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A 2-D nickel(IT) mixed-ligand metal-organic framework [Ni(NPTA)(4,4-bipy)(H,O)], (1) was syn-
thesized by reaction of 3-nitrophthalic acid (H,NPTA) and 4,4"-bipyridine (4,4'-bipy) with Ni(II)
under hydrothermal condition and characterized by elemental analysis, infrared spectroscopy, and
single-crystal X-ray diffraction analysis. Compound 1 possesses a 2-D layer structure constructed
from dinuclear nickel(IT) building blocks in which two crystallographically equivalent Ni ions are
bridged by two NPTA ligands. Furthermore, the layers are connected into 3-D supramolecular net-
work by hydrogen bonds. The magnetism and antibacterial activity of 1 were investigated.

Keywords: Metal-organic framework; Nickel; Dinuclear building blocks; Magnetic property;
Antibacterial activity

1. Introduction

Metal-organic frameworks (MOFs) have attracted interest in chemistry and material science
owing to structural diversity and promising applications in gas storage, absorption, cataly-
sis, ion exchange, optics, and magnetic materials [1-3]. A number of MOFs have been syn-
thesized via a powerful strategy of molecular building blocks (MBBs), in which metal ions
or metal clusters act as nodes and ligands act as linkers [4]. Among the various transition
metal-based MOFs obtained so far, Ni-based MOFs are particularly worth investigating
owing to advantages in magnetism and catalysis [5]. Bacterial applications of Ni-based

*Corresponding authors. Email: junweiye@dlut.edu.cn (J. Ye); ninggl@dlut.edu.cn (G. Ning)

© 2014 Taylor & Francis


mailto:junweiye@dlut.edu.cn
mailto:ninggl@dlut.edu.cn
http://dx.doi.org/10.1080/00958972.2014.910773

Downloaded by [Institute Of Atmospheric Physics] at 15:36 09 December 2014

1134 X Lu et al.

MOFs have rarely been explored. The design and synthesis of Ni-based MOFs with desired
structures still remains a challenge because assembly of structures is influenced by reaction
temperature, solvent, pH, etc. [6, 7]. Based on our previous study, 5-nitroisophthalic acid
(H,NIPH) is a versatile ligand to build MOFs owing to flexibility of coordination modes
[8]. As a continuation of this work, 3-nitrophthalic acid (H,NPTA) was selected to construct
functional MOFs because of various coordination modes like H,NIPH but with different
substituent position of carboxylic and nitro groups. Some transition metal complexes based
on H,NPTA have been obtained previously [9—11], however, Ni-based complexes with
H,NPTA have been less reported [12].

In this article, we report the hydrothermal synthesis of a 2-D Ni-based MOF, [Ni(NPTA)
(4,4"-bipy)(H,0)], (1), based on 3-nitrophthalic acid (H,NPTA) and 4,4"-bipyridine (4,4'-
bipy) as ligands. The crystal structures, thermogravimetric, magnetic, and antibacterial
properties of 1 are also presented.

2. Experimental

2.1. Materials and instruments

All reagents were of reagent grade and used without purification. Elemental analysis was
performed on a Perkin-Elmer 240C elemental analyzer. FT-IR spectra were recorded on a
Bruker IFS 66V interferometer. Thermogravimetric analysis (TGA) was performed on a
Perkin-Elmer TGA 7 unit with a heating rate of 10 °C min~'. The as-prepared samples were
characterized by XRD (Rigaku-DMax 2400) in reflection mode (Cu Ka radiation) at scan-
ning rate of 0.02 S-1 of 26 from 5° to 35°. The magnetism was characterized by Quantum
Design SQUID magnetometer (MPMS-XL).

2.2. Synthesis of single crystal [Ni(NPTA)(4,4'-bipy)(H,0)], (1)

A mixture of Ni(NO3), (0.6 mM), H,NPTA (0.6 mM), 4,4-bipy (0.6 mM), and water
(10 mL) was stirred for 30 min and sealed in a 25 mL Teflon-lined stainless steel autoclave
at 120 °C for 3 days. After cooling to room temperature, green block-shaped crystals were
obtained. The yield was 42% based on Ni. Element Anal. Calcd (%) for [Ni(NPTA)(4,4'-
bipy)(H,0)].: C, 49.87; H, 2.94; N, 9.50. Found: C, 50.05; H, 2.96; N, 9.88. IR (KBr,
cm™ ") data: 3264, 3093, 1604, 1559, 1466, 1389, 1345, 1215, 1071, 930, 819, 724, 633,
430.

2.3. Single-crystal X-ray crystallography

The crystal structure of 1 was determined by single-crystal X-ray diffraction. The reflection
data were collected on a Rigaku R-AXIS RAPID diffractometer (Mo Ko radiation, graphite
monochromated). Empirical absorption correction was applied for all data. The structure
was solved by direct methods and refined by full-matrix least-squares on F~ using SHEL-
XTL97 software [13]. The heaviest atoms were first found. O, N, and C were subsequently
located in difference Fourier maps. All non-hydrogen atoms were refined anisotropically.
Hydrogens were calculated by geometrical models. Experimental details for structure
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Table 1. Crystallographic data and struc-
ture refinement for 1.

Empirical formula CsH13N30Ni
Formula weight 442.00
Crystal system Triclinic
Space group P-1

a(A) 8.6229(19)
b (A) 10.968(3)

¢ (R) 11.520(3)

a (°) 105.517(16)
B 107.985(14)
7 (%) 108.104(13)
Volume (A%) 901.9(4)

VA 2

Dcatea (mg/m™>) 1.628

u (mm™h) 1.125
F(000) 452

Rine 0.0386
GOF on F2 1.412

R [I>20(D]" 0.0670

wR, [I>20(D)] 0.2129

R; (all data)” 0.0822

WR, (all data)" 0.2205

Ry = SF| - |FJ/EIF); wRy = {Z[w(F,~
FAYPVEWEPH.

Table 2.  Selected bond lengths [A] and angles [°] for 1.

[Ni(NPTA)(4,4"-bipy)(H20)]n

Ni(1)-0(3)*! 2.054(4) Ni(1)-N(1) 2.086(6)
Ni(1)-0(7) 2.057(5) Ni(1)-0(2) 2.138(4)
Ni(1)-N(2) 2.081(5) Ni(1)-0(1) 2.165(4)
0(3)*-Ni(1)-0(7) 92.7(2) O(7)-Ni(1)-0(1) 88.6(2)
O3)*'-Ni(1)-N(2) 95.02) N(2)-Ni(1)-0(1) 99.5(2)
O(7)-Ni(1)-N(2) 93.8(2) N(1)-Ni(1)-0(1) 90.01(19)
03)*'-Ni(1)-N(1) 86.1(2) 0O(2)-Ni(1)-0(1) 61.66(16)
O(7)-Ni(1)-N(1) 169.7(2) O3)*'-Ni(1)-C(7) 134.1(2)
N(2)-Ni(1)-N(1) 96.5(2) O(7)-Ni(1)-C(7) 87.2(2)
0(3)*'-Ni(1)-0(2) 103.78(17) N(2)-Ni(1)-C(7) 130.8(2)
O(7)-Ni(1)-0(2) 85.13(18) N(1)-Ni(1)-C(7) 86.3(2)
N(2)-Ni(1)-0(2) 161.17(19) 0(2)-Ni(1)-C(7) 30.44(19)
N(1)-Ni(1)-0(2) 85.20(19) O(1)-Ni(1)-C(7) 31.24(19)
0(3)"1-Ni(1)-0(1) 165.24(17)

1

Note: Symmetry transformations used to generate equivalent atoms: *' —x+2, =y, —z+ 1.

analysis are given in table 1. Selected bond distances and angles are listed in table 2 and
hydrogen bonds are listed in table S1, see online supplemental material at http://dx.doi.org/
10.1080/00958972.2014.910773.

2.4. Zone of inhibition technique

A stock solution of 100 ppm was made by dispersing 1 in aqueous solution and making it
up to the mark with double-distilled water. The medium was made up by dissolving bacteri-
ological agar and LB broth in distilled water. The mixture was autoclaved for 15 min at
121 °C and then dispensed into sterilized Petri dishes, allowed to solidify, and used for
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inoculation. The target micro-organism cultures were prepared separately in 100 mL of
liquid LB broth medium for activation. Inoculation was done with the help of a micropi-
pette with sterilized tips. Fifty microliters of activated strain was placed onto the surface of
an agar plate and spread evenly over the surface by means of a sterile, bent glass rod. Then,
the neutral filter having a diameter of 10 mm, infiltrated the compounds solution, was made
using a sterilized borer in each plate.

3. Results and discussion

3.1. Crystal structure

The asymmetric unit of 1 consists of one crystallographically unique Ni(I), one NPTA, one
4,4'-bipy, and one coordinated water. As shown in figure 1, the geometry around Nil can
be described as a distorted octahedron, coordinated with four oxygens from two different
NPTA ligands, two nitrogens from two different 4,4'-bipy ligands, and one oxygen atom
from a water molecule. The Ni—O distances are 2.054(4)-2.165(4) A and Ni-N distances
are 2.081(5)-2.086(6) A, which are similar to the reported Ni~O and Ni-N bond lengths
[14]. NPTA adopts monodentate and chelate coordination mode to connect two nickel ions
forming dinuclear structures in 1 (figure S2), i.e. two crystallographically equivalent Ni ions
are bridged by two NPTA ligands to give a dinuclear MBB [Ni,N4(H,0),(NPTA),] with
shorter separations of Ni--*Ni (5.212 A) [figure 1(b)]. The 4,4"-bipy bridges adjacent dinu-
clear MBBs to form a 2-D layer with a 11.549 x 13.864 A? windows [figures 2(a) and S3].
Finally, the 3-D supramolecular network is stabilized by interlayer hydrogen bonds
O-H:--O (O7-H7A--04=2.562 A, O7-H7B---01 =2.720 A) in which O-H of coordinated
water are donors. The layer—layer distance is 10.968 A, and the packing of molecule in the
unit cell is shown in figure 2.

The simulated and experimental XRD patterns of 1 indicate the phase purity of the prod-
ucts (figure S4). Most peak positions of experimental patterns were in agreement with the
simulated value generated from the single-crystal structure analysis. The differences in
intensity may be due to preferred orientation of the powder samples.

(a) (b)

Figure 1. (a) Perspective view of the coordination environment of the Ni centers with 30% thermal ellipsoids; (b)
dinuclear building block of Ni center in 1 (color code: Ni green, O red, N blue, C gray, see http://dx.doi.org/
10.1080/00958972.2014.910773 for color version).
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(b)

Figure 2. (a) The view of 2-D layers in 1; (b) 3-D supramolecular network stabilized by interlayer hydrogen
bonds in 1.

3.2. Thermal stability

The thermal stability of 1 was examined by TGA (figure 3) under air with a heating rate of
10 °C min~". Compound 1 loses 4.26% for one coordinated water at 158 °C (Calcd 4.07%).
The decomposition of the framework occurred when the temperature is above 285 °C. The
remaining product is NiO (14.4%), which is in agreement with the calculated value
(16.9%).

3.3. Antibacterial activity

Antibacterial study of 1 and H,NPTA were performed by zone of inhibition technique against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) at 100 ppm. Determination of
in vitro antimicrobial activity of the metal complex is given in figure 4(a) and the graphical
representation is in figure 4(b). About 100 ppm of 1 exhibits antibacterial activity. Compound

100

80

60

Weight (%)

40 -

20

o+ 77
0 100 200 300 400 500 600 700 800

Temperature (OC)

Figure 3. Thermogravimetric curves for 1.
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Figure 4. (a) Diameter of inhibition zone technique for 1 and pure ligand against E. coli and S. aureus; (b) images
of inhibition zone for 1 (i, ii) and pure ligand (iii, iv) against E. coli and S. aureus.

1 has an inhibition zone against E. coli of 14 mm, while H,NPTA is 10 mm. Against S. aureus,
1 has a diameter of inhibition of 12 mm, while H,NPTA is 10 mm. The antibacterial activities
of 1 against E. coli and S. aureus are both higher than that of pure ligand. The antibacterial
properties of 1 can be compared with other Ni-based compounds [15] by diameter of inhibi-
tion zone. Compared with the inhibition zone of Ni(H,L)Cl,-3H,O (H,L =2-phenylamino-
actetyl-N-phenyl hydrazine carbothioamide) against S. aureus in the same concentration [15a],
the inhibition zone of 1 is larger. The antibacterial activity for Gram negative bacteria is higher
than Gram positive bacteria, which is according to their different cell structures.

3.4. Magnetism

Magnetic properties of 1 are characterized by the temperature dependence of the molar
magnetic susceptibility y,, from 2 to 300 K. The temperature dependence of y,, and y;,T for

1.8
0.35 -
H
0304 & - e
=
& 14
025 g 1.
H
= ~
S 0.20 4 5
2 L12 3
= (<)
=
£ 015+ E
=2 : L10 7
N 0.0 1 !I ]
: Los
] k
? -
L]
0.00 L 0.6
T T T T T T T T T T T T T
0 50 100 150 200 250 300

Temperature (K)

Figure 5. Temperature dependence of y,,T and y,, vs. T for 1.
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1 are shown in figure 5. For 1, y,,7 monotonously decreases with temperature decrease
which demonstrates that antiferromagnetic interactions dominate. The experimental y,,7" at
room temperature is 1.65emuK M™', lower than theoretical value (2.65emuKM ') for
two isolated nickel(Il) centers with local spins S;=S,=1 and g=2.3 [16, 17]. The magne-
tism of 1 is compared with other Ni-based MOFs. The room temperature y,,T value of 1 is
higher than reported for dinuclear Ni(II) complexes [18] and mononuclear Ni(IT) complexes
[19]. With decrease in temperature, y,,7 decreased to 0.656 emuK M ™' at 2 K. It could be
presumed that the main magnetic interactions between the Ni(II) centers might happen
between the intracluster interaction through the bridging carboxylic group whereas the inter-
cluster interactions through the long 4,4'-bipy can be ignored [20].

4. Conclusion

A new 2-D nickel(II) MOF [Ni(NPTA)(4,4'-bipy)(H,O)],, (1) was synthesized by a hydro-
thermal reaction of 3-nitrophthalic acid and 4,4'-bipyridine with Ni(Il) salts. Single-crystal
X-ray diffraction analysis indicated that 1 is a 2-D layer constructed from dinuclear nickel
(II) building blocks, and the layers are connected into a 3-D supramolecular network. Fur-
ther investigations will focus on the bactericidal mechanism of Ni-based MOFs as disinfec-
tants and tunability of MBBs of MOFs which allow optimization of magnetic and
antibacterial properties of MOF materials.

Supplementary material

Crystallographic data for 1 have been deposited at the Cambridge Crystallographic Data
Center with the deposition number of CCDC-957447. These data can be obtained free of
charge from the Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/conts/
retrieving.html. Supplementary data associated with this article can be found in the online
version.
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