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Abstract

:

Two new Cu(II) crystals, {[Cu(dtp)]·H2O}n (1) and [Cu(Hdtp)(bdc)0.5]n (2) (H2dtp = 4′-(3,5-dicarboxyphenyl)-2,2′:6′,2‴-terpyridine, H2bdc = 1,4-benzenedicarboxylic acid) were synthesized under hydrothermal conditions. X-ray single-crystal structural analysis revealed that the 5-connective Cu(II) is in a distorted tetragonal-pyramidal coordination sphere for both compounds. Crystal 1 shows a “wave-shaped” 2D layer in the structure, while 2 bears a 1D coordination chain structure and a supermolecular 2D layer structure with a thickness of 7.9 Å via 1D chain stacking. PXRD and TGA measurements showed that 1 and 2 are air stable, with thermal stabilities near 300 °C.
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1. Introduction


In the past few decades, Metal-Organic Framework (MOF) material has been a hot topic in the field of chemistry and materials. It is a kind of hybrid material with a highly ordered network formed by the coordination bond connection between metal ions and organic ligands [1]. It has aroused great interest because of its structural diversity and its wide applications in catalysis [2,3], light-emitting sensors [4,5,6,7,8], gas adsorption/separation [9], magnetism [10], biomedicine [11] and other advanced materials [12]. MOF-based 2D nanosheet materials arouse great interest [13] due to the application of gas separation [14] and molecular sieving membranes [15]. Even though the “top-down” and the “bottom-up” methods have been developed to fabricate this 2D material [16], the understanding of the structure and the consequential tuning of the 2D MOF layer growth are still the key issues at this point.



The 4′-(3,5-dicarboxyphenyl)-2,2′:6′,2‴-terpyridine (H2dtp) ligand is a ditopic near-plane shape linker with m-dicarboxylic and tribipyridine groups [17,18,19,20,21], which is a good candidate for the construction of 2D MOFs structures [22]. In order to fulfill the purpose of the 2D layer configuration, it’s important to further govern the coordination when a metal ion is coordinated to the tribipyridine group of H2dtp, as one can expect that a lower coordination number of the metal ion will reduce the possibility of the 3D network extending. Besides six, the coordination number of Cu(II) can be varied to five [23] or four [24], which makes it a potential low-coordinative ion to serve as a node in the linking of the 2D coordination network.



In this paper, two new MOFs with different kinds of 2D structure are synthesized, namely {[Cu(dtp)]·H2O}n (1) and [Cu(Hdtp)(bdc)0.5]n (2) (H2bdc=1,4-benzenedicarboxylic acid). The coordination number of the Cu(II) is five in both compounds. Besides this, 1 shows a “wave-shaped” 2D layer in the structure, as we expected. As for 2, the introduction of bdc2− into the Cu-H2dtp coordination system reduces the 2D network into the 1D coordination chain; however, a unique supermolecular 2D layer with a thickness of 7.9 Å is also found, which is formed by the orderly array of the 1D chain. A detailed structural analysis shows how the network evolution comes about, and the PXRD and TGA measurements help in understanding the air and thermal stability of the compounds.




2. Materials and Methods


2.1. Materials and General Methods


The reagents and solvents were commercially available and used as received. All of the other starting materials were of analytical grade, and were used as received, without further purification. The powder X-ray diffraction (PXRD) data were recorded on a Rigaku Miniflex 600 diffractometer (Rigaku, Tokyo, Japan) using Cu Kα radiation (λ = 1.54056 Å), with a scan speed of 4° min−1 in the 2θ = 5–45° region. Thermogravimetric analyses (TGA) were carried out on a Netzsch STA449 F5 analyzer (Netzsch, Serb, Germany), with the heating of the crystalline samples from room temperature to 800 °C at a rate of 10 °C min−1 in a nitrogen atmosphere.




2.2. Synthesis of the Complexes


Regarding the synthesis of {[Cu(H2dtp)]·H2O}n (1), a mixture of 0.1 mmol Cu(NO3)2·3H2O (0.024 g), 0.05 mmol H2dtp (0.020 g), 1.3 mL H2O and 3.6 mL DMA (N, N′-dimethyl-acetamide), together with 3.6 mL methanol, was sealed in a 15 mL capped vial. The vial was heated at 150 °C for 48 h under autogenous pressure, and then cooled slowly down to room temperature. Light-green crystals with a regular cuboid structure were obtained. The yield was 35% based on H2dtp. The elemental analysis (%) was calculated for C23H15CuN3O5: C 57.92 H 3.17 N 8.81; it found: C 57.20 H 3.35 N 8.42. IR (cm−1): 3420 (vs), 1618 (s), 1560 (s), 1443 (s), 1388 (s), 1227 (m), 1178 (m), 1002 (w), 890 (w), 763 (m), 710 (vw), 665 (vw).



Regarding the synthesis of [Cu(H2dtp)(bdc)0.5]n (2), the synthesis of compound 2 was similar to that of 1. In addition to using 15 mL H2O instead of the solvent condition, 0.05 mmol H2bdc (8 mg) and 0.25 mmol NaOH (10 mg) were added into the system. The mixture was sealed in a 25 mL capped vial, heated at 140 °C for 48 h under autogenous pressure, and then cooled gradually down to room temperature. Similarly, dark-green, slender bulk crystals were obtained. The yield was 32% based on H2dtp. Elemental analysis (%) was calculated for C27H16CuN3O6: C 59.83 H 2.98 N 7.75; it found: C 59.20 H 3.25 N 8.01. IR (cm−1): 3444 (vs), 1620 (s), 1554 (s), 1444 (s), 1398 (s), 1250 (m), 1174 (m), 1002 (w), 878 (w), 796 (m), 770 (m), 658 (m).




2.3. Crystal Structure Determination


Single crystals of 1 and 2 with the proper dimensions were chosen under an optical microscope and coated with high vacuum grease (Dow Corning Corporation) before being mounted on a glass fiber for the data collection. X-ray crystallography data of 1 and 2 were gathered on a Bruker Apex Smart CCD diffractometer (Bruker, Bremen, Germany) at 293 K with graphite-monochromated Mo Kα (λ = 0.71073 Å) or Cu Kα (λ = 1.54184) radiation by using the ω-2θ scan mode. The intensity data were corrected for Lorentz and polarization effects (SAINT), and empirical absorption corrections based on equivalent reflections were applied (SADABS) [25]. The structures ware solved by direct methods, and were refined by the full-matrix least-squares method on F2 with the SHELXTL program package [26]. All of the non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms were calculated and refined as a riding model. The hydrogen atoms of carboxylic groups and water molecules were located from difference maps. The disordered guest molecules were treated by a solvent mask with the Olex2 program [27]. Crystallographic data for 1 and 2 are given in Table 1. The hydrogen-bonding parameters and selected bond lengths and angles for 1 and 2 are listed in Tables S1–S4 (see Supplementary Materials).





3. Results and Discussion


3.1. Structure Analysis


Uniform single crystals of 1 and 2 were harvested under hydrothermal conditions (Figure 1). Single-crystal X-ray diffraction (SCXRD) analysis revealed that 1 crystallizes in a monoclinic crystal system P21/n. The asymmetrical unit of 1 is composed of fully deprotonating dtp2−, one Cu(II) ion, and a guest molecule of H2O (Figure 2a). The Cu(II) ion is five-coordinated by nitrogen atoms from pyridine rings and two oxygen atoms from the carboxylic group of neighboring dtp2−, forming a distorted tetragonal-pyramidal coordination sphere with the Cu(II)−N and Cu(II)−O bond length in the scale of 1.9463(14)–2.0452(15) Å and 1.9399(12)–2.0950(13) Å, respectively. The coordination properties enable the asymmetry unit of 1 to behave as a four-connective node to link the neighboring units, further forming a “wave-shaped” 2D layer (Figure 2b). The void between the neighboring layers is dotted by the guest water molecules. The two hydrogen atoms of H2O form a double H-bond (O−H···O) interaction with the carboxylic groups of neighboring layers with the D-A length of 2.757(2) and 2.880(2) Å [28]. Besides this, π-π stacking interactions with a center–center distance of 3.71 and 4.25 Å [29] are also found between the pyridines of dtp2− from the neighboring layers (Figure 3). Those intermolecular forces direct the 3D packing of the “wave-shaped” layers in the crystal b direction (Figure 2c).



SCXRD analysis revealed that 2 crystallizes in monoclinic crystal system P   1 -   . The asymmetry unit of 2 is composed of partially deprotonating Hdtp−, one Cu(II) ion, and half of bdc2− (Figure 4a). The Cu(II) ion is five-coordinated by nitrogen atoms from pyridine rings and two oxygen atoms from carboxylic group of bdc− and neighboring Hdtp−, forming a distorted tetragonal-pyramidal coordination sphere with Cu(II)-N and Cu(II)-O bond lengths in the scale of 1.9330(13)–2.0217(14) Å and 1.9102(11)–2.2431(13) Å, respectively. The introduction of bdc− into 2 results in a linkage reduction of the asymmetric unit; compared with 1, the asymmetric unit of 2 behaves as a three-connective node to link the neighboring units, further forming a “ladder-shaped” 1D chain extending in the crystal b direction (Figure 4b). The 1D chain was found arrayed in the crystal a direction through the neighboring chain interaction of the H-bond (O−H···O) and π-π stacking interactions; the former exist between the carboxylic and carboxylate groups with a D-A distance 2.5770(16) Å [28], while the latter is formed between pyridine rings with a center–center distance of 4.38 Å [29]. The inter-chain interactions afford the orderly array of 1D chains, and further give birth to 2D supermolecular layers with a thickness of ca. 7.9 Å (Figure 4c). The final 3D structure of 2 is furnished by the stacking of the 2D supermolecular layers through the neighboring layer interaction of π-π stacking within the pyridine rings as well as the benzene rings; the center–center distances are 3.77 and 3.75 Å [29], respectively (Figure 4d).




3.2. X-ray Diffraction Patterns


The PXRD (powder X-ray diffraction) patterns of complexes 1 and 2 were measured with crystalline samples at room temperature. As is shown in Figure 5, the experimentally determined PXRD patterns and the simulated ones from the SCXRD analyses are in accordance in general, suggesting their phase homogeneity.




3.3. Thermal Analysis


In order to characterize the thermal stability of 1 and 2, their thermal behaviors were investigated by TGA (Figure 6). For 1, a weight loss of 9.8% was witnessed in the temperature scale of 25–60 °C, which corresponds to the removal of guest molecules of water. The TG curve goes into a platoon within 160–270 °C, which implies that the framework stability of 1 is up to 270 °C. After that, a weight loss step occurrs until 800 °C, which corresponds to the decomposition of organic ligands. (Figure 6a). As for 2, the first weight loss is 3.6% at 200 °C. Due to the absence of guest molecules according to the SCXRD analysis, the first weight loss was attributed to the elimination of water molecules adhering to the sample’s surface. The second weight loss begins at 300 °C; after that, a sharp weight loss occurred, which corresponds to the decomposition of organic ligands. The TGA result of 2 implies that the framework stability of 2 is up to 300 °C (Figure 6b).





4. Conclusions


In this work, we presented a structural study of a Cu(II)-H2dtp-based MOF system, in which the rational assembly of Cu(II), dtp2− or Hdtp− as well as auxiliary bdc2− linker give birth to two new MOF materials with the formulae of {[Cu(dtp)](H2O)2}n (1) and [Cu(Hdtp)(bdc)0.5]n (2). The harvest of 2D “wave-shaped” networks in 1 benefits from the five-coordinative Cu(II), which suggests a low metal ion coordination number in controlling the formation of the 2D Cu(II)-dtp2− network. The introduction of bdc2− into the Cu(II)-dtp2− system results in a 1D chain structure with a “ladder-shape” in 2. A unique 2D supermolecular layer with a thickness of 7.9 Å is formed by the orderly array of the 1D chain, which may help to broaden the horizon for the assembly of 2D materials through the intermolecular interactions. The air stability of two MOFs is witnessed by PXRD, and the TGA indicates that the thermal stability of the two MOFs is as high as 300 °C. The unique structure and relatively good stability of these Cu(II)-MOFs inspired us to further isolate the 2D structures of 1 and 2 as 2D materials for further research.
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Figure 1. The obtained single crystal photos for 1 (a) and 2 (b). 
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Figure 2. Asymmetric unit of 1 (a); the 2D “wave-shaped” layer structure as well as the linking mode of the nodes in 1 (b) and the 3D stacking mode of the layers in 1 (c) (some H atoms are omitted for clarity). 
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Figure 3. H-bond and π-π stacking as the interlayer force in 1. 
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Figure 4. Asymmetric unit of 2 (a); the 1D “ladder-shaped” chain structure in 2, as well as the linking mode of the nodes (b); a 2D supermolecular layer is formed by the orderly array of the 1D chain (c); the 3D structure of 2 (d). Some H atoms are omitted for clarity. 
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Figure 5. The experimental and simulated PXRD patterns for 1 (a) and 2 (b). 
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Figure 6. The TGA diagrams for 1 (a) and 2 (b). 
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Table 1. Crystal data and structure refinement for 1 and 2.






Table 1. Crystal data and structure refinement for 1 and 2.





	Compound
	1
	2





	Empirical formula
	C23H15CuN3O5
	C27H16CuN3O6



	Formula weight
	476.92
	541.97



	Temperature/K
	293
	293



	Crystal system
	monoclinic
	triclinic



	Space group
	P21/n
	P    1 -    



	a/Å
	12.3459(3)
	8.68340(10)



	b/Å
	11.0867(3)
	11.25970(10)



	c/Å
	14.8560(4)
	11.57420(10)



	α/°
	90
	85.1240(10)



	β/°
	101.181(2)
	88.0210(10)



	γ/°
	90
	85.7880(10)



	Volume/Å3
	1994.83(8)
	1124.042(19)



	Z
	4
	2



	ρcalc g/cm3
	1.588
	1.601



	μ/mm−1
	1.138
	1.824



	F(000)
	972.0
	552.0



	Radiation
	MoKα (λ = 0.71073)
	CuKα (λ = 1.54184)



	2θ range for data collection/°
	3.934 to 59.824
	7.67 to 147.946



	Index ranges
	−16 ≤ h ≤ 16, −14 ≤ k ≤ 15, −20 ≤ l ≤ 20
	−10 ≤ h ≤ 10, −13 ≤ k ≤ 14, −14 ≤ l ≤ 13



	Reflections collected
	28,754
	23,945



	Independent reflections
	5115 [Rint = 0.0398, Rsigma = 0.0294]
	4345 [Rint = 0.0223, Rsigma = 0.0143]



	Data/restraints/parameters
	5115/0/292
	4345/0/335



	Goodness-of-fit on F2
	1.078
	1.072



	Final R indexes [I ≥ 2σ (I)]
	R1 = 0.0321, wR2 = 0.0834
	R1 = 0.0277, wR2 = 0.0789



	Final R indexes [all data]
	R1 = 0.0416, wR2 = 0.0871
	R1 = 0.0289, wR2 = 0.0800



	Largest diff. peak/hole/e Å−3
	0.33/−0.38
	0.25/−0.33







R1 = ∑‖Fo|−|Fc‖/∑|Fo|, wR2 = [∑w(|Fo|−|Fc|)2/∑w|Fo|2]1/2.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
4-connected node






nav.xhtml


  crystals-12-00585


  
    		
      crystals-12-00585
    


  




  





media/file2.png





media/file5.jpg





media/file3.jpg
4-connected node

(@)

§ 3D tLaverpacking

MW





media/file1.jpg





media/file7.jpg
3-connected node

(@ § 1Dinkage

“Ladder” shaped 1D chain

¢ 4

® § 2D Assembly

20 supermolecular layers

SN

‘ 3D Stacking

% SLNs






media/file10.png
Intensity (a.u.)

1
Simulated
10 15 20 25 30
2 Theta (degree)
(a)

Intensity (a.u.)

I II A I I l Simulated

10 20 30 40
2 Theta (degree)

(b)





media/file12.png
100

100
90 A TT eSS
90 - | |
80 | | —_— TG %
—_ I | - - %
80 < 70k | : DTG %
e A l
@ |
< 60F |
70 = - : |
S50 F |
60 I |
40 | !
- |
50 30k '
" [ S NNV (" T N S N W——— N PR U PR B SR TR R
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
(a) (b)





media/file9.jpg
Simulated

O

2Thera

@

Inensty ()

2 Theta degree)

(®)






media/file0.png





media/file8.png
3-connected node

() ‘ 1D Linkage

“Ladder” shaped 1D chain

(b) | ‘ 2D Assembly

2D Supermolecular layers






media/file11.jpg
Mass (%)

Mas (%4)

)

«

2

'

' —
0 e
0

oo 000 w0 W0 w0 70 w0
Temperature ()

(@

300

S0 a0 S w0 70 w0
Temperature (C)

(b)





media/file6.png





