
-3 002
TIK L 05 :E
0.01
- 0.0
0 50 100 150 200 250 300
TIK

Figure 3. Temperature dependences of magnetic susceptibility of yy; yy;'» and ymT for 2. The red solid line
represents the fitted curve.
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of the long Co---Co separations of 8.00-10.59 A. Therefore, the magnetic susceptibility
data were fitted assuming that the carboxylate-bridged Co(Il) ions form an isolated spin
dimer system.

To estimate the strength of the magnetic exchange interaction in 2, the following simple
phenomenological equation was used [21]:

amT = Aexp(—E,/kT) + Bexp(—E,/kT)

Here, A+ B equals the curie constant (C) and E;, E, represent the “activation energies”
corresponding to the spin-orbit coupling and the magnetic exchange interaction, respec-
tively. The obtained values of 4+B=2.58cm’>mol 'K and E,/k=20.32K agree with
those given in a previous report [21]. The obtained value of —FE,/k=-2.14K,
corresponding to J=-4.28K with the agreement factor R =) [(xmT)obs—
(XMT)calcd]z/Z[(XMT)obs]z =2.78 x 1074, is based on the Ising chain approximation
[xToo exp(+J/2kT)] [22].

In summary, the negative Weiss constant (0), the shape of the y\7T versus T curve, and
the negative value of J prove antiferromagnetic interactions between neighboring Co(II)
ions within the carboxylate-bridged dinuclear unit [Co,(COO),] in 2.

4. Conclusion

A carboxylate and benzotriazolyl-containing ligand, 5-(1H-benzotriazol-1-ylmethyl)iso-
phthalic acid (H,L), was selected with potential variable coordination modes. Hydrothermal
reactions of H,L with Co(II) under different experimental conditions provide two complexes,
[Co(L)(py)(H,0)] (1) and [Co(L)] (2), exhibiting 1-D and 2-D structure. L*>~ in the com-
plexes adopt different coordination modes. This study shows that synthetic strategies can
influence coordination modes of ligand and structures of complexes, as previously reported
for Co(II) coordination polymers with benzenedicarboxylate ligands [23, 24].

Supplementary material

Crystallographic data (excluding structure factors) for the structures reported in this article
have been deposited with the Cambridge Crystallographic Data Center as supplementary
publication [CCDC-893791 (for 1) and CCDC-893792 (for 2)]. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (Fax: +44 1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).
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