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Abstract  

This thesis concerns the design, synthesis and characterisation of flexible and rigid bis-pyridyl 

ligands known as N,N'-bis-pyridin-3-ylmethylene-benzene-1,4-diamine (aL), N,N'-bis-pyridin-3-

ylmethyl-benzene-1,4-diamine (L1), N,N'-bis-pyridin-4-ylmethylene-benzene-1,4-diamine (bL), 

N,N'-bis-pyridin-4-ylmethyl-benzene-1,4-diamine (L2), N,N'-bis(4-pyridinylmethylene)-2,5-

dimethylbenzene-1,4-diamine (cL) and N,N'-bis(4-pyridinylmethyl)-2,5-dimethylbenzene-1,4-

diamine (L3). Besides, the self-assembly process of new L1, L3 or the reported L2 with Mn(II), 

Fe(II), Fe(III), Co(II), Cu(II), Zn(II) or Cd(II) metal ions to produce a series of novel homoleptic 

coordination polymers and metal-organic frameworks. On the other hand, the self-assembly 

process of rigid dicarboxylic acid linkers such as, benzene-1,4-dicarboxylic acid, isophthalic acid 

or 4,4′-biphenyldicarboxylic acid with L1 or L3 and Co(II) or Cd(II) metal ions produced a series 

of new heteroleptic metal-organic frameworks. Furthermore, L3 ligand heteroleptic MOFs with 

Co(II) ion and benzene-1,4-dicarboxylic acid or 4,4′-biphenyldicarboxylic acid showed high 

thermal stability up to 450 °C, solvent exchange properties, high hydrogen gas uptake of 4.77 or 

6.225 mmol/g and high ethanol uptakes of 97.16 or 91.36 cm3/g respectively. 
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Coordination polymers and metal-organic frameworks; synthesis, properties and 

applications 

1.1 Introduction 

Coordination polymers (CPs) are inorganic-organic compounds with infinite repeated 

structures constructed from metal nodes or clusters and multidentate organic ligands [1-15]. The 

organic ligand in coordination polymers may extend in one, two or three dimensions to produce 

one-dimensional coordination polymer (figure 1.1), two-dimensional coordination polymer or 

three-dimensional coordination polymer where 2D and 3D materials are also known as metal-

organic frameworks (MOFs) (figure 1.2) [2-9, 14-19]. CPs and MOFs have received a considerable 

attention in recent years, as indicated by the high number of publications (figure 1.3) [17]. CPs 

and MOFs high number of publications could due to their high thermal stability [20-29], bonding 

properties [30-39] and architecture systems [40-49]. CPs form from coordination bonding [50-59] 

and may also form other chemical interaction such as hydrogen bonding [60-66], π-π interactions 

[67-76], ionic interactions [77-86] and Van Der Waals forces [87-93]. The variety of chemical 

bonding, physical forces/interactions, and structures can lead to a wide range of possible 

applications in chemical catalysis [94-101], gas or liquid storage and separation [102-114], spin 

crossover [115-123], luminescence [124-133], nanochemistry [134-143] and drug delivery [144-

153]. Other unique properties of MOFs are due to the pore sizes and significant surface area that 

MOFs can provide for guest molecules [11-13, 84, 108, 111, 154]. Some of the most common 

rigid and flexible organic linkers that utilise in coordination polymers and metal-organic 

frameworks synthesis are included in figure 1.4 [19, 114, 155, 156]. 

 
Figure 1.1: One-dimensional coordination polymers common conformations. (a) Linear chain, 

(b-c) zigzag chain, (d) ribbon, (e) ladder and (f) helical [17]. Reproduced by permission of 

Taylor and Francis. 

a 

b 

c 

d 

e 

f 
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Figure 1.2: Two and three-dimensional coordination polymers common conformations [18]. 

Reproduced by permission of Science Direct. 
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Figure 1.3: Coordination polymers and metal-organic frameworks publications per year until 

November 2017 [17]. Reproduced by permission of Taylor and Francis. 
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Figure 1.4: Rigid and flexible organic linkers examples that utilised in coordination polymers 

and MOFs synthesis [114, 155, 156]. 
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1.2 Overview of some important MOF materials 

1.2.1 Prussian blue 

In 1706 a colour maker named Johann Jacob Von Diesbach was trying to make a red 

pigment called Florentine lake [157]. The original recipe was simple, potash and carminic acid 

[157]. Diesbach added iron(II) sulphate to the original recipe to produce a red pigment with more 

violet shade [157]. The potash pot was mislabelled from the supplier Johann Conrad Dippel by his 

young assistant Rӧsser and contaminated with ox blood [157]. The resulted pigment was pale and 

turned to a deep blue colour with higher concentration [158]. According to Buser et al. and Batten 

et al. Prussian blue is the first ever synthetic coordination polymer or coordination compound [158-

159]. After 271 years, Prussian blue modified crystal structure model was reported by Buser and 

co-workers [159]. The modified version was solved in cubic face-centred unit cell O
1
ℎ
-Pm3m and 

shows corresponding average distances of 1.92, 1.13 or 2.03 Å for Fe(II)-C, C≡N and Fe(III)-N 

[159]. Fe(II) ion shows low spin state and is coordinated by carbon atoms of cyanide molecules. 

On the other hand, Fe(III) ion shows high spin state and coordinated by nitrogen atoms of cyanide 

molecules (–N≡C–Fe(II)–C≡N–Fe(III)–N≡C–) [157]. Prussian blue can display more than one 

crystal lattice structure with different chemical compositions. The first crystal lattice structure is 

(Fe4[Fe(CN)6]3) the typical solid dry structure, where [Fe(CN)6]3
12- negative coordination sphere 

is neutralised by four Fe(III) ions (Fe(II)-C= 1.92 Å) and (Fe(III)-N= 2.03 Å) [157]. The second 

coordination lattice structure is (Fe4[Fe(CN)6]3.nH2O) the solid hydrated lattice that contains 

between 14-15 water molecules (Fe(III)-O= 2.138 Å) [157, 159]. The third coordination lattice is 

(KFe[Fe(CN)6]) the soluble form (colloid solution) where potassium cations occupy the resulted 

lattice channels. Prussian blue dry, hydrated and soluble structures are demonstrated in (figure 1.5) 

[157, 160]. 
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Figure 1.5: (a) The dry solid crystal lattice of Prussian blue, (b) solid hydrated crystal lattice of 

Prussian blue. (c) The soluble form of Prussian blue crystal lattice [157, 160]. Reproduced by 

permission from Springer and the American Chemical Society. 

1.2.2 The term metal-organic framework  

In December 1995, the term Metal-Organic Framework was first reported by Yaghi and 

co-workers [14]. The reported MOF was based on pyridine, cobalt(II) nitrate and benzene-1,3,5-

tricarboxylic acid (H3-btc). Yaghi used the rigid organic linker because it has three carboxylic acid 

groups oriented symmetrically around the aromatic ring and behave either as monodentate or 

bidentate ligands towards metal ions (figure 1.6). Yaghi diffused pyridine (py) into a mixture of 

benzene-1,3,5-tricarboxylic acid and cobalt(II) nitrate in alcohol for 72 hours to produce pink cubic 

crystals. The resultant crystals were thermally stable up to 350 °C even after removing guest 

molecules and insoluble in water or other organic solvents. Single crystal X-ray analysis confirmed 

the complex formula [Co(btc)3(py)2].2/3(py) which shows distortion octahedral geometry around 

(c) 
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Co(II) ions. Cobalt(II) cations and btc3- anions form a planar layer where each btc3- bridges 

between three Co(II) cations and each Co(II) ion is coordinated by three btc3- ligands. There are 

trans coordinated pyridine ligands on the Co(II) ions. The resulting layers stack to form 7 × 10 Å 

rectangle channels structure with additional uncoordinated pyridine guest molecules in the 

channels. The resulting MOF structure shows 3.5 Å between uncoordinated pyridine guest 

molecules and phenyl rings of deprotonated btc3- molecules that due to π-π stacking interaction. 

Moreover, Co(II) MOF shows absorb selectivity to aromatic guest molecules, for example, 

benzene, nitrobenzene, cyanobenzene and chlorobenzene, but not chloroform, acetonitrile or 

nitromethane. 

 

Figure 1.6: Crystal structure of [Co(btc)3(py)2].2/3(py) MOF along the x-y plane. Each Co(II) 

ion is coordinated to three different btc3- molecules on the equatorial axes and two pyridine 

molecules on the axial axes. btc3- molecules are fully deprotonated and behave either as 

tridentate ligands or as hexadentate ligands to three different Co(II) ions [14]. Reprodued by 

permission from Springer Nature. 

1.2.3 HKUST-1 MOF 

 In 1999 Chui and co-workers [161] reported a three-dimensional metal-organic framework 

([Cu3(btc)2(H2O)3]n) known as HKUST-1. HKUST-1 MOF was formed in a high yield of 80 % 

and thermally stable up to 240 °C. The structure has a three-dimensional open network with 
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channels of one nanometre in size giving about 40 % accessible space in the solid state. 

Furthermore, water guest molecules in these channels can be replaced by other solvent such as 

pyridine without the network collapsing. The neutral [Cu3(btc)2(H2O)3]n building unit was formed 

by four carboxylate groups from four different btc3- molecules behave as bidentate bridging ligands 

for two copper (II) ions in a dimer style (Cu-O= 1.952(3) Å) (Cu(II) to Cu(II)= 2.628(2) Å). 

Moreover, each Cu(II) ion has a coordinated water molecule on the axial axes (Cu-OH2= 2.165(8) 

Å) to produce the pseudoctahedral geometry (figure 1.7). 

 HKUST-1 MOF has a face-centred cubic structure with large square pores of volume 9 × 

9 Å containing up to ten water molecules per formula unit and displays one nanometer-sized 

channel for the four-fold symmetry (figure 1.7). The four-fold symmetry results from oxygen 

atoms of carboxylate groups that producing a square structure with measurements of 9.5 Å for 

edge and 13.3 Å across its diagonal. The nanochannels are overlapping to produce a three-

dimensional network with open connected pores. The three-dimensional network shows a Kagome 

structure containing 18 Å hexagonal windows formed by six copper(II) dimers and six btc3- ions 

intersections (figure 1.8). Nitrogen gas adsorption/desorption experiments of HKUST-1 MOF 

shows 692.2 m2/g for Brunauer-Emmett-Teller (BET) surface area and 917.6 m2/g for Langmuir 

surface area. 

  

Figure 1.7: (left) HKUST-1 building block, (right) four-fold symmetry of HKUST-1 MOF 

[161]. Reproduced by permission from the American Association for the Advancement of 

Science. 
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Figure 1.8: HKUST-1 Kagome structure that has 18 Å hexagonal windows [161]. Reproduced 

by permission from the American Association for the Advancement of Science. 

1.2.4 MIL-53 MOF 

In 2002 Millange and co-workers [162] reported a new MOF based on chromium(III) 

nitrate hydrate and benzene-1,4-dicarboxylic acid (H2-bdc) known as (MIL-53as). MIL-53as MOF 

is the first MOF example of chromium(III) ion and dicarboxylate organic ligand. MIL-53as MOF 

was synthesised by the hydrothermal reaction of Cr(NO3)3.nH2O, H2-bdc, HF and water in molar 

ratios of 1:1:1:280 at 220 °C for 72 hours. The reaction mixture was kept in a very high acidic 

medium (pH was less than one) through the synthesis process as the pH level has a significant 

effect on single crystals growth. The resultant solid purple crystals were recovered by filtration, 

washed with deionized water and dried at ambient temperature to produce [CrIII(OH).(bdc)].(H2-

bdc)0.75 MOF (MIL-53as). The crystal structure of MIL-53as MOF was confirmed by single crystal 

X-ray analysis and shows one-dimensional open channels that represent a good example of non-

interpenetrated porous MOF. On the other hand, powder X-ray analysis of MIL-53as MOF showed 

that the resulted bulk sample is contaminated with H2-bdc starting material traces, the 

contamination was also confirmed by elemental microanalysis. 

 Thermal gravimetric analysis (TGA) of MIL-53as MOF displayed two weight losses; the 

first weight loss was equal to 28 % of the sample weight and happened at 249.58 °C due to the 

removal of uncoordinated H2-bdc molecules to produce [CrIII(OH).(bdc)] MOF (MIL-53ht). The 

second weight loss was equal to 50 % of the sample weight and occurred at 449.85 °C due to MOF 
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decomposition. MIL-53ht MOF rapidly absorbs atmospheric water to produce 

([CrIII(OH)·(bdc)]·H2O) MOF (MIL-53lt). TGA of MIL-53ht MOF showed two weight losses. 

The first weight loss was equal to 7 % of the sample weight and occurred at 79.85 °C due to the 

release of water guest molecules. The second weight loss was equal to 58 % of the sample weight 

and occurred at 449.85 °C due to MIL-53lt MOF decomposition. MIL-53as and MIL-53ht MOFs 

have identical topology of three-dimensional network accumulated from Cr(III) and bdc2- 

molecules. Cr(III) coordination centres share the axial bridging hydroxyl groups to produce 

Cr(III)-OH linear chains. The resulted chains are further linked by bdc2- molecules along the 

equatorial axes to create the one-dimensional open network structure. Furthermore, MIL-53as and 

MIL-53ht crystal structures show 8.3 × 12 or 9.4 × 11.4 Å rhombic channels (figure 1.9). Nitrogen 

absorption/desorption experiments showed Langmuir surface area over 1500 m2/g for MIL-53as 

MOF and 1150 m2/g for MIL-53ht MOF. 

 
Figure 1.9: MIL-53ht crystal structure that shows 11.4 × 9.4 Å rhombic channels and Cr(III) 

distortion octahedral coordination centres [162]. Reproduced by permission from the Royal 

Society of Chemistry.  

1.2.5 MOF-101 

In 2002 Eddaoudi and co-workers [163] reported a new metal-organic framework that has 

NbO-type structure based on 2-bromo-benzene-1,4-dicarboxylic acid (o-Br-H2-bdc) and 

copper(II) nitrate hydrate ([Cu2(o-Br-bdc)2(H2O)2].(DMF)8(H2O)2) known as (MOF-101). MOF-

101 was synthesised by a self-assembly process of the metal salt precursor and the organic linker 

in N,N-dimethylformamide (DMF) at ambient temperature to produce MOF-101 as blue cubic 
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crystals. MOF-101 resultant crystals are insoluble in the common organic solvents for example, 

MeOH, EtOH, THF, MeCN and DCM but sensitive to H2O. 

 Single crystal X-ray analysis shows that MOF-101 features as paddlewheel structure with 

two Cu(II) ions surrounding by four coordinated carboxylate groups behaving as bidentate ligands 

(Cu-O= 1.954(8) Å). In addition, there are two coordinated axial water molecules (Cu-OH2= 

2.135(18) Å) to produce Cu(II) square pyramid coordination centres (figure 1.10). The organic 

linker in MOF-101 shows right angle links between (Cu-O-C) bonds to produce the square building 

units that extend the NbO like network. Moreover, the square planar node in NbO is replaced by a 

square secondary building unit and spaced away from another node by the organic linker to form 

the three-dimensional open network structure. MOF-101 has 12-14 Å diameter cross-section, and 

19-21 Å diameters of spherical internal voids contain at least eight DMF and one water guest 

molecules per formula unit (figure 1.10). 

Thermal gravimetric analysis for MOF-101 at a fixed average of heating 5 °C per minute 

shows three weight losses. The first weight loss was below 100 °C and due to a release of all guest 

molecules. The second weight loss was between 100-300 °C and due to release of coordinated 

water molecules. The third weight loss was between 300-400 °C and due to MOF-101 

decomposition. Moreover, MOF-101 guest molecules could be replaced by other organic solvents 

molecules, for example, CH3OH, CHCl3, DMSO, MeCN and THF without destruction of the MOF 

structure. 

 
 Figure 1.10: (a) MOF-101 square secondary building unit, (b) the right angle between 

carboxylate groups in o-Br-bdc2- molecules. (c) The NbO-type structure is noninterpenetrating 

[163]. Reproduced by permission of the American Chemical Society. 
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1.2.6 NU-109 and NU-110 MOFs 

In 2012 Farha and co-workers [164] reported two new MOFs based on 1,3,5-tris[(1,3-

carboxylic acid-5-(4-(ethynyl)phenyl))butadiynyl]-benzene (H6-LB) or 1,3,5-tris[((1,3-carboxylic 

acid-5-(4-(ethynyl)phenyl))ethynyl)phenyl]-benzene (H6-LP) (figure 1.11) and copper(II) nitrate 

hydrate known as NU-109 and NU-110. These new MOFs were obtained by solvothermal reaction 

of (H6-LB) or (H6-LP) and copper(II) nitrate hydrate in a mixture of DMF, EtOH and a few drops 

of HCl at 75 °C for two days to produce [Cu3(LB)(H2O)3]n (NU-109) or [Cu3(LP)(H2O)3]n (NU-

110) MOFs teal color crystals. NU-109 MOF crystal structure was solved in cubic space group 

Fm3̅m and shows two copper(II) ions in a dimer style (Cu to Cu= 3.194 Å) coordinated to four 

carboxylate groups from four different organic ligands along the equatorial axes (Cu-O= 1.98(4) 

Å) to produce Cu2(COO)4 paddlewheel structure. Cu(II) ions are also coordinated to two water 

molecules along the axial axes which were not well resolved in the single crystal X-ray analysis. 

Each (LB6-) ligand behaves as a dodeca dentate ligand to six Cu(II) dimers by three fully 

deprotonated isophthalate molecules. However, 24 isophthalate groups and 12 Cu(II) dimers are 

connected to produce the cuboctahedral building cage that extends to produce a three-dimensional 

open network (figure 1.12). On the other hand, NU-110 MOF has similar Cu(II) and (LP6-) 

coordination environments in comparison with NU-109 MOF and shows 1.720(9) Å for Cu-O 

coordination bond lengths and 2.067(8) Å between Cu(II) ions in the paddlewheel structure. 

Thermal gravimetric analysis traces for NU-109 and NU-110 MOFs are similar with two 

main weight losses. The first mass loss at 100 °C is due to the release of guest molecules. Then, 

the resultant crystals were thermally stable up to 325 °C and showed the second weight loss after 

325 °C that due to NU-109 or NU-110 MOFs decomposition. NU-109 and NU-110 MOFs as-

synthesised crystals were soaked in 100 % EtOH for 24 hours. Then, soaking solutions were 

replaced every 24 hours for 72 hours to produce ethanol containing samples. Ethanol containing 

samples were placed inside the dryer where ethanol was replaced with liquid carbon dioxide after 

10 hours. Then, the temperature was raised, and carbon dioxide was evaporated under supercritical 

conditions to produce the activated dried MOFs. Nitrogen adsorption/desorption isotherms 

experiments at 77 K showed phenomenal uptakes of 2480 and 2845 cm3/g for NU-109 and NU-

110 activated MOFs (figure 1.13). Moreover, activated NU-109 and NU-110 MOFs have the 

highest recorded BET surface areas of 7010 and 7104 m2/g and total pore volumes of 3.75 and 

4.40 cm3/g [164]. 



Chapter One 

12 

 

COOH

HOOC COOH

COOH

HOOC COOH

 COOH

HOOC

HOOC COOH

COOH

COOH  

Figure 1.11: (left) 1,3,5-Tris[(1,3-carboxylic acid-5-(4-(ethynyl)phenyl))butadiynyl]-benzene 

ligand (H6-LB), (right) 1,3,5-tris[((1,3-carboxylic acid-5-(4-(ethynyl)phenyl))ethynyl)phenyl]-

benzene ligand (H6-LP) [164]. 

  

Figure 1.12: (left) NU-109 three-dimensional open network. (right) NU-110 3D open network 

[164]. 
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Figure 1.13: NU-109 and NU-110 MOFs nitrogen gas sorption data [164]. Reproduced by the 

permission from the American Chemical Society.  

1.3 Coordination polymers and metal-organic frameworks synthesis methods 

Solvent and solvent-free synthesis are the two main methods to produce coordination 

polymers and MOFs [14, 163, 165-172]. The main aims of these different types of synthesis 

methods are to produce pure compounds in large quantities, reduce the reaction time and obtain 

thermally stable products. Classical synthesis procedures can produce CPs or MOFs below 100 °C 

for example, the solvent slow evaporation method, self-assembly process at ambient temperature 

and solvothermal synthesis for some reported CPs or MOFs [14, 163, 170, 173, 174]. However, 

CPs and MOFs can be synthesised by solvothermal methods if the reaction temperature is above 

100 °C for example, hydrothermal synthesis or microwave synthesis method [162, 173]. 

1.3.1 Solvothermal synthesis 

Solvothermal synthesis of CPs or MOFs involves dissolving of the organic ligand/ligands 

and the metal salt precursor in an appropriate solvent or in a mixture of solvents and heating the 

reaction mixture in a sealed container from one to seven days. Although this procedure can produce 

high quality crystals suitable for single X-ray analysis in a good yield, it has cost limitation for 

some solvents such as N,N-diethylformamide (DEF) and scale limitation above one gram [175]. 

In 2011 Kim and co-workers [174] reported IRMOF-16 modified version based on 1,4-di(4-

carboxy-2-hydroxyphenyl)benzene and Zn(NO3)2.6H2O known as HCC-1 MOF. HCC-1 MOF 

was synthesised by the reaction of 1,4-di(4-carboxy-2-hydroxyphenyl)benzene and 
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Zn(NO3)2.6H2O in N,N-dimethylformamide (DMF) at 85 °C for 86 hours. Then, HCC-1 MOF 

resultant block crystals were washed with fresh DMF to remove any possible unreacted starting 

materials. Kim prepared the same MOF by using DEF solvent with fixed conditions. The synthesis 

process was less effective in comparison with DMF process, and the resultant crystals were smaller 

and don’t have DMF solvent crystals of regular shape and size. HCC-1 resultant crystals from the 

solvothermal synthesis in DMF are thermally stabile up to 250 °C and show an average size of 500 

µm. Furthermore, HCC-1 MOF has 4724 m2/g for BET surface area (figure 1.14). 

  

Figure 1.14: (left) SEM images of HCC-1 resultant crystals in DMF, (right) in DEF [174]. 

Reproduced by permission from Science Direct. 

In 2005 Clausen and co-workers [176] reported two new MOF structures based on 

Zn(NO3)2.6H2O, benzene-1,4-dicarboxylic acid and DMF. Clausen used the solvothermal 

synthesis method to produce various final products from the same starting materials by changing 

the reaction conditions, for example, reaction temperature or reaction time. The main product is 

[Zn(bdc)(DMF)] MOF (figure 1.15), that converts to ([Zn(bdc)(H2O)](DMF)) MOF after one year 

(figure 1.15). In addition to the secondary product, the new 3D metal-organic framework 

([Zn(HCO2)3](C2H8N)) (figure 1.15). Moreover, HCO2
- and C2H8N

+ ions were resulted from the 

solvent decomposition at high temperature. The solvothermal synthesis process involved 

dissolving of the starting materials in DMF and raising the temperature to 107 °C for 96 hours. 

The resultant colourless crystals of [Zn(bdc)(DMF)] and ([Zn(HCO2)3](C2H8N)) MOFs were kept 

in the solution and re-examined after one year. Then, a single crystal of ([Zn(bdc)(H2O)](DMF)) 

MOF was picked from the sample solution. 
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 Single crystal analysis of [Zn(bdc)(DMF)] MOF shows a pair of Zn(II) ions coordinated to 

four fully deprotonated carboxylate groups from four different bdc2- ligands (Zn-O1= 2.042(5) Å) 

and (Zn-O2= 2.014(4) Å). Zn(II) ion is also coordinated to one DMF solvent molecule (Zn-O10= 

2.000(7) Å) to produce a distorted Zn(II) square pyramid structure. The ([Zn(HCO2)3](C2H8N)) 

MOF single crystal structure shows an octahedral structure around Zn(II) ions, that consist of six 

coordination oxygen atoms from six different formate ions (Zn-O1= 2.1072(7) Å). Moreover, 

([Zn(HCO2)3](C2H8N)) MOF crystal structure shows dimethylammonium molecules located in the 

voids of the three-dimensional frameworks and forms hydrogen bonding interaction with the 

anionic framework (O1-N1= 2.886 Å). 

The ([Zn(bdc)(H2O)](DMF)) MOF structure is similar to the [Zn(bdc)(DMF)] MOF 

structure but it has axial coordinated water molecules to Zn(II) instead of the coordinated DMF 

molecules (Zn(II)-bdc2- = 2.009(19) Å) and (Zn(II)-OH2= 1.960(15) Å). Moreover, coordinated 

water molecules form new hydrogen bonding interactions with DMF solvent molecules (O5-O6= 

2.886 Å) (figure 1.15). 

 
 

 

Figure 1.15: (a) 2D layer structure of [Zn(bdc)(DMF)] MOF. (b) 2D layer structure of ([Zn(bdc) 

(H2O)](DMF)) MOF. (c) ([Zn(HCO2)3](C2H8N)) MOF 3D network [176]. Reproduced by 

permission of Science Direct. 

a b 

c 
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 In 2012, Wang and co-workers [177] reported two new metal-organic frameworks based 

on InCl3.4H2O and naphthalene-1,4-dicarboxylic acid (H2-1,4-ndc) referred as ([In(OH)(1,4-

ndc)].2H2O) and (H[In(1,4-ndc)2].2(H2O).1.5(DMF)) MOFs. [In(OH)(1,4-ndc).2H2O] MOF was 

synthesised by the reaction of naphthalene-1,4-dicarboxylic acid, sodium hydroxide aqueous 

solution and indium(III) chloride in acetonitrile for 72 hours at 100 °C to result in the colourless 

needle shape crystals. Whereas (H[In(1,4-ndc)2].2(H2O).1.5(DMF)) MOF was synthesised by the 

reaction of naphthalene-1,4-dicarboxylic acid, Et4NBr and InCl3.4H2O in DMF for 72 hours at 100 

°C to produce (H[In(1,4-ndc)2].2(H2O).1.5(DMF)) MOF colourless block crystals. 

 ([In(OH)(1,4-ndc)].2H2O) MOF has a three-dimensional network structure consisting from 

two kinds of square shape channels with 10.89 × 10.89 Å or 6.46 × 6.46 Å diameter resulting 

from In(III)-OH coordination chains and 1,4-ndc2- molecules (figure 1.16). On the other hand, 

(H[In(1,4-ndc)2].2(H2O).1.5(DMF)) MOF has a 3D anion framework structure with two-fold 

interpenetrating diamond topology completed by connection of four organic linker molecules to 

indium(III) nodes (figure 1.17). ([In(OH)(1,4-ndc)].2H2O) MOF shows distorted octahedral 

coordination centres, where each carboxylate group of 1,4-ndc2- molecule is coordinated to two 

indium(III) centres and each indium (III) is coordinated by four oxygen atoms from four 

carboxylate groups, in addition of two bridging hydroxyl groups (figure 1.16). 

 (H[In(1,4-ndc)2].2(H2O).1.5(DMF)) MOF shows a dodecahedral structure, where each 

indium (III) cation is coordinated by eight oxygen atoms from four different deprotonated 

bidentate carboxylate groups. This coordination style represents a good example of a high steric 

number for the main group elements (figure 1.17). The 3D network is completed by linking of four 

linear 1,4-ndc2- ligands and four Indium(III) nodes, in addition to the free water and solvent 

molecules. The free voids in the resulting MOF are filled by another separate framework to 

generate a two-fold interpenetrating three-dimensional anionic network that is balanced by a 

proton (figure 1.17). These explain all illustrate that the exact conditions of a solvothermal 

synthesis are critical in determining the nature of the MOF produced. 
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Figure 1.16: (left) In(III) chain. (centre) ([In(OH)(1,4-ndc)].2H2O) MOF SBU. (right) Two types 

of ([In(OH)(1,4-ndc)].2H2O) MOF square-shaped channels [177]. Reproduced by permission 

from Science Direct. 

 
 

 

Figure 1.17: (left) In(III) dodecahedral coordination environment. (centre) Diamond structure of 

In(III)-1,4-ndc network. (right) Two two-fold interpenetrating 3D diamond net [177]. 

Reproduced by permission from Science Direct. 

1.3.2 Microwave synthesis 

Microwave synthesis and microwave-assisted processes can form high yields of CPs and 

porous MOF materials in short times in comparison with other synthesis methods [178-181]. 

Microwave synthesis can employ both solvent-based and solvent-free synthesis methods to 

synthesise CPs or MOFs in periods from a few seconds to minutes [177-183]. Microwave-assisted 

processes may involve dissolving the mixture of the metal salt precursor and the organic bridging 

linker/linkers in an appropriate solvent or a mixture of solvents followed by a heating process. 

Solvent-free microwave synthesis involves grinding a mixture of the metal salt with the bridging 
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ligand together to guarantee homogeneity of the mixture, followed by a microwave heating process 

[177-183]. Although these methods allow a high yield production of CPs or MOFs in a short time, 

the resultant crystal size is usually from 5 to 20 nm because of rapid synthesis, and not suitable for 

single crystal X-ray analysis studies [177-183]. 

In 2014 Lanchas and co-workers [178] reported the microwave synthesis of four previously 

reported MOFs known as ZIF-67, MOF-199, MIL-100(Fe/Cl) and MIL-100(Fe/NO3) based on 2-

methylimidazole, benzene-1,3,5-tricarboxylic acid, cobalt(II) hydroxide, copper(II) acetate 

hydrate, iron(III) chloride hydrate and iron(III) nitrate hydrate. The first step was grinding the 

organic ligand with the metal salt to ensure homogeneity of the mixture, then heating the reaction 

mixture between 120-170 °C from 1 to 20 minutes and finally wash the resulted MOFs with 

ethanol to remove any unreacted starting materials. ZIF-67 and MOF-199 yields were between 90-

97 % after six minutes, while the same MOFs from solvothermal synthesis in DMF yield only 78 

%. On the other hand, MIL-100(Fe/Cl) and MIL-100(Fe/NO3) yields were between 80-83 % after 

three to four minutes. However, microwave synthesis method produced MOFs with low surface 

areas and small crystals not large enough for single X-ray analysis (figure 1.18). 

 

Figure 1.18: SEM image of MOF-199 prepared by microwave heating for 7.5 minutes [178]. 

Reproduced by permission from the Royal Society of Chemistry. 

 In 2012, Yeh and co-workers [184] reported two new MOFs based on 4,4'-

sulfonyldibenzoate (sba) and Ca(NO3)2.4H2O or Sr(NO3)2 known as [Ca(sba)].0.45H2O (CYCU-

1) and [Sr(sba)].0.2H2O (CYCU-2). CYCU-1 MOF was synthesised by dissolving of 1:2 molar 

ratios from the organic linker and calcium nitrate in the solution of ethanol and water. Then, 

heating the reaction mixture in an autoclave at 150 °C for 20 minutes to produce a 74 % yield of 

[Ca(sba)].0.45H2O MOF. CYCU-2 synthesis process was similar to CYCU-1 MOF but used a 1:4 
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molar ratio from the organic linker and strontium nitrate in the solution of ethanol and water, under 

hydrothermal conditions. 

 Single crystal X-ray analysis confirmed that CYCU-1 and CYCU-2 MOFs have a similar 

3D network structure, where each metal centre has seven coordination bonds with six different 

ligands. The metal centre is coordinated by four oxygen atoms from four different carboxylate 

groups, two oxygen atoms from one carboxylate group and another coordinated oxygen atom from 

the sulfonyl groups (figure 1.19). The organic linker behaves as a hexadentate ligand to six metal 

ions through five oxygen donor atoms. A carboxylate group behaves as a bidentate ligand for two 

metal centres. Another carboxylate group behaves as a tetradentate ligand for three metal centres, 

in addition to one coordinated oxygen atom from the SO2 group (figure 1.19). 

 The prepared MOFs have 1D zigzag chains structure resulted from the triangular edge-

sharing of MO7 monocapped trigonal prisms. The 1D chains are coordinated by the S-O-M bonds 

in two directions to create 3D MOFs having the guest molecules in the rhomboidal and zigzag 

channels. CYCU-1 MOF has 8.5 × 8.4 Å distances between the aromatic rings in the rhomboidal 

channels and approximately 12 Å diagonal distances inside the porous zigzag chains. The channels 

are located along the b-axis and can provide approximately 17.6 % free space from the unit cell 

(figure 1.20). CYCU-2 MOF has 8.8 × 8.8 Å distance between the aromatic rings in the rhomboidal 

channels along the b-axis and provide approximately 19.3 % free space from the unit cell. Thermal 

gravimetric analysis for CYCU-1 and CYCU-2 displayed two weight losses. The first weight loss 

was between 50-240 °C and due to release of guest molecules, while the second weight loss was 

at 450 °C and due to decomposition. 

 

Figure 1.19: (left) Ca(II) and Sr(II) coordination environment, (right) the organic ligand 

coordination environment [184]. Reproduced by permission from the Royal Society of 

Chemistry. 
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Figure 1.20: (left) CYCU-1 MOF cross-section. (right) CYCU-1 MOF diagonal distances [184]. 

Reproduced by permission from the Royal Society of Chemistry.  

 In 2007, Ochoa and co-workers [185] reported a novel copper(I) MOF based on copper(II) 

sulphate and pyrazine (pyz) of general formula [Cu2(pyz)2SO4(H2O)2]n. Ochoa successfully 

synthesised the novel MOF by the conventional hydrothermal method and the microwave 

irradiation method. The hydrothermal synthesis process uses equivalent amounts of copper(II) 

sulphate, pyrazine and benzoic acid, heated at 180 °C for 24 hours to produce a 46 % yield of Cu(I) 

MOF red crystals. Alternatively, the [Cu2(pyz)2SO4(H2O)2] microwave synthesis process uses the 

same amount of the reagents in a microwave-specified TFM autoclave, sealed and placed in a 

microwave reactor. The reaction mixture was heated at 180 °C for six hours and cool down to 

room temperature to produce Cu(I) MOF red crystals. Then the resultant red crystals were washed 

by warm water and dried under vacuum to produce a 37.6 % yield of Cu(I) MOF pure red crystals 

based on copper(II) sulphate starting material. 

 The resultant compounds from the microwave synthesis processes are dependent on the 

reaction time. For example, the 60 minutes reaction time produced only the blue crystals of 

[Cu(pyz)SO4(H2O)]n one-dimensional polymer, whereas the three hours reaction time produce the 

one-dimensional polymer in addition to 8.7 % from [Cu2(pyz)2SO4(H2O)2] MOF. Single crystal 

X-ray analysis of [Cu2(pyz)2SO4(H2O)2] MOF shows that the Cu(I) ion is coordinated to one 

bridging sulphate ion, two bridging pyrazine molecules and one water molecule to form Cu(I) 

distorted tetrahedral structure (figure 1.21). The resultant MOF has a complex construction based 

on three independent three-dimensional networks, where the resulted voids from one network are 

filled by the other two networks that form a three-fold interpenetrated net. Moreover, Cu(I) MOF 

shows four different bond distances between sulphate, pyrazine and water coordinated molecules 
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(Cu-N1= 1.984(17) Å), (Cu-N11= 1.955(16) Å), (Cu-O1= 2.109(14) Å) and (Cu-Ow= 2.1762(15) 

Å) (figure 1.21). 

 

 
 

Figure 1.21: (a) [Cu2(pyz)2SO4(H2O)2] MOF coordination sphere, (b) Cu10(pyz)6(SO4)4 

coordination ring, H2O and shared pyrazine molecules were removed for clarity. (c) 

Interpenetrating of three independent 3D networks [185]. Reproduced by permission of Science 

Direct.  

1.3.3 Mechanochemical synthesis 

 Mechanochemical synthesis or mechanosynthesis refers to the grinding reaction between 

the solid organic bridging ligand/ligands and the metal salt in a ball mill to produce coordination 

polymers or porous MOFs [186-188]. Mechanochemical synthesis can produce quantitative 

amounts of CPs or MOFs in a short time under ambient temperature either in solvent-free synthesis 

or with the addition of low amounts of the solvent in specific steps [186-188]. 

Solvent-free synthesis of microporous [Cu(ina)2] MOF (H-ina= isonicotinic acid) was 

reported in 2006 by Pichon and co-workers [189]. [Cu(ina)2] MOF was prepared by grinding of 

copper (II) acetate and isonicotinic acid for 10 minutes in a ball mill. The synthesis procedure was 

solvent-free and performed without any heating to produce the 3D crystalline MOF 

[Cu(ina)2]H2O.2(CH3COOH) (material one). This material was subsequently heated to 200 °C for 

three hours to give a quantitative yield of the empty crystalline microporous MOF [Cu(ina)2] 

a 

c b 
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(material two). During the 10 minutes of the grinding, material one reaction was indicated by the 

colour changing from green to blue and no liquid phase was observed when the grinding was 

stopped or when transferring material one to the reaction vessel [189]. Moreover, powder X-ray 

analysis indicated phase purity, and there are no traces for the unreacted starting materials (figure 

1.22). 

 

Figure 1.22: Comparison between resulted and calculated  powder XRD patterns of material one 

and material two [189]. Reproduced by permission from the Royal Society of Chemistry.  

 In 2010, Yuan et al. [190] reported the mechanochemical synthesis and properties of 

HKUST-1 MOF prepared by the grinding reaction of copper(II) acetate hydrate and benzene-1,3,5-

tricarboxylic acid. HKUST-1 MOF synthesis process involved grinding of 1.5 mmol from the 

metal salt precursor and one mmol from the organic linker for 15 minutes in a ball mill without 

solvent addition and washing the resulting product with fresh ethanol (figure 1.23). The washing 

process involved a total immersion for 20 minutes in ethanol on a Buchner funnel to remove the 

unreacted starting materials that blocked the 3D open network. 

 Nitrogen gas absorption/desorption experiments indicated that the resultant HKUST-1 

MOF from the mechanochemical reaction before washing has a very low BET surface area of 

approximately 278 m2/g in comparison with 900-2200 m2/g BET surface area for HKUST-1 MOF 

from the conventional synthesis method. However, HKUST-1 from the mechanochemical method 

has a 1364 m2/g BET surface area after washing with ethanol. A thermogravimetric analysis for 

Material one powder XRD pattern 

Material one calculated  XRD pattern  

  

Material two powder XRD pattern 

Material two calculated XRD pattern  
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HKUST-1 from the mechanochemical synthesis method shows a similar result to HKUST-1 

synthesised by conventional methods. The TGA showed two mass losses, the first mass loss at 270 

°C due to loss of acetic acid and water guest molecules, while the second mass loss at 300 °C is 

due to MOF decomposition. 

3 Cu(CH3COO)2.H2O + 2 H3-btc
ball mill

15 minutes
Cu3(btc)2 + 3 H2O + 6 CH3COOH

 

 

Figure 1.23: HKUST-1 MOF mechanochemical reaction, HKUST-1 MOF structure as reported 

by Chui [190]. Reproduced by permission from the Royal Society of Chemistry.  

 In 2015 Masoomi and co-worker [191] reported the synthesis of [Cd2(oba)2(4-

bpdb)2]n.(DMF)x (TMU-8) and [Cd(oba)(4,4′-bipy)]n.(DMF)y (TMU-9) heteroleptic MOFs by the 

conventional and the mechanochemical methods, where  (H2-oba)= 4,4′-oxybis(benzoic acid), (4-

bpdb)= 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene and (4,4′-bipy)= 4,4′-bipyridine. The TMU-8 

and TMU-9 conventional synthesis procedure involved dissolving of cadmium nitrate hydrate and 

the organic linkers in DMF and heating the mixture for 72 hours at 80 °C to result in 65 % yield 

of TMU-8 MOF yellow crystals and 63 % yield of TMU-9 MOF colourless crystals. On the other 

hand, the [Cd2(oba)2(4-bpdb)2]n MOF mechanochemical synthesis procedure involved hand 

grinding of cadmium(II) acetate and the organic linkers for 25 minutes and washing the resulted 

powder with small amounts of DMF to remove any possible unreacted starting materials. Then, 

TMU-8 MOF powder was dried for 24 hours at 80 °C. [Cd(oba)(4,4′-bipy)]n MOF synthesis 

process involved hand grinding of the metal salt and the organic linkers for 20 minutes, and 

washing the resulted powder with DMF, then drying the MOF powder for 24 hours at 100 °C. 
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 The thermogravimetric analysis for the resulting TMU-8 and TMU-9 MOFs from the 

conventional method displayed two main weight losses. The first weight loss was between 50-260 

or 50-290 °C due to the release of guest molecules, while the second weight loss was above 260 

or 290 °C due to ligand decomposition. However, TMU-8 and TMU-9 MOFs from the 

mechanochemical methods showed only the MOF decomposition at 260 or 290 °C. Furthermore, 

TMU-8 and TMU-9 MOFs from the conventional method and the mechanochemical method have 

similar powder X-ray patterns (figure 1.24). 

 

Figure 1.24: Comparison of XRD patterns for TMU-8 and TMU-9: simulated, conventional 

heating and mechanosynthesised MOFs before and after washing with DMF [191]. Reproduced 

by permission from the Royal Society of Chemistry. 

1.4 Applications of coordination polymers and metal-organic frameworks  

CP and MOF applications are diverse, numerous and extending in a high number of fields, 

for example, industrial [192-195], biological [142, 196-198] and medicinal applications [199-201]. 

The diversity of CP and MOF applications are due to the unique properties that each CP or MOF 

can supply. These properties depend on the repeated organic linkers, metal ions, synthesis method 

and resulting structures. MOFs can provide solutions for scientific and industrial problems [173]. 

Problems can be solved by MOF application directly or indirectly [173], for examples gas storage 

and separation [11, 12, 61, 102-114], synthesis of new catalyst [6, 16, 94-101] and synthesis of 

thermally stable microporous compounds [20-29]. 

1.4.1 Chemical catalysts 

 MOFs are highly active catalysts for different types of chemical reactions such as Suzuki 

coupling, alkenes hydrogenation, and alcohol oxidation because of their thermal stability, 

nanochannel and nanocavity systems [202]. In 2007, Xamena and co-workers [202] reported an 
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active, reusable and shape-selective 3D MOF based on Pd(II) ions and 2-hydroxypyrimidinolate 

(2-pymo) of general formula [Pd(2-pymo)2]n. The prepared MOF has 600 m2/g BET surface area 

and is insensitive to moisture because it was originally synthesised in an aqueous medium. 

Moreover, the synthesised MOF could supply 42 % of its 3D overall structure to guest molecules 

because of the four-membered and six-membered ring window arrangements (figure 1.25). 

 
Figure 1.25: (left) Detail of Pd-MOF, showing the 4-membered and the two 6-membered rings. 

(right) The 3D arrangement of the sodalite cages in sodalite-type frameworks [202]. Reproduced 

by permission from Science Direct. 

The catalytic activity of the synthesised Pd-MOF was tested in a Suzuki-Miyaura reaction 

between phenylboronic acid and 4-bromoanisole (scheme 1.1). These compounds represent a good 

example for carbon-carbon coupling reactions between boron aromatic organic compounds and 

organic aromatic halides compounds, which it has been suggested as a reference reaction for highly 

active Pd catalysts. The 4-methoxy-biphenyl product was obtained in a 99 % yield after five hours 

of using Pd-MOF in DMF at 150 °C. The X-ray analysis for the used Pd-MOF was almost identical 

to the fresh sample after recovery showing the MOF was very stable. 

Br

+

Br

OCH3

o-Xylene, K2CO3, 150 OC

Pd-MOF (2.5 mol %)
OCH3

 
Scheme 1.1: Synthesis of 4-methoxy-biphenyl [202]. 
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1-Octene and cyclododecene were used to test the structure selectivity and the 

hydrogenation activity of the synthesised Pd-MOF in comparison with a classical palladium 

catalyst which has no structure selectivity. The Pd-MOF converts 59 % of 1-octene to octane after 

40 minutes, and after 120 minutes the secondary alkene 2-octene was completely converted to 

octane, whereas cyclododecene was not converted to cyclododecane even after five hours. The 

results indicate that the active centres are in the internal surface area of the prepared MOF and 

accessible only for the linear octene molecules through the pores. 

Hydrogenation of 2-furfuraldehyde to 2-furfuryl alcohol has been reported as a challenge 

for selective hydrogenation catalysis for two reasons [203]. The first reason is that 2-furfuryl 

alcohol can be polymerised by its methylene group. The second is that 2-furfuryl alcohol also can 

be hydrogenated to tetrahydrofurfuryl alcohol. In 2015 Yang and co-workers [203] reported the 

hydrogenation of 2-furfuraldehyde to 2-furfuryl alcohol using Zr(IV) MOFs known as UiO-66, 

MIL-140A, MIL-140B, UiO-67 and MIL-140C used benzene-1,4-dicarboxylic acid, 4,4’-

biphenyldicarboxylic acid and naphthalene-2,6-dicarboxylic acid as organic linkers that loaded 

with ruthenium(III) nanoparticles. Catalysis with the Ru(III) loaded MOF gave only 2-furfuryl 

alcohol as the final product and was thermally stable up to 450 °C because of the strong bonding 

between the zirconium(IV) metal ions and carboxylate groups. Moreover, Ru/Zr (UiO-66) MOF 

selectivity was nearly 94.9 % and reusable five times without significant loss in performance [203]. 

In 2015 Zhang and co-workers [204] reported a new solvent-free heterogeneous catalyst 

for carbon-carbon formation reactions by cyanosilylation of aldehyde or ketone compounds. 

Zhang used the modified [(Cu4O0.27Cl0.73)3(H0.5btt)8] MOF (Cu-MOF1ʹ) as a heterogeneous 

catalyst which resulted from the dehydration of [(Cu4O0.27Cl0.73)3(H0.5btt)8(H2O)12].3(MeOH). 

9(DMF) MOF (btt3- = benzene-1,3,5-tristetrazolate). The MOF synthesis process involved a 

solvothermal reaction between a methanolic solution of copper(II) acetate hydrate contains nitric 

acid and a DMF solution of H3btt.2HCl at 85 °C for 48 hours to produce 80 % yield of Cu-MOF1 

green crystals. Cu-MOF1' synthesis process involved washing of Cu-MOF1 green crystals by fresh 

methanol several times to remove the guest molecules and drying the green crystals under vacuum 

for 12 hours. 

 Single crystal X-ray analysis of Cu-MOF1 shows that the Cu(II) ion is coordinated by four 

equatorial nitrogen atoms from four different btt3- ligands and an axial oxygen atom from the 

coordinated water molecules. Cu-O1 and Cu-Cl1 coordinated atoms occupy the same axial 
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position to produce the distorted octahedral coordination centre. Cu(II) metal ions and O1, Cl1 

atoms are coordinated to form a planar structure that has the axial coordination water molecules to 

generate the tetracopper cluster based secondary building unit (figure 1.26). The btt3- organic linker 

is connected to six Cu(II) ions by two nitrogen atoms from the tertazyl groups, and each tetracopper 

cluster planar structure is coordinated to eight btt3- organic linkers. Moreover, each ligand is 

coordinated to three copper cluster to generate the 3D connected net (figure 1.26). 

 

Figure 1.26: (a) Cu-MOF1 distortion octahedral structure Cu-N= 2.018(3) Å, Cu-O2= 2.396(9) 

Å and Cu-O1/Cl1= 2.448 Å. (b) Tetracopper cluster based secondary building unit [204]. 

Reproduced by permission from the Royal Society of Chemistry Publishing. 

 The cyanosilylation catalyst reaction test involved the addition of 0.005 mmol of Cu-

MOF1' to a mixture of 0.5 mmol of benzaldehyde and one mmol of Me3SiCN and heating the 

mixture at 40 °C for 19 hours under nitrogen (scheme 1.2). This cyanosilylation catalyst reaction 

leads to a 96 % conversion of benzaldehyde after the 19 hours. However, another catalyst test 

involved removing the Cu-MOF1ʹ by filtration after two hours, and the reaction mixture could 

continue heating for another 17 hours. Zhang determined the conversion process of the aldehyde 

or the ketone compounds during the reaction time by gas chromatography analysis. The GC 

analysis results showed that, when the catalyst is present the conversion of the aldehyde or ketone 

compounds was 50 %, and no more conversion was occurred after removing the catalyst even after 

17 hours. Cu-MOF1' shows high catalytic activity to convert benzaldehyde, 2-furfural, pentanal 

and cyclohexanone to cyanosilylated compounds with 96 % conversion for benzaldehyde and 99 

% for the other compounds. The catalyst can be used five times without an obvious decrease in 

activity. Moreover, the catalysts recycling process involves filtration from the mixture solution, 

washing by fresh MeOH and drying for 12 hours under vacuum. 
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R1 R2

O

+ Me3SiCN
Cu-MOF1' (1 mol %)

Solvent-free, N2 at 40 oC

CN
O

R1

R2

Si

R1= Arkyl or Alkyl

R2= H or Alkyl  

Scheme 1.2: Cyanosilylation of aldehyde or ketone compounds [204]. 

1.4.2 Gas storage 

Gas storage and separation by high surface area materials such as metal-organic 

frameworks are promising research fields and have had great attention in recent years [205, 206]. 

This attention is due to MOFs high storage capacities for different gases, MOFs high thermal 

stability, and MOFs potential behaviour as fully reversible microporous materials for gas 

adsorption and desorption [205-207]. Moreover, MOFs have been reported as carbon dioxide 

storage and hydrocarbon gas separation materials [205]. 

In 2015 Chen and co-workers reported carbon dioxide gas storage materials. Besides, 

separation materials for hydrocarbon gases such as methane, ethane and propane [205]. Chen 

prepared five novel MOFs materials based on copper nitrate with 5-(isonicotinamido)isophthalic 

acid (H2-ison), 5-(nicotinamido)isophthalic acid (H2-nica), 5-(pyridine-4-ylamino)isophthalic acid 

(H2-pyiso), 5-(pyridin-3-ylamino)isophthalic acid (H2-pyaiso) and 5-(pyrimidin-5-

ylamino)isophthalic acid (H2-pmiso) as bridging ligands. 

Copper nitrate and (H2-ison) ligand were used to synthesise the Cu(ison).(solv)n MOF (n= 

0-∞) by the solvothermal reaction method. The MOF synthesis method involved dissolving the 

metal salt and the organic linker in N,N-dimethylacetamide and acetic acid then heating the mixture 

up to 115 °C for 24 hours. The resulted green block crystals were investigated by single crystal X-

ray analysis and showed the hourglass structure for the prepared MOF. The organic linker in the 

synthesised MOF behaves as a three connected node and the paddlewheel molecular building 

blocks as six connected octahedral building units. In addition, the synthesised MOF has three-

membered ring windows with 7.8 Å diameter linked to six-member ring windows with 10.5 Å 

diameter to produce hourglass-shaped channels that can provide 59.6 % free space from the overall 

calculated volume after removing the solvent guest molecules (figure 1.27). 

Copper nitrate was reacted with (H2-nica) under fixed conditions to produce 

Cu(nica).(solv)n MOF. The prepared MOF Kagome structure was confirmed by single crystal X-
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ray analysis results, which has three-member rings and six-member rings cavities, smaller by 0.2 

and 0.7 Å diameters compared to the first prepared Cu(ison).(solv)n MOF. Moreover, the 

thermogravimetric analyses for the two prepared MOFs to have similar thermal stability below 

249.8 °C. 

Chen synthesised three additional metal-organic frameworks based on (H2-pyiso), (H2-

pyaiso) or (H2-pmiso) and copper(II) nitrate in general formulas Cu(pyiso).(solv)n, 

Cu(pyaiso).(solv)n and Cu(pmiso).(solv)n. The organic linkers in the synthesised MOFs behave as 

three connected nodes and the paddlewheel molecular building blocks as six connected octahedral 

building units. The resulting square lattice metal-organic frameworks layers include four-member 

ring windows arranged in a 1,2-alternate fashion and correlating with neighbouring two 

dimensional square lattice MOF layers to generate 2.9 × 7.1 Å channels for Cu(pyiso).(solv)n and 

3.55 × 5.6 Å channels for Cu(pyaiso).(solv)n and Cu(pmiso).(solv)n MOFs. However, 

Cu(pyiso).(solv)n MOF can provide 51.9 % free space from the overall calculated volume after 

removing the solvent guest molecules (figure 1.28). 

 
Figure 1.27: (a) Cu(ison).(solv)n and Cu(nica).(solv)n MOFs Kagome structure, (b) 5-

(isonicotinamido)isophthalic acid (H2-ison), 5-(nicotinamido)isophthalic acid (H2-nica) organic 

linkers. (c) Hourglass shape structure channels [205]. Reproduced by permission from the Royal 

Society of Chemistry.  
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Figure 1.28: (a) Square lattice metal-organic frameworks layers. (b) 5-(Pyridine-4-ylamino)-

isophthalic acid (H2-pyiso), 5-(pyridin-3-ylamino)isophthalic acid (H2-pyaiso) and 5-(pyrimidin-

5-ylamino)isophthalic acid (H2-pmiso) organic linkers. (c) Square shape channels [205]. 

Reproduced by permission from the Royal Society of Chemistry. 

Cu(ison).(solv)n and Cu(nica).(solv)n MOFs permanent porosity properties were confirmed 

by Argon gas adsorption and desorption experiments at 87 K and from 0 to 800 Torr pressure. 

Cu(ison).(solv)n MOF is a fully reversible microporous material with 1860 m2/g Langmuir surface 

area and has a 0.65 cm3/g pore volume which agrees 98.48 % with the calculated crystal structure 

pore volume. Cu(nica).(solv)n showed 1200 m2/g Langmuir surface area and had 96.29 % pore 

volume in agreement with the calculated crystal structure. On the other hand, the CO2 adsorption 

for Cu(ison).(solv)n MOF is 0.56 or 3 mmol/g in 298 K at 0.15 or 1 bar pressure, while CO2 

adsorption for Cu(nica).(solv)n MOF is 0.94 or 4.5 mmol/g under the same conditions. However, 

the two prepared MOFs showed similar nitrogen and methane gas adsorption of 0.18 and 0.9 

mmol/g at 298 K and 1 bar pressure, while ethane and propane gas uptake for Cu(ison).(solv)n 

MOF is 5.21 and 5.99 mmol/g are higher than 4.31 and 4.77 mmol/g for Cu(nica).(solv)n MOF at 

1 bar pressure and 298 K [205]. 

 In 2015 Zhang and co-workers [204] reported porosity and gas sorption experiments on 

[(Cu4O0.27Cl0.73)3(H0.5btt)8] (Cu-MOF1'). Gas sorption experiments were performed at 77 K for 

hydrogen, nitrogen, and oxygen gases. The synthesised Cu-MOF1 was immersed in CH3OH for 

24 hours to remove any guest molecules and washed by fresh methanol five times, then heated 
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under vacuum at 393 K overnight to produce the de-solvated Cu-MOF1'. Hydrogen gas adsorption 

experiment results indicated that the Cu-MOF1' shows fully reversible gas uptake of 1.44 weight 

at 1.05 bar and has 226.58 m2/g Langmuir surface area. Oxygen and nitrogen absorption 

measurements of Cu-MOF1' displayed micro-mesoporous material properties with 736 m2/g and 

1223.04 cm2/g for BET and Langmuir surface areas (figure 1.29). 

 
Figure 1.29: Cu-MOF1' adsorption/desorption experiments uptake for oxygen and nitrogen gases 

at 77 K [204]. Reproduced by permission from the Royal Society of Chemistry Publishing.  

1.5 Coordination polymers based on bis-pyridyl ligands. 

In 2012, T. Jacobs and M. J. Hardie [208] reported five new homoleptic metal-organic 

frameworks based on Fe(BF4)2.6H2O, CoCl2.6H2O, Cu(NO3)2.2.5H2O, Zn(NO3)2.6H2O or 

Cd(NO3)2.4H2O and the new ligand N,N’-bis(pyridin-4-yl)-2,2’-bipyridine-5,5’-dicarboxamide 

(2,2-bpbi). The new organic ligand synthesis process involved two steps. The first step was 

oxidation of 5,5’-dimethyl-2,2’-bipyridine to 5,5’-dicarboxylic acid-2,2’-bipyridine by potassium 

dichromate in sulfuric acid. The second synthesis step involved the addition of thionyl chloride to 

convert the prepared 2,2’-bipyridine-5,5’-dicarboxylic acid to acid chloride form. Then, treatment 

with 4-aminopyridine to produce the new organic linker (figure 1.30). Jacobs synthesised three-

dimensional metal-organic frameworks in general formula {[M5(2,2-bpbi)6]}∞ where M= Cu(II), 

Zn(II) or a mixture of Fe(II) and Cu(II) ions, in addition to {[Co(2,2-bpbi)Cl2].DMF}∞ and 

{Cd(2,2-bpbi)(NO3)2}∞ two-dimensional sheets. 

{[Cu5(2,2-bpbi) 6]∞.(NO3)10.(H2O)18}∞ MOF was obtained by solvent diffusion process of 

the metal salt precursor and the organic ligand in DMF with diethyl ether as an antisolvent at 

ambient temperature to produce the new MOF blue-purple crystals after one week. Furthermore, 
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the same procedure was followed to produce {[Zn5(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ and 

{[FexCuy(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ MOFs (x+y= 5). {[Cu5(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ 

MOF crystal structure was solved in body centred space group I432 and shows two separate 

copper(II) octahedral coordination centres. Cu(1) coordination centre is coordinated to three 

different ligands by nitrogen atoms of 2,2-bipyridine rings (Cu1-N= 2.117(2) Å). Whereas Cu(2) 

coordination centre is coordinated to four equatorial 4-pyridyl rings from four different ligand 

molecules (Cu-N= 2.011(2) Å) and two axial water molecules (Cu-O= 2.309(4) or 2.760(5) Å) to 

produce Cu(2) distorted octahedral coordination centre (figure 1.31). After symmetrical expansion 

{[Cu5(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ MOF shows a three-dimensional open network structure 

(figure 1.32). 

 
Figure 1.30: Crystal structure of N,N’-bis(pyridin-4-yl)-2,2’-bipyridine-5,5’-dicarboxamide 

ligand [208]. 

 
 

Figure 1.31: (left) Cu1 octahedral coordination environment. (right) Cu2 octahedral coordination 

environment [208]. 
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Figure 1.32: {[Cu5(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ MOF three-dimensional open network 

structure [208]. 

{[Zn5(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ and {[FexCuy(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ 

MOFs are isostructural with {[Cu5(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ MOF. Zn(II)-MOF also shows 

two Zn(II) coordination centres. Zn(1) ion is coordinated to three different (2,2-bpbi) ligand 

molecules by nitrogen atoms of 2,2-bipyridine rings (Zn1-N1= 2.157(3) Å) to produce Zn(II) 

octahedral coordination centre. Whereas Zn(2) is coordinated to four equatorial 4-pyridyl rings 

from four different (2,2-bpbi) ligands (Zn2-N13= 2.182(3) Å) and two axial water molecules (Zn2-

O3= 2.209(7) Å) or (Zn2-O4= 2.231(16) Å) to produce Zn(II) distorted octahedral coordination 

centre. 

Fe(II) ions in {[FexCuy(2,2-bpbi)6]∞.(NO3)10.(H2O)18}∞ MOF are coordinated to three (2,2-

bpbi) ligand molecules by nitrogen atoms of 2,2ʹ-bipyridine rings to produce Fe(II) octahedral 

coordination centre (Fe-N1= 2.114(2) Å) (figure 1.33). On the other hand, Cu(II) ion is coordinated 

to four 4-pyridyl rings from four different (2,2-bpbi) molecules and two axial water molecules 

Cu2-N1= 2.040(2), Cu2-O3= 2.724(5) and Cu2-O4= 2.465(4) Å to produce Cu(II) distorted 

octahedral coordination centre (figure 1.33). 
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 Figure 1.33: (left) Fe(II) octahedral coordination centre in{[FexCuy(2,2-

bpbi)6]∞.(NO3)10.(H2O)18}∞ MOF, (right) Cu(II) octahedral coordination centre in {[FexCuy(2,2-

bpbi)6]∞.(NO3)10.(H2O)18}∞ MOF [208]. 

Co(II) ions in {[Co(2,2-bpbi)Cl2].DMF}∞ MOF are coordinated to three different (2,2-

bpbi) ligand molecules by nitrogen atoms of pyridyl rings and two chloride ions in cis arrangement 

to produce Co(II) distorted octahedral coordination centre (figure 1.34). The resultant crystal 

structure shows coordination bond lengths of 2.217(2) and 2.188(2) Å between Co(II) and 2-

pyridyl rings. In addition to 2.441(7) and 2.445(7) Å between Co(II) and Cl- ions and 2.238(19) or 

2.216(2) Å between Co(II) and 4-pyridyl rings. After symmetry expansion {[Co(2,2-

bpbi)Cl2].DMF}∞ MOF shows two-dimensional square lattice structure that has 13.099 × 11.925 

Å sides and 18.239 × 16.306 Å diagonals between Co(II) coordination centres (figure 1.35). 

Moreover, the resulted two-dimensional square lattice is packing with other 2D networks to 

produce a two-fold interpenetrating structure (figure 1.35). 

 

Figure 1.34: Co(II) ion in {[Co(2,2-bpbi)Cl2].DMF}∞ MOF coordination environment [208]. 
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Figure 1.35: (left) {[Co(2,2-bpbi)Cl2].DMF}∞ MOF 2D network. (right) Interpenetrating of 

{[Co(2,2-bpbi)Cl2].DMF}∞ MOF 2D networks [208]. 

 {Cd(2,2-bpbi)(NO3)2}∞ two-dimensional coordination polymer crystal structure was 

solved in monoclinic space group P21 and shows one Cd(II) ion on a general position, two 

coordinated nitrate ions and one (2,2-bpbi) ligand molecule per asymmetric unit (figure 1.36). 

Cd(II) ion is coordinated to one (2,2-bpbi) ligand molecule by its 2,2-bipyridyl rings (Cd-N= 

2.340(2)-2.467(4) Å), two other (2,2-bpbi) molecules by 4-pyridyl rings (Cd-N= 2.234(4) or 

2.306(4) Å) and two nitrate molecules (Cd-O= 2.412(3)-2.455(3) Å) to produce Cd(II) distorted 

pentagonal bipyramid coordination centre (figure 1.36). Moreover, the resulted two-dimensional 

coordination network shows 12.784 Å sides and 19.029 × 14.922 Å diagonals between Cd(II) 

centres (figure 1.37). 

  

Figure 1.36: (left) {Cd(2,2-bpbi)(NO3)2}∞ MOF asymmetric unit of the crystal structure, (right) 

Cd(II) pentagonal bipyramid coordination centre [208]. 
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Figure 1.37: {Cd(2,2-bpbi)(NO3)2}∞ MOF two-dimensional networks [208]. 

A three-dimensional metal-organic framework based on zinc(II) nitrate hexahydrate, 

isophthalate (iso) and N,N’-bis(pyridin-4-yl)-2,2’-bipyridine-5,5’-dicarboxamide (2,2-bpbi) was 

reported in 2012 by Jacobs and co-workers [209]. The [Zn(iso)(2,2-bpbi)].2(DMF) MOF synthesis 

process involved dissolving equivalent molar ratio of the starting materials in DMF and elevating 

the temperature to produce crystals large enough and suitable for single crystal X-ay analysis. The 

resulted MOF yellow crystals have a novel network topology and uncoordinated 2,2-bipyridine 

groups that can use as post-synthetic modification material. The divalent zinc cation is coordinated 

to two bridging isophthalate molecules behave as monodentate ligands (Zn-O= 1.987(7) Å). In 

addition to two coordinated N,N’-bis(pyridin-4-yl)-2,2’-bipyridine-5,5’-dicarbox-amide ligands 

through the nitrogen atoms of 4-pyridyl rings (Zn-N= 2.062(7) Å) to produce Zn(II) tetrahedral 

coordination centres (figure 1.38). 

The bridging isophthalate anions and the divalent zinc cation centres generate a spiral chain 

on the three-fold screw axis, where the monodentate ligands are creating a planar structure with 

their aromatic rings all perpendicular, and each resulting chain is surrounded by three other spiral 

chains (figure 1.38). The 2,2,-bipyridine of (2,2-bpbi) ligand did not coordinate to the Zn(II) ion 

and this site can be metallated a post-synthesis modification process. [Zn(iso)(2,2-bpbi)].2(DMF) 

MOF the post-modification process involved soaking the MOF resultant crystals into copper(II) 

chloride or copper(II) tetrafluoroborate DMF solutions for 21 days to obtain [ZnCu1/3(iso)(2,2-

bpbi)]·1/3Cl·[CuCl2]0.3.n(DMF) MOF as yellow crystals (figure 1.39). Moreover, the single crystal 

analysis result shows a distorted tetrahedral structure for copper(I) and (II) coordination centres 

(Cu-N= 2.066 Å) (figure 1.39). 
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Figure 1.38: (a) Zn(II) tetrahedral coordination centres. (b) [Zn(iso)(2,2-bpbi)].2(DMF) MOF 

spiral chain surrounded by three other spiral chains [209]. Reproduced by permission of John 

Wiley and Sons. 

 

Figure 1.39: (a) [Zn(iso)(2,2-bpbi)].2(DMF) MOF crystal structures showing non-coordinating 

2,2-bipy sites. (b) [ZnCu1/3(iso)(2,2-bpbi)]·1/3Cl·[CuCl2]0.3.n(DMF) MOF coordination 

environment [209]. Reproduced by permission of John Wiley and Sons. 

a b 

b 
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1.6 Conclusion 

In conclusion coordination polymers and metal-organic frameworks are hybrid inorganic-

organic compounds resulted from the self-assembly process of organic ligand/ligands with the 

metal ion or metal ion clusters by solvent or solvent-free synthesis [1-15]. CPs can be classified 

according to their organic linker/linkers and metal ions extending to 1D, 2D or 3D. Multi-pyridyl, 

carboxylate or pyridyl and carboxylate organic ligands are promising ligand systems in 

coordination polymers synthesis and that may due to their stability, synthesis methods and cost 

efficiency [114, 155, 156]. Coordination polymers have a great attention because of their high 

thermal stability [20-29], chemical bonding and physical interactions [50-59] and architecture 

systems [40-49]. These unique properties lead to a wide range of possible application in chemical 

catalysis [6, 16, 94-101], gas or liquid storage and separation [102-114], luminacins [124-133], 

spin crossover [115-123] and drug delivery [144-153]. Three-dimensional coordination polymers 

(MOFs) are the most interesting class of coordination polymers and that could be indicated by 

increasing publications number per year [17]. MOFs are interesting materials because of their 

synthesis methods, stability, resulted in structures, porosity and the high surface areas that they 

can provide for guest molecules [164]. 

1.7 Project aims 

The project main aim is the design, synthesis, and characterisation of new flexible ligand 

systems based on primary amine and pyridyl compounds, for example, p-phenylenediamine, 2,5-

dimethyl-benzene-1,4-diamine, 3-pyridinecarboxaldehyde or 4-pyridinecarboxaldehyde and their 

self-assembly with metal cations to produce novel homoleptic coordination polymers, metal-

organic frameworks or cage systems. Furthermore, the self-assembly process of the novel bis-

pyridyl ligands with rigid dicarboxylic acids, and metal ions to obtain novel heteroleptic 

coordination polymers and metal-organic frameworks. The new CPs or MOFs will be 

characterised by standard and suitable methods such as single X-ray analysis, powder X-ray 

analysis diffraction, IR analysis, and micro elemental-analysis. Then, utilised in gas 

adsorption/desorption, liquids storage or separation; spin crossover, chemical catalysis, and host 

chemistry. 
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N,N'-Bis-pyridin-3-ylmethyl-benzene-1,4-diamine (L1) coordination polymers and 

metal-organic frameworks 

2.1 Introduction 

Coordination polymers (CPs) have a great attention and play an important role in the 

development of coordination chemistry applications fields, for example, chemical catalysis [1-

8], host chemistry [9-14] and gas absorption-desorption materials [15-22]. CPs important role 

might due to the high stability [23-29], synthesis methods [30-35] or resulted in architectures 

[30, 36-40]. Ligands based on 3-pyridyl, homocyclic or heterocyclic substituted compounds 

are common in coordination polymers and widely investigated over the past years [41-50]. 3-

Pyridyl organic ligands are common because of the strong chelating properties, cost-efficiency, 

resulted in structures and possible applications [41-50]. 3-Pyridyl organic ligands may be 

utilised in different CPs applications fields, such as nanochemistry [35, 51-54], 

photoluminescence [55-57], computational chemistry and electrochemical studies [55-61]. 

The present chapter reports the synthesis and characterisation of the new ligand N,N'-

bis-pyridin-3-ylmethyl-benzene-1,4-diamine (L1) and its reaction with MnCl2.4H2O, 

FeCl3.6H2O, CoCl2.6H2O, CuCl2.2H2O, Zn(NO3)2.6H2O, Cd(NO3)2.4H2O, isophthalic acid 

(H2-isoph) or benzene-1,4-dicarboxylic acid (H2-bdc) to produce a series of new coordination 

polymers and metal-organic frameworks. Self-assembly of L1 with Mn(II), Fe(III), Co(II), 

Cu(II), Zn(II) or Cd(II) metal salts in methanol or in a mixture of methanol and 

dichloromethane at room temperature produced ([Mn0.5(L1)Cl].MeOH)n (1), 

([Fe0.5(L1)Cl].MeOH)n (2), ([Co0.5(L1)Cl].MeOH)n (3) and ([Cu(L1)Cl]∙CH2Cl2)n (4) one-

dimensional polymers; ([Zn(L1)(H2O)2].NO3)n (5) and ([Cd(L1)2(NO3)2])n (6) two-

dimensional polymers. On the other hand, solvothermal reaction of L1 ligand, Cd(II) nitrate, 

isophthalic acid or benzene-1,4-dicarboxylic acid in N,N-dimethylformamide (DMF) at 115 °C 

produced ([Cd(L1)0.5(isoph)(DMF)])n (7) or ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n (8) MOFs. 

L1 shows bent L-shape for compounds 1-4, bent U-shape for compound 5 and bent S-

shape for compounds 6-8. Compounds 1-4 are homoleptic CPs with one-dimensional open 

channels occupied by methanol guest molecules (compounds 1-3) or dichloromethane 

(compound 4). Compounds 5 and 6 are homoleptic two-dimensional CPs and display M-shape 

or rhombic cavities that occupied by nitrate molecules for compound 5 and Cd(II) coordination 

centres for compound 6. Compounds 7 and 8 are heteroleptic three-dimensional coordination 

polymers with no open channels along the three axes because of L1 ligand bent S-shape and 

isoph2- or bdc2- coordination angles. 
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2.2 Experimental 

2.2.1 Materials and instrumentation 

 All chemicals were supplied by Sigma-Aldrich, Aldrich, VWR Chemicals, Acros 

Organics, Euriso-Top, Fisher Scientific and Thomas Baker companies and used without further 

purification. Elemental microanalyses were performed at the micro-analysis laboratory at the 

University of Leeds or at London Metropolitan University. FTIR spectra were recorded as 

solid-state samples on Perkin-Elmer FTIR spectrometer. Mass spectra were recorded by using 

UltiMate 3000 spectrometer. 1H NMR and 13C{1H} NMR spectra were acquired in DMSO-d6 

solution using a Bruker DPX 300 MHz spectrometer or a Bruker AscendTM 400 MHz 

spectrometer. Single crystal X-ray structures were obtained from an Agilent SuperNova single 

crystal X-ray diffractometer at 120 K. Powder X-ray patterns were obtained from a D2-Phaser 

Burker powder X-ray diffractometer. 

2.2.2 Synthesis of N,N'-bis-pyridin-3-ylmethylene-benzene-1,4-diamine (aL) 

3-Pyridinecarboxaldehyde (1.96 g, 

18.4 mmol) was dissolved in ethanol (50 

ml) and added dropwise to p-

phenylenediamine (1 g, 9.2 mmol) in 

ethanol (50 ml) and heated at reflux for 5 

hours at 70 °C. The solvent was evaporated under vacuum to result in a yellow solid product. 

The product was washed with acetone and dried under vacuum to form 2.4 g, 91 % yield of the 

prepared ligand aL, mp= 172 ºC. 1H NMR (400 MHz, DMSO-d6) δ(ppm): 9.09 (dd, 2H, F, J= 

2.2, 0.9 Hz); 8.80 (s, 2H, E); 8.72 (dd, 2H, D, J= 4.8, 1.7 Hz); 8.34 (dt, 2H, C, J= 7.9, 2.0 Hz); 

7.57 (dd, 2H, B, J= 7.9, 4.8 Hz) and 7.43 (s, 4H, A); 13C{1H} NMR (101 MHz, DMSO-d6) 

δ(ppm): 158.59, 152.41, 150.91, 149.74, 135.43, 132.07, 124.55 and 122.67; ESI-MS: m/z 287 

{M+H}+. IR (solid state): 𝜈̅ (cm-1) 3023, 2884, 1617 and 1567. Microanalysis found: C, 74.90; 

H, 5.10; N, 19.60 %, calculated for C18H14N4: C, 75.50; H, 4.93; N, 19.57 %.  

2.2.3 Synthesis of N,N'-bis-pyridin-3-ylmethyl-benzene-1,4-diamine (L1) 

Sodium borohydride (2 g, 54 mmol) 

was added gradually to a pale yellow 

methanolic solution (250 ml) containing aL 

ligand (2.5 g, 8.7 mmol) at room temperature 

and left stirring overnight. The solvent was 

evaporated under vacuum, and the resulted powder was dissolved in deionized water (300 ml) 

NNN N

A

B

C

D

E

F



Chapter Two 

55 

 

with the addition of aqueous 1M HCl solution. Then, the reaction pH was increased to pH 12 

by aqueous 2M sodium hydroxide solution. Subsequently, the ligand was precipitated from the 

basic solution, filtered, washed by water 4×100 ml, and dried under vacuum to result in 2.2 g, 

87 % yield of L1, mp= 183 ºC. 1H NMR (300 MHz, DMSO-d6) δ(ppm): 8.55 (dd, 2H, G, J= 

2.2, 0.9 Hz); 8.41 (dd, 2H, F, J= 4.8, 1.7 Hz); 7.71 (dt, 2H, E, J= 7.8, 2.0 Hz); 7.31 (ddd, 2H, 

D, J= 7.8, 4.8, 0.8 Hz); 6.43 (s, 4H, C); 5.46 (t, 2H, B, J= 6.2 Hz) and 4.16 (d, 4H, A, J= 5.9 

Hz); 13C{1H} NMR (75 MHz, DMSO-d6) δ(ppm): 148.90, 147.73, 139.84, 136.12, 135.01, 

123.28, 113.94 and 45.15 ; ESI-MS: m/z 291 {M+H}+. IR (solid state): 𝜈̅ (cm-1) 3235, 3022, 

2883, 1633 and 1510. Microanalysis found: C, 69.30; H, 6.40; N, 18.30 %, calculated for 

C18H18N4.H2O: C, 70.11; H, 6.54; N, 18.17 %. 

2.2.4 Synthesis of ([M0.5(L1)Cl].MeOH)n one-dimensional polymers (1-3) 

A solution of L1 (30 mg, 0.1 mmol) in methanol (4 ml) was added dropwise to 

MnCl2.4H2O, FeCl3.6H2O or CoCl2.6H2O (19 mg, 27 mg or 23 mg, 0.1 mmol) solutions in 

methanol (3 ml). The reaction vials were heated for a few seconds, sealed and left standing to 

give 41, 38 or 34 mg of ([Mn0.5(L1)Cl].MeOH)n (1), ([Fe0.5(L1)Cl].MeOH)n (2) or 

([Co0.5(L1)Cl].MeOH)n (3) yellow or yellow reddish crystals after a few days. IR (solid state) 

for compound 1: 𝜈̅ (cm-1) 3322, 3050, 2820, 1599, 1517 and 519. IR (solid state) for compound 

2: 𝜈̅ (cm-1) 3330, 3017, 2820, 1598, 1516 and 511. IR (solid state) for compound 3: 𝜈̅ (cm-1) 

3347, 3025, 2814, 1600, 1514 and 510. Microanalysis found: C, 60.32; H, 4.87; N, 15.68 %, 

calculated for ([Mn(L1)2Cl2].MeOH)n: C, 60.17; H, 5.46; N, 15.17 %. Found: C, 58.51; H, 

5.40; N, 15.37 %, calculated for ([Fe(L1)2Cl2].2H2O)n: C, 58.16; H, 5.42; N, 15.07 %. Found: 

C, 59.98; H, 5.31; N, 15.55 %, calculated for ([Co(L1)2Cl2].MeOH)n: C, 59.84; H, 5.43; N, 

15.09 %. 

2.2.5 Synthesis of ([Cu(L1)Cl].CH2Cl2)n one-dimensional polymer (4) 

A pale yellow solution of the ligand (L1) (30 mg, 0.1 mmol) in dichloromethane (DCM) 

(5 ml) was added dropwise to a vial containing CuCl2.2H2O (17 mg, 0.1 mmol) solution in 

methanol (4 ml). The reaction vial was heated for a few seconds, sealed and left to stand at 

room temperature to result in ([Cu(L1)Cl].CH2Cl2)n yellow reddish crystals (32 mg) after five 

weeks. IR (solid state): 𝜈̅ (cm-1) 3322, 3052, 1602, 1515 and 511. Microanalysis found: C, 

44.26; H, 3.21; N, 11.13 %, calculated for ([Cu(L1)Cl2].CH2Cl2)n: C, 44.77; H, 3.95; N, 10.99 

%. 
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2.2.6 Synthesis of ([Zn(L1)(H2O)2].NO3)n two-dimensional polymer (5) 

A solution of the ligand (L1) (30 mg, 0.1 mmol) in methanol (4 ml) was added dropwise 

to a vial containing Zn(NO3)2.6H2O (29 mg, 0.1 mmol) in methanol (3 ml). Then, the reaction 

vial was heated for a few seconds, sealed and left to stand at room temperature to result in 

([Zn(L1)(H2O)2].NO3)n pale yellow crystals (33 mg) after six weeks. IR (solid state): 𝜈̅ (cm-1) 

3400-3000, 3397, 3354, 3050, 1604, 1515, 645 and 521. Microanalysis found: C, 53.61; H, 

5.22; N, 17.25 %, calculated for ([Zn(L1)2(H2O)2].2NO3)n: C, 53.64; H, 5.00; N, 17.38 %. 

2.2.7 Synthesis of ([Cd(L1)2(NO3)2])n two-dimensional polymer (6) 

A solution of the ligand (L1) (30 mg, 0.1 mmol) in methanol (4 ml) was added dropwise 

to a vial containing Cd(NO3)2.4H2O (30 mg, 0.1 mmol) in methanol (3 ml). Then, the reaction 

vial was heated for a few seconds, sealed and left stand at room temperature to result in 

([Cd(L1)2(NO3)2])n pale yellow crystals (35 mg) after one week. IR (solid state): 𝜈̅ (cm-1) 3295, 

3009, 2915, 1602, 1584, 527 and 420. Microanalysis found: C, 51.69; H, 4.63; N, 16.50 %, 

calculated for ([Cd(L1)2(NO3)2].H2O)n: C, 51.77; H, 4.59; N, 16.77 %. 

2.2.8 Synthesis of ([Cd(L1)0.5(isoph)(DMF)])n MOF (7) 

A pale yellow solution of the ligand (L1) (29 mg, 0.1 mmol) and isophthalic acid (H2-

isoph) (16 mg, 0.1 mmol) in N,N-dimethylformamide (DMF) (4 ml) was added dropwise to a 

vial containing Cd(NO3)2.4H2O (30 mg, 0.1 mmol) colourless solution in DMF (3 ml). Then, 

the reaction vial was sealed and placed in a thermal block and left for solvothermal reaction at 

115 °C to result in ([Cd(L1)0.5(isoph)(DMF)])n (45 mg) pale yellow crystals after 24 hours. IR 

(solid state): 𝜈̅ (cm-1) 3365, 3068, 2932, 1643, 1598, 1556, 1368, 518 and 437. Microanalysis 

found: C, 48.02; H, 4.19; N, 8.98 %, calculated for ([Cd2(L1)(isoph)2(DMF)2])n: C, 48.55; H, 

4.07; N, 8.49 %. 

2.2.9 Synthesis of ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF (8) 

A solution of the ligand (L1) (29 mg, 0.1 mmol) and benzene-1,4-dicarboxylic acid 

(H2-bdc) (16 mg, 0.1 mmol) in DMF (4 ml) was added dropwise to a vial containing a colorless 

solution of Cd(NO3)2.4H2O (30 mg, 0.1 mmol) in DMF (3 ml). Then, the reaction vial was 

sealed and placed in the thermal block and left for solvothermal reaction at 115 °C to result in 

([Cd1.5(L1)0.5(bdc)1.5(DMF)])n (48 mg) pale yellow crystals after 24 hours. IR (solid state): 𝜈̅ 

(cm-1) 3401, 3048, 2927, 1648, 1551, 1510, 1366, 522 and 413. Microanalysis found: C, 43.82; 

H, 3.97; N, 6.50 %, calculated for ([Cd1.5(L1)0.5(bdc)1.5(DMF)].H2O)n: C, 44.23; H, 3.68; N, 

6.45 %. 
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2.3 Crystallography experimental 

Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 120(1) K 

using an OxfordCryosystems low temperature device. X-ray diffraction data were collected 

using Cu-Ka (λ= 1.54184 Å) radiation using an Agilent Supernova dual-source diffractometer 

with Atlas S2 CCD detector and fine-focus sealed tube generator. Structures were solved by 

charge flipping methods using SUPERFLIP or by direct methods using SHELXS, and refined 

by olex2.refine, ShelXL or by full-matrix least-squares on F2 using SHELXL. All non-

hydrogen atoms were refined as anisotropic, and hydrogen positions were included at 

geometrically estimated positions. Summary of data collections and refinements are given in 

tables 2.15, 2.16 and 2.17. Further details of refinements are given below [62-66]. 

2.4 Results and discussion 

2.4.1 Synthesis of N,N'-bis-pyridin-3-ylmethylene-benzene-1,4-diamine (aL) 

aL ligand was reported for the first time in 1981 by Grasso and co-workers [61] and 

then by Aragoni et al. [67-71]. The ligand was synthesised via its imine according to scheme 

2.1. The FTIR spectrum of the free ligand displayed differences in comparison with starting 

materials spectrums. The most important to note is bands disappearing at 1720 cm-1, 3409 cm-

1 and 3371 cm-1 that are due to aldehyde or amine groups of 3-pyridinecarboxaldehyde and p-

phenylenediamine starting materials respectively [72-73]. Furthermore, appearance of new 

band at 1567 cm-1 [72-74], which is due to the imine group formation in comparison with 

starting materials spectra. These changes provide strong evidence of Schiff base formation [75-

77]. The 1H NMR spectrum of the prepared ligand shows disappearance of the aldehyde peak 

at δ 10.11 ppm and the amine peak at δ 4.18 ppm for 3-pyridinecarboxaldehyde and p-

phenylenediamine starting materials. Moreover, the free ligand 1H NMR spectrum shows a 

new singlet peak at δ 8.80 ppm at typical chemical shift for azomethine group (figure 2.1) [74, 

78-80]. 13C{1H} NMR spectrum for aL ligand shows disappearance of the aldehyde group peak 

at δ 192 ppm and appearance of the imine peak at δ 158.59 ppm (figure 2.2) [72-74, 81]. 
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Scheme 2.1: Synthesis of N,N'-bis-pyridin-3-ylmethylene-benzene-1,4-diamine (aL). 

 

Figure 2.1: 1H NMR (400 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-3-ylmethylene-

benzene-1,4-diamine (aL).  
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Figure 2.2: 13C{1H} NMR (101 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-3-

ylmethylene-benzene-1,4-diamine (aL).  

2.4.2 Synthesis of N,N'-bis-pyridin-3-ylmethyl-benzene-1,4-diamine (L1) 

The new ligand L1 was prepared by reduction of N,N'-bis-pyridin-3-ylmethylene-

benzene-1,4-diamine in methanol solution by NaBH4 for 12 hours according to scheme 2.2 [82, 

83]. The FTIR spectrum of the free ligand shows bands changing in comparison with aL ligand 

spectrum. The most important to note is the band disappearing at 1567 cm-1 which is due to the 

imine group and appearance of the new band at 3235 cm-1 which is due to the secondary amine 

group formation [73, 74]. These changes provide strong evidence of Schiff base reduction and 

formation of the secondary amine compound. 1H NMR spectrum of the prepared ligand shows 

disappearance of the imine peak at δ 8.80 ppm and appearance of methylene and secondary 

amine functional group peaks at δ 4.16 ppm and at δ 5.46 ppm (figure 2.3) [73, 74, 80]. 13C{1H} 

NMR spectrum shows a new peak at δ 45.15 ppm which is due to methylene functional group 

formation and disappearing of the imine group at δ 158.59 ppm (figure 2.4) [74]. 
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Scheme 2.2: Synthesis of N,N'-bis-pyridin-3-ylmethyl-benzene-1,4-diamine ligand (L1). 

   

Figure 2.3: 1H NMR (300 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-3-ylmethyl-

benzene-1,4-diamine (L1). 
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Figure 2.4: 13C{1H} NMR (75 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-3-ylmethyl-

benzene-1,4-diamine (L1). 

2.4.3 Synthesis of new 1-8 CPs 

The reaction of L1 ligand with MnCl2.4H2O, FeCl3.6H2O, CoCl2.6H2O, CuCl2.2H2O, 

Zn(NO3)2.6H2O, Cd(NO3)2.4H2O, isophthalic acid or benzene-1,4-dicarboxylic acid produced 

a series of new coordination polymers ([Mn0.5(L1)Cl].MeOH)n (1), ([Fe0.5(L1)Cl].MeOH)n (2), 

([Co0.5(L1)Cl].MeOH)n (3) and ([Cu(L1)Cl]∙CH2Cl2)n (4) one-dimensional polymers. 

([Zn(L1)(H2O)2].NO3)n (5) and ([Cd(L1)2(NO3)2])n (6) two-dimensional polymers; 

([Cd(L1)0.5(isoph)(DMF)])n (7) and ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n (8) three-dimensional 

polymers. Compounds 1-6 were obtained from self-assembly process in methanol or in a 

mixture of methanol and dichloromethane at room temperature. Whereas compounds 7 and 8 

were synthesised by solvothermal reaction in DMF at 115 °C. The resultant crystals of 1-6 are 

soluble and decomposed to starting materials in hot MeOH, EtOH, MeCN and DCM, or in 

DMSO, DMF and CHCl3 at room temperature. On the other hand, compounds 7 and 8 crystals 

are insoluble in common organic and inorganic solvents. Therefore, compounds 1-8 were 

characterised as solid materials by single crystal X-ray analysis, powder X-ray analysis, 

microanalysis of the elements and FTIR analysis. 

IR spectra for complexes 1-3 shows main peaks between 3347-3322, 3050-3017, 2820-

2814, 1600-1598 and 1517-1514 cm-1 due to νN-H, νC-HAr, νC-HAl, νC=C and νC-N functional 
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groups [72-74, 84]. Complexes spectra also showed new bands between 519-510 cm-1 due to 

νM-N coordination bond [84, 85]. FTIR spectrum for complex 4 shows main bands at 3322, 

3052, 1602, 1515 and 511 cm-1 due to νN-H, νC-HAr, νC=C, νC-N and νM-N functional groups 

and coordination bond [72-74, 79, 86]. The IR spectrum of complex 5 display main peaks at 

3400-3000, 3397, 3354, 3050, 1604, 1515, 645 and 521cm-1 due to νO-H, νN-H, νC-HAr, νC=C, 

νC-N, νM-N and νM-O functional groups and coordination bonds [74, 84]. Compound 6 IR 

spectrum display main bands at 3295, 3009, 2915, 1602, 1584, 527 and 420 cm-1 due to νN-H, 

νC-HAr, νC-HAl, νC=C, νC-N, νM-N and νM-O functional groups and coordination bonds [72-

74, 79, 87]. Complexes 7 and 8 IR spectra show main bands between 3401-3365, 3068-3048, 

2932-2927, 1648-1643, 1598-1551, 1556-1510, 1368-1366, 522-518 and 437-413 cm-1 due to 

νN-H, νC-HAr, νC-HAl, νC=O, νC=C, νC-N, νCH3, νM-N and νM-O functional groups and 

coordination bonds [73, 74, 84, 85]. 

2.5 Crystal structures 

2.5.1 Crystal structure of the new ligand N,N'-bis-pyridin-3-ylmethyl-benzene-1,4-

diamine (L1) 

N,N'-Bis-pyridin-4-ylmethyl-benzene-1,4-diamine was synthesised and characterised 

as discussed in sections 2.2.3 and 2.4.2. The ligand was dissolved in dichloromethane and left 

to evaporate slowly to afford yellow single crystals after 24 hours. A suitable crystal was 

selected for structure determination by X-ray diffraction. The structure was solved in the 

monoclinic space group P21/c [62-66]. The asymmetric unit shows half of L1 ligand molecule 

(figure 2.5), and after symmetry expansion, the ligand shows torsion angle of -178.20(16) ° 

between the phenyl and 3-pyridyl rings. The ligand crystal structure also shows 3.819 Å 

distance between 3-pyridyl rings in the crystal lattice that due to π-π stacking interaction (figure 

2.6). Selected bond lengths, angles and torsion angles for L1 ligand are listed in tables 2.1 and 

2.2. 

 

Figure 2.5: N,N'-Bis-pyridin-3-ylmethyl-benzene-1,4-diamine asymmetric unit of the crystal 

structure. Ellipsoids shown at 50 % probability levels. 
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Figure 2.6: Crystal structure of L1 shows torsion angle of -178.20(16) ° between the phenyl 

and 3-pyridyl rings, 3.819 Å distance between L1 ligand molecules that due to π-π stacking 

interaction. 

Table 2.1: Selected bond lengths (Å) and angles (°) for L1 ligand. 

N1-C1 1.344(3)  C1-C2-C3 118.76(17) 

C1-C2 1.381(3)  C2-C3-C4 119.34(17) 

C2-C3 1.381(2)  C3-C4-C5 117.10(17) 

C3-C4 1.395(3)  C4-C5-N1 124.68(17) 

C4-C5 1.390(2)  C5-N1-C1 116.54(15) 

C5-N1 1.347(2)  C4-C6-N2 110.61(14) 

C4-C6 1.507(2)  C6-N2-C7 117.37(14) 

N2-C6 1.458(2)  N2-C7-C8 123.39(14) 

N2-C7 1.407(9)  C7-C8-C9 120.70(16) 

C7-C8 1.396(3)  C3-C4-C6 120.90(16) 

C8-C9 1.392(2)  C5-C4-C6 121.99(16) 

N1-C1-C2 123.53(16)   

Table 2.2: Selected torsion angles (°) for L1 ligand. 

N2-C7-C8-C9 178.88(18) 

C2-C3-C4-C6 -179.73(17) 

C3-C4-C6-N2 74.2(2) 

C5-C4-C6-N2 -106.4(2) 

C6-N2-C7-C8 13.2(3) 

C6-N2-C7-C91 -168.11(18) 

C7-N2-C6-C4 -178.20(16) 

 

 

 

 

3.819 Å 
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2.5.2 Crystal structures of ([M0.5(L1)Cl].MeOH)n (1-3) CPs 

Complexes 1-3 are isostructural with coordination polymer structures. Their structures 

were solved in the triclinic space group 𝑃1 [62-66] and display half of Mn(II), Fe(II) or Co(II) 

ion on an inversion centre. There is one L1 ligand molecule, one coordinated chloride ion and 

one MeOH molecule per asymmetric unit which is shown for complex 1 in figure 2.7. M2+ ions 

are coordinated to four L1 ligand molecules and show two coordination distances between 

nitrogen atoms of 3-pyridyl rings and M2+ cations (Mn-N1= 2.338(2) Å), (Mn-N4= 2.314(2) 

Å), (Fe-N1= 2.273(18) Å), (Fe-N4= 2.254(19) Å) or (Co-N1= 2.202(19) Å) and (Co-N4= 

2.222(2) Å). The divalent metals are also coordinated to two chloride ions in a trans 

arrangement to produce distorted octahedral coordination centres (Mn-Cl1= 2.515(6) Å), (Fe-

Cl1= 2.443(5) Å) or (Co-Cl1= 2.453(6) Å). 

 In 1995 Araya and co-workers [88] reported the crystal structure of MnCl2(py)4 

complex that shows coordination bond lengths of 2.342(6), 2.341(6) and 2.514(2) Å for Mn-

N1, Mn2-N3 and Mn-Cl1 [88]. Another example based on Mn(II) chloride and pyridine-2,6-

diylbis((pyridin-3-yl)methanone was reported in 2013 by Liu [89]. Liuˈs reported complex 

shows coordination bond lengths of 2.330(18), 2.320(18) and 2.472(6) Å for Mn1-N1, Mn1-

N3 and Mn1-Cl1 [89]. ([Fe0.5(L1)Cl].MeOH)n complex was synthesised from Iron(III) but 

reduced to Fe(II) by methanol and water [90]. Complex 2 coordination bond lengths are similar 

to Karstenˈs reported crystal structure of [(bis(1,8-diazabicyclo[5.4.0]undec-7-en-8-ium)trans-

dichlorotetra(pyridine-N)iron(II)dichloride)] that shows M-N or M-Cl coordination bond 

lengths of 2.279(3), 2.273(3) and 2.406(8) Å for Fe1-N1, Fe1-N2 and Fe1-Cl1 [91]. Compound 

2 also has a good agreement with Tonˈs Fe(II) chloride and pyridine reported complex that 

shows coordination bond lengths of 2.218(7) Å for Fe1-N1 and 2.424(4) Å for Fe1-Cl1 [92]. 

The ([Co0.5(L1)Cl].MeOH)n CP shows similar coordination bond lengths in comparison with 

Kansikasˈs Co(II) chloride and 3,5-dimehtyl-pyridine reported structure that has coordination 

bond lengths of 2.455(2) Å for Co-Cl and 2.186(4) Å for Co-N [93]. In 2015 Tradin and co-

workers reported a crystal structure based on Co(II) chloride and 3-pyridinemethanol that 

shows coordination bond lengths between 2.188(13)-2.234(13) Å for Co-N, and 2.487(4) Å for 

Co-Cl [94]. 

The ligand L1 is coordinated via nitrogen atoms of 3-pyridyl rings to two different M2+ 

ions and shows torsion angles of -174.4(2) and -92.2(3) ° for compound 1, 175.0(19) and 

92.2(3) ° for compound 2 or -93.7(3) and -175.0(2) ° for compounds 3 between the phenyl and 

3-pyridyl rings to produce L1 bent-L shape between M(II) coordination centres figure 2.7 and 
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table 2.4. Each L1 ligand bridges between two Mn(II) centres to form a double bridged 

coordination chain structure (Mn-L1-Mn= 15.478 Å), (Fe-L1-Fe= 15.414 Å) and (Co-L1-Co= 

15.410 Å). L1 also shows M2L2 metallacycle motif with distances of 12.372, 12.278 or 12.306 

Å between 3-pyridyl rings and 9.123, 9.028 or 8.908 Å between phenyl rings for complexes 1-

3 figures 2.8 and 2.9. The resulted one-dimensional chains are packing in the crystal lattice to 

form one-dimensional channels occupied by methanol guest molecules (figure 2.10). The 

resulted crystal structure shows hydrogen bond interaction between methanol guest molecules 

and L1 secondary amines HN···O= 2.944, 2.940 or 2.933 Å for compound 1-3. The crystal 

structure shows another hydrogen bond interaction between the secondary amines and the 

coordinated chloride ions from different coordination chains -HN···Cl= 3.244, 3.238 or 3.234 

Å. In addition to π-π stacking interaction between 3-pyridyl rings from different coordination 

chains 3-py to 3-py= 3.961, 4.004 or 3.979 Å (figure 2.9). Powder XRD of dried samples are 

consistent with each other but do not match the calculated diffraction patterns from the single 

crystal structures. This indicates that there is a change of structure on the loss of methanol from 

these compounds. This new phase is crystalline, but the structure could not be determined as 

the materials did not stay as a single crystal on drying out. Moreover, the experimental pattern 

of complex 3 shows some amorphous materials in present (figure 2.13). 

 

Figure 2.7: ([(Mn0.5(L1)Cl].MeOH)n CP asymmetric unit of the crystal structure. Ellipsoids 

shown at 50 % probability levels. 
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Figure 2.8: ([Mn0.5(L1)Cl].MeOH)n CP rectangle cavities (Mn-L1-Mn= 15.478 Å), (Fe-L1-

Fe= 15.414 Å) or (Co-L1-Co= 15.410 Å), 9.123, 9.028 or 8.908 Å between phenyl rings. 

Hydrogen bond interaction between the secondary amines and methanol guest molecules. 

 

Figure 2.9: ([Mn0.5(L1)Cl].MeOH)n CP hydrogen bond interactions between the secondary 

amines and the coordinated chloride ions from different coordination chains, 12.372, 12.278 

or 12.306 Å between 3-pyridyl rings. π-π Stacking interaction between 3-pyridyl rings. 

π - π   

15.478 Å 
9.123 Å 

12.372 Å 

3.961 Å 
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Figure 2.10: Packing diagram of ([Mn0.5(L1)Cl].MeOH)n CP. 

Table 2.3: Selected bond lengths (Å) and angles (°) for compounds (1-3). 

(1) (2) (3) 

Mn-Cl1 2.515(6)  Fe-Cl1 2.443(5) Co-Cl1 2.453(6) 

Mn-N1 2.338(2)  Fe-N1 2.273(18)  Co-N1 2.202(19) 

Mn-N4 2.314(2)  Fe-N4 2.254(19)  Co-N4 2.222(2) 

N2-C6 1.460(3)  N2-C6 1.457(3)  N2-C6 1.445(3)  

N3-C13 1.440(3)  N3-C13 1.443(3)  N3-C13 1.457(3)  

Cl11-Mn-Cl1 180.00(3) Cl11-Fe-Cl1 180.0 Cl1-Co-Cl11 180.0 

N1-Mn-Cl11 88.29(5) N4-Fe-Cl11 88.74(5) N11-Co-Cl1 88.83(5) 

N1-Mn-Cl1 91.71(5) N4-Fe-Cl1 91.26(5) N1-Co-Cl1 91.17(5) 

N11-Mn-Cl1 88.29(5) N41-Fe-Cl11 91.26(5) N1-Co-Cl11 88.83(5) 

N11-Mn-Cl11 91.71(5) N41-Fe-Cl1 88.74(5) N11-Co-Cl11 91.17(5) 

N1-Mn-N11 180.0 N41-Fe-N4 180.0 N11-Co-N1 180.00(11) 

N4-Mn-Cl11 88.29(6) N4-Fe-N1 93.91(7) N11-Co-N4 93.83(7) 

N41-Mn-Cl1 88.29(6) N4-Fe-N11 86.09(7) N11-Co-N41 86.17(7) 

N41-Mn-Cl11 91.71(6) N41-Fe-N11 93.91(7) N1-Co-N41 93.83(7) 

N4-Mn-Cl1 91.71(6) N41-Fe-N1 86.09(7) N1-Co-N4 86.17(7) 

N4-Mn-N11 86.56(7) N11-Fe-Cl1 88.64(5) N4-Co-Cl1 88.83(5) 

N4-Mn-N1 93.44(7) N1-Fe-Cl1 91.35(5) N4-Co-Cl11 91.17(5) 

N41-Mn-N11 93.44(7) N11-Fe-Cl11 91.36(5) N41-Co-Cl1 91.17(5) 

N41-Mn-N1 86.56(7) N1-Fe-Cl11 88.65(5) N41-Co-Cl11 88.83(5) 

N41-Mn-N4 180.0 N1-Fe-N11 180.0 N4-Co-N41 180.00(4) 

C4-C6-N2 110.03(2) C4-C6-N2 109.98(2) C4-C6-N2 115.01(2) 

C6-N2-C7 118.47(2) C6-N2-C7 118.73(2) C6-N2-C7 123.00(16) 

C10-N3-C13 122.64(2) C10-N3-C13 122.66(2) C10-N3-C13 118.80(2) 

N3-C13-C14 114.76(2) N3-C13-C14 114.94(18) N3-C13-C14 110.35(2) 
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Table 2.4: Selected torsion angles (°) for compounds (1-3). 

(1) (2) (3) 

Mn-N1-C1-C2 -179.1(2) Fe-N1-C1-C2 -178.69(18) Co-N1-C1-C2 178.8(2) 

Mn-N1-C5-C4 178.4(2) Fe-N1-C5-C4 178.96(18) Co-N1-C5-C4 -178.00(18) 

Mn1-N4-C17-C16 179.7(2) Fe1-N4-C18-C14 178.18(17) Co1-N4-C17-C16 -179.05(18) 

Mn1-N4-C18-C14 -178.78(19) Fe1-N4-C17-C16 -178.99(19) Co1-N4-C18-C14 178.56(18) 

C7-N2-C6-C4 -174.4(2) C7-N2-C6-C4 175.02(19) C7-N2-C6-C4 -93.7(3) 

C10-N3-C13-C14 -92.2(3) C10-N3-C13-C14 92.2(3) C10-N3-C13-C14 -175.0(2) 

N3-C13-C14-C15 -17.5(4) N3-C10-C9-C8 180.0(2) N2-C7-C8-C9 179.8(2) 

N3-C13-C14-C18 165.3(2) C18-C14-C13-N3 -165.5(2) N2-C7-C12-C11 179.9(2) 

C3-C4-C6-N2 52.6(3) N2-C7-C8-C9 -175.2(2) N3-C10-C11-C12 175.4(2) 

C5-C4-C6-N2 -128.1(3) C11-C12-C7-N2 175.7(2) N3-C13-C14-C15 52.2(3) 

C6-N2-C7-C8 -177.5(2) C12-C11-C10-N3 -179.7(2) N3-C13-C14-C18 -128.9(2) 

C6-N2-C7-C12 6.2(4) C5-C4-C6-N2 128.5(2) C3-C4-C6-N2 -18.3(3) 

C13-N3-C10-C9 -163.8(2) C3-C4-C6-N2 -52.7(3) C5-C4-C6-N2 165.2(2) 

C13-N3-C10-C11 16.5(4) C13-N3-C10-C11 164.7(2) C6-N2-C7-C8 -163.9(2) 

C13-C14-C18-N4 176.1(2) C13-N3-C10-C9 -16.4(3) C6-N2-C7-C12 16.2(4) 

C13-C14-C15-C16 -176.6(2) C15-C14-C13-N3 17.9(3) C8-C9-C10-N3 -175.9(2) 

N3-C10-C9-C8 -179.8(2) C6-N2-C7-C12 176.9(2) C13-N3-C10-C9 -176.2(2) 

N3-C10-C11-C12 179.5(2) C6-N2-C7-C8 -6.8(3) C13-N3-C10-C11 7.0(4) 



Chapter Two 

69 

 

 

Figure 2.11: (a) Calculated powder XRD pattern of compound 1. (b) Powder XRD pattern of 

compound 1. 

 

Figure 2.12: (a) Calculated powder XRD pattern of compound 2. (b) Powder XRD pattern of 

compound 2. 

 

Figure 2.13: (a) Calculated powder XRD pattern of compound 3. (b) Powder XRD pattern of 

compound 3. 

2θ / deg 

2θ / deg 

2θ / deg 

a 

b 

b 

a 

b 
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2.5.3 Crystal structure of ([Cu(L1)Cl].DCM)n coordination polymer (4) 

The complex ([Cu(L1)Cl]∙CH2Cl2)n crystallises with a triclinic unit cell and the 

structure was solved in space group 𝑃1 [62-66]. The asymmetric unit of the structure has one 

L1 ligand, one Cu(I) centre on a general position, one Cl- ligand and a molecule of CH2Cl2 

(figure 2.14). The complex is a coordination chain with a [Cu2(μ-Cl)2] dimer. The Cu(I) centre 

is approximately tetrahedral in geometry and is coordinated by two symmetry-equivalent 

bridging Cl ions at Cu-Cl distances of 2.455(17) and 2.346(17) Å, and pyridyl groups of two 

L1 ligands related by an inversion centre at Cu-N distances of 2.036(5) and 2.026(5) Å. A bond 

valence sum calculation is consistent with the Cu(I) oxidation state [90, 95-97]. The Cu∙∙∙Cu 

distance across the [Cu2(μ-Cl)2] dimer is 2.769(2) Å, and the dimer features a particularly acute 

Cu-Cl-Cu angle of 70.38(5) °. The Cu…Cu separation in [Cu(L1)Cl]∙CH2Cl2 is shorter than 

for most other examples of [CuI
2(μ-Cl)2(py)4] complexes where py is a monodentate pyridyl-

type ligand and Cu..Cu distances are typically 3 Å or more [97-99], however is consistent with 

the short Cu…Cu and Cu-Cl-Cu angle reported by Yang and Houser for complex [CuI
2(μ-

Cl)2(N-(2-pyridylmethyl)acetamide)4] [86]. 

The ligand is asymmetric showing two distinct torsion angles of 69.5(7) and 176.2(6) ° 

to produce the L1 ligand an overall bent L-shape. Each L-ligand bridge between two Cu(I) 

centres such that [Cu2(μ-L1)2] metallacycles are formed and these are linked into a coordination 

chain through the [Cu2(μ-Cl)2] dimers (figure 2.15). The metallacycles show significant 

internal space approximately 13 Å across and two molecules of CH2Cl2 solvent occupy these 

spaces. The motif of Cu2(L1)2 metallacycles linked by further μ-Cl bridges is unusual and there 

are no examples in the Cambridge crystallographic data centre (CCDC) of such structures with 

Cu(I) and N-donor ligands. Closest contacts between coordination chains occur with pair-wise 

N-H…Cl interactions at N…Cl separation 3.307 Å. These result in formation of a 2D layer 

(figure 2.16). The closest coplanar arene…arene separation is 4.623 Å between centroids which 

is too far to indicate π-π stacking. The layers stack along the y axis such that channels are 

evident when the structure is viewed down the b crystallographic cell length which are filled 

with CH2Cl2 (figure 2.17). Powder X-ray analysis for compound 4 doesn’t match the calculated 

pattern, during the data collection of compound 4 the dried powder sample was observed to 

degrade under X-ray exposure and crystals color changed from yellow reddish to black (figure 

2.18). Selected bond lengths, angles and torsion angles for compound 4 are listed in tables 1.5 

and 1.6. 
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Figure 2.14: ([Cu(L1)Cl].DCM)n CP asymmetric unit of the crystal structure. Ellipsoids 

shown at 50 % probability levels. 

 

Figure 2.15: From the crystal structure of complex 4 showing [Cu2(μ-L1)2] metallacycle 

motifs linked into a coordination chain by [Cu2(μ-Cl)2] dimers. Solvent CH2Cl2 occupy the 

interior of the metallacycles. Ellipsoids are shown at 50 % probability level. 

Table 2.5: Selected torsion angles (°) for compound 4. 

Cu-N1-C1-C2 177.9(5) C5-C4-C6-N2 -162.3(5) 

Cu-N1-C5-C4 -177.7(4) C6-N2-C7-C8 1.1(9) 

Cu1-N4-C17-C16 178.2(5) C6-N2-C7-C12 179.4(6) 

Cu1-N4-C18-C14 179.2(5) C7-N2-C6-C4 69.5(7) 

N2-C7-C8-C9 -179.8(6) C8-C9-C10-N3 -175.5(6) 

N2-C7-C12-C11 -177.8(6) C13-N3-C10-C9 -42.3(10) 

N3-C10-C11-C12 178.2(6) C13-N3-C10-C11 142.1(7) 

N3-C13-C14-C15 -7.4(10) C10-N3-C13-C14 176.2(6) 

N3-C13-C14-C18 171.8(6)   
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Figure 2.16: From the crystal structure of complex [Cu(L1)Cl]∙CH2Cl2 showing formation of 

2D layers with N-H…Cl interactions (dotted lines) between [Cu(L1)Cl] chains, (3-py to 3-

py= 13.268 Å) and (phenyl to phenyl= 10.561 Å). 

 

Figure 2.17: Packing diagram of [Cu(L1)Cl]∙CH2Cl2 CP viewed down b unit cell axis.

13.268 Å 

13.268 Å 

10.561 Å 
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Table 2.6: Selected bond lengths (Å) and angles (°) for compound 4. 

Cu-Cu1 2.769(2) N41-Cu-Cu1 127.25(15) 

Cu-Cl1 2.455(17) N41-Cu-Cl1 100.51(15) 

Cu-Cl11 2.346(17) N41-Cu-Cl11 121.55(15) 

Cu-N1 2.036(5) N41-Cu-N1 113.1(2) 

Cu-N4 2.026(5) Cu1-Cl1-Cu 70.38(5) 

Cl1-Cu1 2.3470(17) C1-N1-Cu 118.9(4) 

N2-C6 1.441(8) C5-N1-Cu 123.7(4) 

N2-C7 1.371(8) C5-N1-C1 117.4(5) 

N3-C10 1.410(8) C7-N2-C6 122.9(5) 

N3-C13 1.267(9) C13-N3-C10 121.3(6) 

N4-Cu1 2.026(5) C17-N4-Cu1 122.4(4) 

N4-C17 1.347(8) C17-N4-C18 115.8(5) 

N4-C18 1.356(8) C18-N4-Cu1 121.8(4) 

Cl11-Cu-Cu1 56.65(5) N2-C6-C4 113.2(5) 

Cl1-Cu-Cu1 52.98(5) N2-C7-C8 123.6(5) 

Cl11-Cu-Cl1 109.62(5) N2-C7-C12 119.0(5) 

N1-Cu-Cu1 117.77(16) N3-C10-C11 118.4(5) 

N1-Cu-Cl11 104.95(16) C9-C10-N3 123.6(6) 

N1-Cu-Cl1 106.19(15) N3-C13-C14 120.4(6) 

 

Figure 2.18: (a) Calculated powder XRD pattern of compound 4. (b) Powder XRD pattern of 

compound 4. 

 

2θ / deg 
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2.5.4 Crystal structure of ([Zn(L1)(H2O)2].NO3)n coordination polymer (5) 

([Zn(L1)(H2O)2].NO3)n crystal structure was solved in orthorhombic space group Pbcn 

[62-66] and shows one zinc(II) ion on two-fold position, one coordinated L1 ligand molecule, 

two coordinated water molecules and one nitrate anion per asymmetric unit (figure 2.19). Zn(II) 

is coordinated to four L1 ligand molecules along the equatorial axes and shows two M-N 

coordination distances (Zn-N1= 2.189(19) Å) and (Zn-N4= 2.170(2) Å). The metal cation is 

also coordinated to two water molecules in a trans arrangement and shows two M-O 

coordination distances (Zn-O1= 2.080(2) Å) and (Zn-O2= 2.174(2) Å) to produce Zn(II) 

distorted octahedral coordination centres. Moreover, coordinated water molecules show 

hydrogen bond interaction with nitrate anions and display two hydrogen bond interaction 

distances (O1···O3= 2.774 and O2···O5= 2.732 Å) figure 2.19. 

In 2004 Turner et. al [100] reported a crystal structure based on Zn(II) sulphate and 1-

(3-Pyridinyl)-3-(4-methylphenyl)urea. Turnerˈs Zn(II) complex shows similar octahedral 

coordination environment to compound 5 with M-O and M-N coordination distances of 

2.120(6), 2.186(7) or 2.170(17) Å for Zn1-O1, Zn1-O2 and Zn1-N1 [100]. Another example 

based on Zn(II) perchlorate and 25,26,27,28-tetrakis((pyridin-3-yl)methoxy)calix[4]arene was 

reported in 2016 by Brancatelli [101]. Brancatelliˈs structure shows M-N and M-O 

coordination bond lengths of 2.133(11), 2.179(5) and 2.121(8) Å for Zn1-N10, Zn1-O40 and 

Zn1-O1. 

Each L1 ligand is coordinated to two Zn(II) ions by nitrogen atoms of the 3-pyridyl 

rings and shows two torsion angles of -88.2(3) and -85.0(3) ° between the phenyl and 3-pyridyl 

rings to produce L1 bent U-shape between Zn(II) coordination centres figure 2.19 and table 

2.8. Four L1 ligand molecules are coordinated to four Zn(II) coordination centres to produce 

the M-shape cavity that expand to produce the two-dimensional network (figure 2.20). The 

resulted network shows 10.436 Å sides and 9.267 × 18.703 Å diagonals between Zn(II) 

coordination centres. Furthermore, the two-dimensional network shows 5.014 × 9.881 Å M-

shape cavities occupied by nitrate ions (figure 2.20). Powder X-ray analysis for compound 5 

shows a good match with the calculated pattern which indicates phase purity and compound 

stability (figure 2.22). Selected bond lengths, angles and torsion angles for compound 5 are 

listed in tables 2.7 and 2.8. 
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Figure 2.19: ([Zn(L1)(H2O)2].NO3)n CP asymmetric unit of the crystal structure. Ellipsoids 

shown at 50 % probability levels. 

 

Figure 2.20: ([Zn(L1)(H2O)2].NO3)n two-dimensional polymer network that has (5.014 × 

9.881 Å) M-shape cavities and occupied by nitrate ions. 
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Figure 2.21: ([Zn(L1)(H2O)2].NO3)n CP network that has 10.436 Å sides and 9.267 × 18.703 

Å diagonals between Zn(II) coordination centres. 

Table 2.7:  Selected bond lengths (Å) and angles (°) for compound 5. 

Zn-O1 2.080(2) C9-C10 1.383(3) N41-Zn-N1 89.93(7) 

Zn-O2 2.174(2) C10-C11 1.409(3) N41-Zn-N4 166.71(10) 

Zn-N11 2.189(19) C11-C12 1.377(4) C1-N1-Zn 121.19(15) 

Zn-N1 2.189(19) C13-C14 1.515(3) C1-N1-C5 117.3(2) 

Zn-N4 2.170(2) C14-C15 1.382(4) C5-N1-Zn 120.57(15) 

Zn-N41 2.170(2) C14-C18 1.390(3) C7-N2-C6 121.01(19) 

N1-C1 1.342(3) C15-C16 1.391(4) C10-N3-C13 123.0(2) 

N1-C5 1.352(3) C16-C17 1.381(4) C17-N4-Zn 122.33(16) 

N2-C6 1.457(3) O3-N5 1.255(3) C17-N4- C18 117.4(2) 

N2-C7 1.397(3) O4-N5 1.247(3) C18-N4-Zn 119.17(16) 

N3-C10 1.399(3) O5-N5 1.249(3) N1-C1- C2 122.9(2) 

N3-C13 1.440(3) O1-Zn-O2 180.0 N1-C5-C4 123.7(2) 

N4-Zn 2.169(19) O1-Zn-N11 89.89(5) N2-C6-C4 112.58(19) 

N4-C17 1.341(3) O1-Zn-N1 89.89(5) N2-C7-C8 123.7(2) 

N4-C18 1.347(3) O1-Zn-N41 96.65(5) N2-C7-C12 118.9(2) 

C1-C2 1.381(4) O1-Zn-N41 96.65(5) N3-C10-C11 118.8(2) 

C2-C3 1.386(4) O2-Zn-N11 90.11(5) C9-C10-N3 123.0(2) 

C3-C4 1.384(3) O2-Zn-N1 90.11(5) N3-C13-C14 113.7(2) 

C4-C5 1.386(3) N1-Zn-N11 179.77(9) N4-C17-C16 122.7(2) 

C4-C6 1.511(3) N41-Zn-O2 83.35(5) N4-C18-C14 124.1(2) 

C7-C8 1.400(3) N41-Zn-O2 83.35(5) O4-N5-O3 120.3(2) 

C7-C12 1.407(3) N41-Zn-N11 89.93(7) O4-N5-O5 120.2(2) 

C8-C9 1.400(3) N41-Zn-N1 90.10(7) O5-N5-O3 119.5(2) 

 

 

9.267 Å 

18.703 Å 

10.436 Å 



Chapter Two 

77 

 

Table 2.8: Selected torsion angles (°) for compound 5. 

Zn1-N1-C1-C2 -167.76(19) C5-C4-C6-N2 125.1(2) 

Zn1-N1-C5-C4 166.28(17) C6-N2-C7-C8 15.6(3) 

Zn11-N4-C17-C16 166.2(2) C6-N2-C7-C12 -165.9(2) 

Zn11-N4-C18-C14 -166.84(17) C6-C4-C5-N1 -177.5(2) 

N1-C1-C2-C3 1.1(4) C7-N2-C6-C4 -88.2(3) 

N2-C7-C8-C9 177.3(2) C8-C9-C10-N3 177.9(2) 

N2-C7-C12-C11 -177.4(2) C10-N3-C13-C14 85.0(3) 

N3-C10-C11-C12 -177.9(2) C13-N3-C10-C9 0.0(4) 

N3-C13-C14-C15 -147.0(2) C13-N3-C10-C11 177.8(2) 

N3-C13-C14-C18 35.6(3) C13-C14-C18-N4 177.5(2) 

C1-N1-C5-C4 -2.6(3) C15-C14-C18-N4 -0.1(3) 

C3-C4-C5-N1 2.0(3) C15-C16-C17-N4 0.5(4) 

C3-C4-C6-N2 -54.3(3) C17-N4-C18-C14 1.5(3) 

C5-N1-C1-C2 1.1(3) C18-N4-C17-C16 -1.7(4) 

 

Figure 2.22: (a) Calculated powder X-ray pattern of compound 5. (b) Powder XRD pattern of 

compound 5. 

2.5.5 Crystal structure of ([Cd(L1)2(NO3)2])n coordination polymer (6) 

([Cd(L1)2(NO3)2])n crystal structure was solved in triclinic space group 𝑃1 [62-66] and 

shows two L1 ligand molecules, one cadmium(II) ion on a general position and two coordinated 

nitrate ions per asymmetric unit (figure 2.23). Cd(II) is coordinated to four L1 ligand molecules 

and shows four coordination distances (Cd-N1= 2.399(2) Å), (Cd-N4= 2.313(2) Å), (Cd-N5= 

2.418(2) Å) and (Cd-N8= 2.308(2) Å). Cd(II) is also coordinated to two nitrate ions in a trans 

2θ / deg 

a 

b 
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arrangement with two different coordination styles. In the first coordinated style, the nitrate 

anion behaves as a bidentate ligand and shows two M-O coordination distances (Cd-O1= 

2.644(2) Å) and (Cd-O2= 2.572(2) Å). Whereas in the second coordinated style, the nitrate 

anion behaves as a monodentate ligand and shows one coordination distance of 2.527(2) Å for 

Cd-O4 to produce Cd(II) distorted pentagonal bipyramidal coordination centres (figure 2.24). 

In 2013 Wan and co-workers [102] reported a crystal structure based on Cd(II) nitrate and 2,6-

pyridinediylbis(3-pyridinyl)-methanone that shows coordination bond lengths between 

2.359(2)-2.383(2) Å for Cd-N and 2.403(2) or 2.431(2) Å  for Cd-O. Shanmugaraju et al. [103] 

reported a crystal structure based on Cd(II) nitrate and (bis-[N-(3-pyridyl)methyl)]-9,18-

methano-1,8-naphthalimide-[b,f][1,5]diazocine that shows coordination bond lengths from 

2.398(5) to 2.327(5) Å for Cd-N and 2.305(6) Å for Cd-O. 

The ligand L1 is coordinated to two different Cd(II) coordination centres by nitrogen 

atoms of 3-pyridyl rings and shows four torsion angles of -150.0(2), 82.6(3), -174.0(2) and -

64.2(3) ° between the phenyl and 3-pyridyl substituted rings to produce L1 bent S-shape figure 

2.23 and table 2.10. Four L1 ligand molecules are coordinated to four Cd(II) coordination 

centres to produce M4-(L1)4 rhombic structure that expand to produce the two-dimensional 

network. The resulted two-dimensional network shows 15.925 × 13.744 Å sides and 13.066 × 

26.726 Å diagonals between Cd(II) coordination centres. Furthermore, the resulted 2D network 

has 44 topology and 5.844 × 13.744 Å rhombic cavities that occupied by Cd(II) coordination 

centre from another two-dimensional network figures 2.24 and 2.25. Powder X-ray analysis 

for compound 6 showed a good match between calculated and experimental patterns which 

indicates phase purity and material stability (figure 2.26). Selected bond lengths, angles and 

torsion angles for compound 6 are listed in tables 1.9 and 1.10. 

 

Figure 2.23: ([Cd(L1)2(NO3)2])n CP asymmetric unit of the crystal structure. Ellipsoids 

shown at 50 % probability levels. 
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Figure 2.24: ([Cd(L1)2(NO3)2])n two-dimensional network which has 15.925 × 13.744 Å 

sides and 13.066 × 26.726 Å diagonals between Cd(II) coordination centres. 

 

Figure 2.25: Packing diagram of ([Cd(L1)2(NO3)2])n CP. 

Table 2.9: Selected bond lengths (Å) and angles (°) for compound 6. 

Cd-O1 2.644(2) O2-Cd-O1 48.44(6) N8-Cd-O1 82.42(7) 

Cd-O2 2.572(2) O4-Cd-O1 149.90(6) N8-Cd-O2 89.53(8) 

Cd-O4 2.527(2) O4-Cd-O2 143.81(7) N8-Cd-O4 117.94(7) 

Cd-N1 2.399(2) N1-Cd-O1 124.71(7) N8-Cd-N1 95.76(7) 

Cd-N4 2.313(2) N1-Cd-O2 76.37(7) N8-Cd-N4 162.02(8) 

Cd-N5 2.418(2) N1-Cd-O4 77.73(7) N8-Cd-N5 85.97(7) 

Cd-N8 2.308(2) N1-Cd-N5 157.06(8) C7-N2-C6 121.6(2) 

N2-C6 1.451(3) N4-Cd-O1 80.03(7) N2-C6-C4 110.3(2) 

N2-C7 1.402(3) N4-Cd-O2 81.74(8) N3-C13-C14 114.1(2) 

N3-C10 1.383(3) N4-Cd-O4 77.00(7) C10-N3-C13 123.2(2) 

N3-C13 1.436(3) N4-Cd-N1 97.39(7) N6-C24-C22 111.1(2) 

N6-C24 1.457(3) N4-Cd-N5 86.68(7) C25-N6-C24 117.9(2) 

N6-C25 1.409(3) N5-Cd-O1 78.23(7) C28-N7-C31 119.4(2) 

N7-C28 1.412(3) N5-Cd-O2 126.57(7) N7-C31-C32 113.9(2) 

N7-C31 1.463(3) N5-Cd-O4 81.26(7)   

15.925 Å 

13.744 Å 

13.066 Å 

26.726 Å 
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Table 2.10: Selected torsion angles (°) for compound 6. 

Cd-O1-N9-O2 13.0(2) N7-C28-C29-C30 179.0(2) 

Cd-O1-N9-O3 -168.0(2) N7-C31-C32-C33 -61.0(3) 

Cd-O2-N9-O1 -13.4(2) N7-C31-C32-C36 118.0(3) 

Cd-O2-N9-O3 167.5(2) C3-C4-C6-N2 -114.3(3) 

Cd-O4-N10-O5 -164.6(2) C6-N2-C7-C8 -155.6(2) 

Cd-O4-N10-O6 13.6(3) C6-N2-C7-C12 30.6(3) 

Cd-N1-C1-C2 176.4(2) C7-N2-C6-C4 -150.0(2) 

Cd-N1-C5-C4 -174.91(19) C8-C9-C10-N3 176.1(2) 

Cd-N4-C17-C16 -171.6(2) C10-N3-C13-C14 82.6(3) 

Cd-N4-C18-C14 170.60(18) C13-N3-C10-C9 -2.5(4) 

Cd-N5-C19-C20 -179.5(2) C13-N3-C10-C11 177.3(2) 

Cd-N5-C23-C22 179.56(19) C21-C22-C24-N6 56.1(4) 

Cd-N8-C35-C34 -173.94(18) C23-C22-C24-N6 -125.7(3) 

Cd-N8-C36-C32 172.24(18) C24-N6-C25-C26 -165.1(2) 

N2-C7-C8-C9 -169.9(2) C24-N6-C25-C30 18.9(4) 

N2-C7-C12-C11 170.7(2) C25-N6-C24-C22 -174.0(2) 

N3-C10-C11-C12 -175.0(2) C26-C27-C28-N7 -178.9(2) 

N3-C13-C14-C15 7.8(3) C28-N7-C31-C32 -64.2(3) 

N3-C13-C14-C18 -175.0(2) C31-N7-C28-C27 -13.2(3) 

N6-C25-C26-C27 -173.8(2) C31-N7-C28-C29 169.6(2) 

N6-C25-C30-C29 173.6(2)   

 

Figure 2.26: (a) Calculated powder XRD pattern of compound 6. (b) Powder XRD pattern of 

compound 6. 

 

a 

b 

2θ / deg 
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2.5.6 Crystal structure of ([Cd(L1)0.5(isoph)(DMF)])n compound (7) 

Crystal structure of ([Cd(L1)0.5(isoph)(DMF)])n MOF was solved in monoclinic space 

group P21/n [62-66] and shows one cadmium(II) ion on a general position, one isophthalate 

anion, half L1 ligand molecule and one coordinated DMF molecule per asymmetric unit (figure 

2.27). Cd(II) ion is coordinated to four oxygen atoms from three different isophthalate 

molecules and shows four M-O coordination distances (Cd-O1= 2.324(2) Å), (Cd-O2= 

2.480(2) Å), (Cd-O21= 2.356(2) Å) and (Cd1-O3= 2.220(2) Å). Cd(II) ion is also coordinated 

to one DMF molecule (Cd-O5= 2.293(3) Å), and one L1 ligand molecule (Cd-N1= 2.323(3) 

Å) on axial positions to produce Cd(II) distorted octahedral coordination centres. Each 

isophthalate anion behaves as a tetra-dentate ligand by the deprotonated carboxylate groups to 

three Cd(II) coordination centres. One of the carboxylate groups behaves as a tridentate ligand 

to two Cd(II) metal centres and shows three M-O bond length (Cd-O1= 2.324(2) Å), (Cd-O2= 

2.480(2) Å) and (Cd-O21= 2.356(2) Å). The other carboxylate group behaves as a monodentate 

ligand and shows one M-O bond length (Cd-O3= 2.220(2) Å). The resulted Cd(II) and 

isophthalate two-dimensional network shows 36 topology and approximately 10.997 × 13.031 

Å sides between Cd(II) coordination centres (figure 2.28). To the best of our knowledge and 

according to CCDC the coordination style between isophthalate molecules and Cd(II) ions in 

compound 7 was not reported before although a high number of examples based on Cd(II) and 

isophthalate were reported before [104-113]. Other common coordination styles between 

Cd(II) and isophthalate ion shows that the first carboxylate group behaves as a bidentate ligand 

to one Cd(II) ion and the second carboxylate group behaves either as a mono-dentate ligand to 

one Cd(II) or as a bidentate ligand to two Cd(II) coordination centres [104-115]. 

The ligand L1 behaves as bidentate ligand by nitrogen atoms of the 3-pyridyl rings and 

linking between two different Cd(II)-isoph2- two-dimensional networks (Cd-L1-Cd= 13.404 

Å). L1 ligand shows torsion angle of -56.4 ° between the phenyl and 3-pyridyl rings to produce 

L1 bent S-shape (figure 2.30) and (table 2.12). Moreover, the crystal structure shows 8.017 Å 

as the closest distance between two different Cd(II)-isophthalate 2D coordination networks 

(figure 2.31). The resulted MOF structure is not porous along the three axes because of isoph2- 

coordination angles and the L1 ligand bent S-shape between Cd(II) coordination centres. 

Powder X-ray analysis of compound 7 shows a good match between calculated and 

experimental patterns which indicates phase purity and the new MOF stability (figure 2.32). 

Selected bond lengths, angles and torsion angles for compound 7 are listed in tables 2.11 and 

2.12. 
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Figure 2.27: ([Cd(L1)0.5(isoph)(DMF)])n MOF asymmetric unit of the crystal structure. 

Ellipsoids shown at 50 % probability levels. 

  

Figure 2.28: Cd(II) and isophthalate 2D network top view (Cd to Cd= 3.852 Å). 

3.852 Å 



Chapter Two 

83 

 

 

Figure 2.29: Cd(II) and isophthalate two-dimensional network which has approximately 

10.997 × 13.031 Å sides between Cd(II) dimeric coordination centres and shows 36 network 

topology. 

 

Figure 2.30: ([Cd(L1)0.5(isoph)(DMF)])n MOF after highlighting coordination environment 

of Cd(II). 
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Figure 2.31: ([Cd(L1)0.5(isoph)(DMF)])n MOF after symmetrical expanding, L1 ligand is 

connecting between two different Cd(II)-isoph2- networks. 

Table 2.11: Selected bond lengths (Å) and angles (°) for compound 7. 

Cd-O1 2.324(2) O5-Cd-O2 86.78(10) 

Cd-O21 2.356(2) O5-Cd-O21 101.29(10) 

Cd-O2 2.480(2) O5-Cd-N1 162.14(11) 

Cd-O31 2.220(2) N1-Cd-O1 82.02(11) 

Cd-O5 2.293(3) N1-Cd-O21 94.92(11) 

Cd-N1 2.323(3) N1-Cd-O2 90.43(10) 

O1-C10 1.251(4) C10-O1-Cd 95.8(2) 

O2-Cd1 2.356(2) Cd1-O2-Cd 105.59(9) 

O2-C10 1.275(4) C10-O2-Cd 87.9(2) 

O3-Cd1 2.220(2) C10-O2-Cd1 165.4(2) 

O3-C17 1.273(4) C17-O3-Cd1 105.3(2) 

O4-C17 1.249(4) C18-O5-Cd 127.3(3) 

O5-C18 1.222(5) C1-N1-Cd 124.6(3) 

N1-C1 1.337(5) C1-N1-C5 117.0(4) 

N1-C5 1.339(5) C5-N1-Cd 118.0(3) 

N2-C6 1.455(6) C7-N2-C6 120.3(4) 

N2-C7 1.397(5) N2-C6-C4 114.9(3) 

O1-Cd-O2 54.56(8) N2-C7-C9 122.0(4) 

O1-Cd-O21 128.74(9) C8-C7-N2 120.0(4) 

O21-Cd-O2 74.41(9) O1-C10-O2 121.7(3) 

O31-Cd-O1 140.48(9) O1-C10-C11 118.1(3) 

O31-Cd-O2 164.56(9) O2-C10-C11 120.2(3) 

O31-Cd-O21 90.77(9) O3-C17-C13 117.0(3) 

O31-Cd-O5 92.03(11) O4-C17-O3 122.9(3) 

O31-Cd-N1 95.23(11) O4-C17-C13 120.2(3) 

O5-Cd-O1 82.00(11) O5-C18-N3 125.3(4) 

8.017 Å 

Cd-L1-Cd= 13.404 Å 
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Table 2.12: Selected torsion angles (°) for compound 7. 

Cd-O1-C10-O2 -0.8(4) N1-C1-C2-C3 1.4(7) 

Cd-O1-C10-C11 178.9(3) N2-C7-C8-C91 176.9(4) 

Cd-O2-C10-O1 0.8(4) N2-C7-C9-C81 -176.8(4) 

Cd1-O2-C10-O1 159.0(8) C3-C4-C6-N2 130.9(4) 

Cd1-O2-C10-C11 -20.7(12) C5-N1-C1-C2 -2.5(6) 

Cd-O2-C10-C11 -178.9(3) C5-C4-C6-N2 -48.4(6) 

Cd2-O3-C17-O4 8.2(4) C6-N2-C7-C8 165.2(4) 

Cd2-O3-C17-C13 -171.9(2) C6-N2-C7-C9 -18.4(6) 

Cd-O5-C18-N3 -155.2(3) C7-N2-C6-C4 -56.4(5) 

Cd-N1-C1-C2 -174.3(4) C12-C13-C17-O3 -7.7(5) 

Cd-N1-C5-C4 173.1(3) C12-C13-C17-O4 172.1(3) 

O1-C10-C11-C12 1.0(5) C14-C13-C17-O3 169.7(3) 

O1-C10-C11-C16 -178.0(4) C14-C13-C17-O4 -10.5(5) 

O2-C10-C11-C12 -179.3(3) C19-N3-C18-O5 6.0(8) 

O2-C10-C11-C16 1.7(5) C20-N3-C18-O5 -173.4(5) 

 

Figure 2.32: (a) Calculated powder XRD pattern of compound 7. (b) Powder XRD pattern of 

compound 7. 
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2.5.7 Crystal structure of ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF (8) 

([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF crystal structure was solved in monoclinic space 

group P21/n [62-66] and display one and a half of bdc2- molecules, half of L1 ligand molecule, 

one cadmium(II) ion on a general position, half of Cd(II) ion on an inversion centre and one 

coordinated DMF molecule per asymmetric unit (figure 2.33). Cd1 is coordinated to four 

oxygen atoms from three different bdc2- molecules and shows four M-O coordination bond 

lengths (Cd1-O2= 2.230(2) Å), (Cd1-O3= 2.253(2) Å), (Cd1-O6= 2.385(2) Å) and (Cd1-O7= 

2.351(2) Å). Cd1 is also coordinated to an oxygen atom from a DMF solvent molecule (Cd1-

O5= 2.399(2) Å), in addition to one nitrogen atom from L1 ligand molecule (Cd1-N1= 2.301(3) 

Å) to produce Cd1 distorted octahedral coordination centres. Cd2 is coordinated to six oxygen 

atoms from six different bdc2- molecules and shows three M-O bond lengths (Cd2-O1= 

2.198(2) Å), (Cd2-O4= 2.291(2) Å) and (Cd2-O6= 2.292(2) Å) to produce Cd2 distorted 

octahedral coordination centres. 

Each bdc2- molecule behaves as a penta-dentate ligand and coordinated to four Cd(II) 

coordination centres by the deprotonated carboxylate groups. One of the carboxylate groups 

behaves as a bidentate ligand to two Cd(II) metal centres and shows four M-O bond lengths 

(Cd1-O2= 2.230(2) Å), (Cd1-O3= 2.253(2) Å), (Cd2-O1= 2.198(2) Å) and (Cd2-O4= 2.291(2) 

Å). The other carboxylate group behaves as a tridentate ligand to two Cd(II) metal centres and 

shows three M-O bond lengths (Cd1-O6= 2.385(2) Å), (Cd1-O7= 2.351(2) Å) and (Cd2-O6= 

2.292(2) Å). The resulted Cd(II) and bdc2- two-dimensional network has 36 topology and shows 

approximately 6.6 × 10.4 Å distances between Cd(II) linear trimeric coordination centres 

(figure 2.35). 

A similar MOF based on Cd(II), bdc2- and N,N-(oxybis(4,1-phenylene))bis(1-(pyridin-

4-yl)-methanimine) was reported in 2017 by Rouhani et. al [114]. Each bdc2- is coordinated to 

four Cd(II) coordination centres by the deprotonated carboxylate groups and shows two 

different coordination styles. In the first coordination style the deprotonated carboxylate groups 

behaves as a tridentate ligand to two Cd(II) coordination centres and show three M-O bond 

lengths of 2.389(8), 2.479(8) and 2.292(8) Å. In the second coordination style the first 

carboxylate group behaves as a bidentate ligand to two Cd(II) ions Cd-O= 2.282(8)-2.209(8) 

Å. Whereas the second carboxylate group behaves as a tridentate ligand to two Cd(II) 

coordination centres and shows three M-O coordination bond lengths of 2.342(7), 2.475(8) and 

2.405(7) [114]. Another Cd(II) and bdc2- linear trimeric MOF was reported in 2015 by Wang 

et. al [115]. The bdc2- is coordinated to four Cd(II) coordination centres by the deprotonated 

carboxylate groups. The first carboxylate group behaves as a bidentate ligand to two Cd(II) 
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centres and the second carboxylate group behaves as a tridentate ligand to two Cd(II) 

coordination centres (M-O= 2.184(3)-2.515(3) Å) [115]. 

The ligand L1 behaves as a bidentate ligand by nitrogen atoms of 3-pyridyl rings and 

coordinated to two linear trimeric Cd(II) coordination centres from two different Cd(II)-bdc2- 

2D networks (Cd1-L1-Cd1= 12.393 Å) (figure 2.38). The ligand L1 shows torsion angle of 

84.0(4) ° between the phenyl and 3-pyridyl rings to produce L1 bent S-shape between Cd(II) 

coordination centres (table 2.14). ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF is not porous along a, b 

or c axes, because of bdc2- coordination angles and L1 bent S-shape between coordination 

centres. Furthermore, powder X-ray analysis for compound 8 shows a good match between 

calculated and experimental patterns which indicate phase purity and the new MOF stability 

(figure 2.39). Selected bond lengths, angles and torsion angles for compound 8 are listed in 

tables 2.13 and 2.14. 

 

Figure 2.33: ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF asymmetric unit of the crystal structure. 

Ellipsoids shown at 50 % probability levels (Cd1 to Cd2= 3.763 Å). 

 

Figure 2.34: Cd(II)-bdc2- linear trimeric coordination centres. 
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Figure 2.35: Cd(II)-bdc2- two-dimensional network which has approximately 6.638 × 10.491 

Å sides between Cd(II) trimeric coordination centres.  

 

Figure 2.36: ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF coordination environment. 

 

9.638 Å 

10.941 Å 
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Figure 2.37: Chemdraw of ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF showing the ligands bridging 

mode. 

  

Figure 2.38: ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n MOF after symmetrical expanding, L1 ligand is 

connecting between two trimeric Cd(II) coordination centres (Cd1-L1-Cd1= 12.393 Å). The 

closest distance between two Cd(II)-bdc2- networks is 6.965 Å. 

6.965 Å 

12.393 Å 
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Table 2.13: Selected bond lengths (Å) and angles (°) for compound 8. 

Cd1-O2 2.230(2) O7- Cd1-O6 55.70(7) 

Cd1-O3 2.253(2) N1- Cd1-O5 84.91(8) 

Cd1-O5 2.399(2) N1- Cd1-O6 156.27(8) 

Cd1-O6 2.385(2) N1- Cd1-O7 107.82(8) 

Cd1-O7 2.351(2) O1- Cd2-O11 180.0 

Cd1-N1 2.301(3) O1- Cd2-O41 85.83(9) 

Cd2-O1 2.198(2) O11- Cd2-O41 94.16(9) 

Cd2-O4 2.291(2) O1- Cd2-O4 94.17(9) 

Cd2-O6 2.292(2) O11- Cd2-O4 85.83(9) 

C6-N2 1.445(5) O11- Cd2-O6 93.23(8) 

O2- Cd1-O3 94.60(8) O1- Cd2-O61 93.23(8) 

O2- Cd1-O5 86.34(8) O11- Cd2-O61 86.76(7) 

O2- Cd1-O6 92.17(7) O1- Cd2-O6 86.77(7) 

O2- Cd1-O7 147.82(7) O41- Cd2-O4 180.0 

O2- Cd1-N1 102.03(9) O4- Cd2-O61 95.39(8) 

O3- Cd1-O5 173.42(8) O41- Cd2-O6 95.39(8) 

O3- Cd1-O6 109.39(7) O4- Cd2-O6 84.61(8) 

O3- Cd1-O7 97.87(8) O41- Cd2-O61 84.61(8) 

O3- Cd1-N1 88.53(9) O6- Cd2-O61 180.0(10) 

O6- Cd1-O5 77.05(7) C2-C6-N2 114.7(3) 

O7- Cd1-O5 84.61(7) C6-N2-C7 122.0(3) 

Table 2.14: Selected torsion angles (°) for compound 8. 

Cd1-O2-C10-O1 35.9(4) Cd2-O1-C10-C11 158.2(2) 

Cd1-O2-C10-C11 -142.7(2) Cd2-O4-C16-O3 -18.5(9) 

Cd1-O3-C16-O4 -1.4(4) Cd2-O4-C16-C17 161.5(5) 

Cd1-O3-C16-C17 178.56(19) Cd2-O6-C18-O7 -110.9(3) 

Cd1-O5-C22-N3 -129.1(3) Cd2-O6-C18-C19 71.3(3) 

Cd1-O6-C18-O7 1.3(3) N2-C7-C8-C91 -179.2(3) 

Cd1-O6-C18-C19 -176.6(2) N2-C7-C9-C81 179.2(3) 

Cd1-O7-C18-O6 -1.3(3) C1-C2-C6-N2 6.6(5) 

Cd1-O7-C18-C19 176.6(2) C3-C2-C6-N2 -172.5(3) 

Cd1-N1-C1-C2 164.7(3) C6-N2-C7-C8 -11.5(5) 

Cd1-N1-C5-C4 -164.3(3) C6-N2-C7-C9 170.0(3) 

Cd2-O1-C10-O2 -20.5(5) C7-N2-C6-C2 84.0(4) 
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Figure 2.39: (a) Calculated powder XRD pattern of compound 8. (b) Powder XRD pattern of 

compound 8. 
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Table 2.15: Crystallographic data of compounds L1, 1 and 2. 

Identification code L1 1 2 

Empirical Formula C18H18N4 C19H22ClMn0.5N4O C19H22ClFe0.5N4O 

Formula weight 290 385.32 385.78 

Temperature/K 120(2) 119.94(10) 120.00(10) 

Crystal system Monoclinic Triclinic Triclinic 

Space group P21/c 𝑃1 𝑃1 

a/Å 9.5469(5) 7.9017(5) 7.8834(5) 

b/Å 9.7629(3) 8.9877(5) 8.9901(6) 

c/Å 8.8790(5) 14.6874(9) 14.6236(10) 

α/° 90 80.117(5) 79.792(6) 

β/° 116.961(6) 80.433(5) 80.415(6) 

γ/° 90 64.594(6) 64.473(7) 

Volume/Å3 737.63(7) 923.19(11) 915.68(12) 

Z 2 2 2 

ρcalcg/cm3 1.307 1.386 1.333 

μ/mm-1 0.630 4.605 4.998 

F(000) 308.0 403.0 364.0 

Crystal size/mm3 
0.081 × 0.172 × 

0.250 

0.157 × 0.271 × 

0.376 

0.130 × 0.250 × 

0.532 

Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184) CuKα (λ = 1.54184) 

2Θ range for data 

collection/° 
10.396 to 147.17 6.142 to 147.422 6.172 to 147.404 

Index ranges 
-7 ≤ h ≤ 10, -11 ≤ k ≤ 

11, -10 ≤ l ≤ 8 

-9 ≤ h ≤ 9, -10 ≤ k ≤ 

8, -18 ≤ l ≤ 18 

-8 ≤ h ≤ 9, -10 ≤ k ≤ 

11, -16 ≤ l ≤ 18 

Reflections 

collected 
2164 6643 6677 

Independent 

reflections 

1231 [Rint = 0.0272, 

Rsigma = 0.0365] 

3471 [Rint = 0.0279, 

Rsigma = 0.0342] 

3443 [Rint = 0.0306, 

Rsigma = 0.0378] 

Data/restraints/para

meters 
1231/0/100 3471/0/234 3443/0/234 

Goodness-of-fit on 

F2 
1.299 1.034 1.044 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0580, wR2 = 

0.1737 

R1 = 0.0440, wR2 = 

0.1164 

R1 = 0.0409, wR2 = 

0.1092 

Final R indexes [all 

data] 

R1 = 0.0655, wR2 = 

0.1847 

R1 = 0.0460, wR2 = 

0.1190 

R1 = 0.0441, wR2 = 

0.1125 

Largest diff. 

peak/hole / e Å-3 
0.64/-0.48 0.73/-0.53 0.57/-0.55 
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Table 2.16: Crystallographic data of compounds 3, 4 and 5. 

Identification code 3 4 5 

Empirical Formula C19H22ClCo0.5N4O C19H20Cl3CuN4 C36H40N10O8Zn 

Formula weight 387.32 474 806.18 

Temperature/K 119.94(10) 120.15 120(2) 

Crystal system Triclinic Triclinic Orthorhombic 

Space group 𝑃1 𝑃1 Pbcn 

a/Å 7.8730(5) 8.0301(14) 18.7029(5) 

b/Å 8.9875(6) 8.7023(16) 9.2673(2) 

c/Å 14.5708(10) 15.507(3) 20.8929(6) 

α/° 92.034(6) 101.930(15) 90 

β/° 99.236(6) 96.873(15) 90 

γ/° 115.831(7) 108.503(16) 90 

Volume/Å3 909.49(12) 985.2(3) 3621.26(16) 

Z 2 2 7 

ρcalcg/cm3 1.414 1.599 1.479 

μ/mm-1 5.422 5.401 1.515 

F(000) 405.0 484.0 1680.0 

Crystal size/mm3 
0.093 × 0.153 × 

0.175 

0.059 × 0.125 × 

0.143 

0.101 × 0.131 × 

0.456 

Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184) CuKα (λ = 1.54184) 

2Θ range for data 

collection/° 
6.19 to 147.206 11.104 to 148.55 9.458 to 147.554 

Index ranges 
-9 ≤ h ≤ 8, -10 ≤ k ≤ 

11, -15 ≤ l ≤ 18 

-9 ≤ h ≤ 6, -8 ≤ k ≤ 

10, -19 ≤ l ≤ 18 

-15 ≤ h ≤ 22, -11 ≤ 

k ≤ 9, -21 ≤ l ≤ 25 

Reflections collected 6414 7008 9323 

Independent 

reflections 

3410 [Rint = 0.0372, 

Rsigma = 0.0464] 

3687 [Rint = 0.0768, 

Rsigma = 0.0943] 

3571 [Rint = 0.0407, 

Rsigma = 0.0368] 

Data/restraints/para

meters 
3410/0/234 3687/0/244 3571/0/252 

Goodness-of-fit on 

F2 
1.052 1.041 1.037 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0409, wR2 = 

0.0984 

R1 = 0.0806, wR2 = 

0.2017 

R1 = 0.0494, wR2 = 

0.1342 

Final R indexes [all 

data] 

R1 = 0.0465, wR2 = 

0.1028 

R1 = 0.1060, wR2 = 

0.2292 

R1 = 0.0573, wR2 = 

0.1459 

Largest diff. 

peak/hole / e Å-3 
0.55/-0.48 1.13/-0.77 0.66/-0.70 
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Table 2.17: Crystallographic data of compounds 6, 7 and 8. 

Identification code 6 7 8 

Empirical Formula   C36H36CdN10O6 C20H20CdN3O5 C24H22Cd1.5N3O7 

Formula weight 817 494.40 633.07 

Temperature/K 120.00 120.03(16) 120.01(10) 

Crystal system Triclinic Monoclinic Monoclinic 

Space group 𝑃1 P21/n P21/n 

a/Å 11.7212(5) 9.4255(2) 15.8305(5) 

b/Å 13.0058(4) 13.0307(3) 9.6381(2) 

c/Å 13.7443(5) 15.5713(3) 17.5237(5) 

α/° 70.374(3) 90 90 

β/° 87.500(3) 93.3942(19) 112.274(3) 

γ/° 63.550(4) 90 90 

Volume/Å3 1752.90(13) 1909.13(7) 2474.18(13) 

Z 3 4 4 

ρcalcg/cm3 1.548 1.721 1.699 

μ/mm-1 5.512 9.502 10.843 

F(000) 836.0 996.0 1260.0 

Crystal size/mm3 
0.184 × 0.345 × 

0.473 

0.085 × 0.110 × 

0.118 

0.092 × 0.169 × 

0.363 

Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184) CuKα (λ = 1.54184) 

2Θ range for data 

collection/° 
6.882 to 147.914 8.856 to 147.802 6.418 to 147.806 

Index ranges 
-14 ≤ h ≤ 13, -15 ≤ 

k ≤ 16, -14 ≤ l ≤ 16 

-11 ≤ h ≤ 11, -14 ≤ 

k ≤ 16, -15 ≤ l ≤ 19 

-16 ≤ h ≤ 19, -11 ≤ 

k ≤ 8, -21 ≤ l ≤ 20 

Reflections 

collected 
14298 7605 9674 

Independent 

reflections 

6615 [Rint = 0.0417, 

Rsigma = 0.0364] 

3715 [Rint = 0.0315, 

Rsigma = 0.0431] 

4833 [Rint = 0.0226, 

Rsigma = 0.0266] 

Data/restraints/para

meters 
6615/0/478 3715/0/264 4833/0/324 

Goodness-of-fit on 

F2 
1.031 1.044 1.032 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0341, wR2 = 

0.0879 

R1 = 0.0311, wR2 = 

0.0699 

R1 = 0.0278, wR2 = 

0.0732 

Final R indexes [all 

data] 

R1 = 0.0346, wR2 = 

0.0884 

R1 = 0.0448, wR2 = 

0.0757 

R1 = 0.0313, wR2 = 

0.0757 

Largest diff. 

peak/hole / e Å-3 
0.99/-1.39 0.77/-0.72 1.37/-0.82 
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2.6 Conclusion 

In conclusion, this chapter includes synthesis and characterisation of the new flexible 

ligand N,N'-bis-pyridin-3-ylmethyl-benzene-1,4-diamine (L1) as an organic linker with 

MnCl2.4H2O, FeCl3.6H2O, CoCl2.6H2O, CuCl2.2H2O, Zn(NO3)2.6H2O, Cd(NO3)2.4H2O, 

isophthalic acid (H2-isoph) or benzene-1,4-dicarboxylic acid (H2-bdc) to produce a series of 

new coordination polymers and metal-organic frameworks. ([Mn0.5(L1)Cl].MeOH)n (1), 

([Fe0.5(L1)Cl].MeOH)n (2), ([Co0.5(L1)Cl].MeOH)n (3) and ([Cu(L1)Cl]∙CH2Cl2)n (4) one-

dimensional polymers; ([Zn(L1)(H2O)2].NO3)n (5) and ([Cd(L1)2(NO3)2])n (6) two-

dimensional polymers; ([Cd(L1)0.5(isoph)(DMF)])n (7) and ([Cd1.5(L1)0.5(bdc)1.5(DMF)])n (8) 

three-dimensional polymers. Compounds 1-4 are homoleptic one-dimensional coordination 

polymers contains rectangle cavities of M2(L1)2 that occupied by solvents guest molecules. 

Compounds 5 and 6 are homoleptic MOFs containing M-shape or rhombic cavity consisting 

of four L1 ligand molecules and four Zn(II) or Cd(II) ions that extend to produce the two-

dimensional network structures. Compound 5 resulted M-shape cavities occupied by nitrate 

anions, whereas compound 6 resulted rhombic cavities occupied by Cd(II) coordination centre 

from another two-dimensional network. On the other hand, compounds 7 and 8 are heteroleptic 

MOFs synthesised by solvothermal method in DMF with repeated structure of Cd(II)-isoph2- 

or Cd(II)-bdc2- networks that linked by L1 ligand molecules. Compounds 7 and 8 are not porous 

along a, b or c axes because of L1 ligand bent S-shape and Cd(II)-isoph2- or Cd(II)-bdc2- 

coordination angles. According to CCDC Cd(II)-isoph2- coordination style in compound 7 was 

not reported before and compound 8 represent another rare example of Cd(II) linear trimeric 

heteroleptic MOF. 
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N,N'-Bis-pyridin-4-ylmethyl-benzene-1,4-diamine (L2) complexes 

3.1 Introduction 

N,N'-Bis-pyridin-4-ylmethylene-benzene-1,4-diamine (bL) was reported for the first 

time in 1981 by Grasso et. al and utilised for electronic and dipole moment studies [1]. Then, 

the ligand was reported for mechanochemical synthesis, heteroleptic MOF synthesis, organic 

catalysis, heterogeneous catalysis, nanostructure MOF synthesis, high adsorption MOF 

materials, electrochemical studies, novel crystal structures synthesis, and gas adsorption-

desorption materials [2-29]. On the other hand, N,N'-bis-pyridin-4-ylmethyl-benzene-1,4-

diamine (L2) was reported for the first time in 2011 by Zhou and co-workers [30]. Then, the 

ligand was reported by Abedi et. al [10] and Bigdeli et. al [12] for mechanochemical synthesis, 

heteroleptic MOFs synthesis, basic catalysis and heterogeneous catalysts synthesis [10, 12]. 

The current chapter reports the crystal structure of L2 ligand for the first time. In 

addition to, L2 self-assembly with MnCl2.4H2O, FeCl3.6H2O, Fe(SCN)3, CoCl2.6H2O or 

Co(NO3)2.6H2O to produce ([Mn0.5(L2)0.5Cl(DMSO)])n (9) and ([Co0.5(L2)0.5Cl(DMSO)])n 

(10) one-dimensional polymers; ([Fe0.5(L2)Cl])n (11) and  ([Fe0.5(L2)(SCN)].MeOH)n (12) 

two-dimensional polymers and ([Co(L2)].NO3.DMF)n complex (13). Compounds 9 and 10 are 

isostructural CPs, obtained from solvent diffusion process of MnCl2.4H2O or CoCl2.6H2O and 

L2 ligand in DMSO with acetone as antisolvent. Moreover, compounds 9 and 10 crystal 

structures show zig-zag shape for L2 ligand molecules between M2+ coordination centres. 

Compound 11 represent the first example of iron(II) chloride and 4-pyridyl substituted ligands 

two-dimensional coordination polymer. Furthermore, the resulted two-dimensional network 

has 44 topology and packing in an inter-digitated style with other networks left no significant 

free space. Compound 12 has a two-dimensional network structure and represent another 

example of iron(II) thiocyanate and 4-pyridyl ligands two-dimensional network. The resulted 

two-dimensional network is interpenetrating with another two-dimensional network in two-

fold 2D-2D fashion and shows free spaces occupied by MeOH solvent molecules. Magnetic 

susceptibility measurements for compound 12 indicated Fe(II) high spin state from 300 to 5 K 

and zero field splitting below 5 K. Compound 13 crystal structure represents another rare 

example of Co(I) and 4-pyridyl substituted ligands and shows unexpected rectangle structure 

consisting of two Co(I) cations and two L2 ligand molecules that perhaps due to the synthesis 

method or L2 ligand flexibility. 
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3.2 Experimental 

3.2.1 Synthesis of N,N'-bis-pyridin-4-ylmethylene-benzene-1,4-diamine (bL) 

4-Pyridinecarboxaldehyde (1.96 g, 

18.4 mmol) was dissolved in ethanol (30 

ml) and added dropwise with stirring to p-

phenylenediamine (1 g, 9.2 mmol) in 

ethanol (40 ml) and heated under reflux for 

5 hours at 70 °C. The solvent was evaporated under vacuum to result in a yellow solid product. 

The product was washed with acetone and dried under vacuum to form 2.40 g, 90.90 % yield 

of the prepared ligand bL, mp= 184-186 ºC. 1H NMR (300 MHz, DMSO-d6) δ(ppm): 8.78 (s, 

2H, D); 8.76 (d, 4H, C, J= 3 Hz); 7.87 (m, 4H, B) and 7.47 (s, 4H, A) [10, 25, 26]; 13C{1H} 

NMR (75 MHz, DMSO-d6) δ(ppm): 158.97, 150.46, 149.12, 142.45, 122.39 and 122.16; ESI-

MS: m/z 287{M+H}+ [10, 12, 25, 26, 29]. IR (solid state): 𝜈̅ (cm-1) 3029, 2888, 1630 and 1619. 

Microanalysis found: C, 75.00; H, 5.00; N, 19.60 %, calculated for C18H14N4: C, 75.50; H, 

4.93; N, 19.57 %. The resulted 1H NMR, IR and mass data are consisted with reported 

literatures by Al-Anber and Abedi [10, 25, 26]. 

3.2.2 Synthesis of N,N'-bis-pyridin-4-ylmethyl-benzene-1,4-diamine (L2) 

Sodium borohydride (2 g, 54 

mmol) was added gradually to a pale 

yellow methanolic solution (250 ml) 

containing bL (2.5 g, 8.7 mmol) at room 

temperature and left stirring overnight. 

The solvent was evaporated under vacuum, and the resulted powder was dissolved in deionized 

water (250 ml) by the addition of aqueous 1M HCl solution. Then, the reaction pH was 

increased to pH 12 by aqueous 2M sodium hydroxide solution. The ligand was precipitated 

from the basic solution, filtered, washed by water 4×100 ml and dried under vacuum to result 

in 2.0 g, 79.05 % yield of L2, mp= 170-171 ºC. 1H NMR (300 MHz, DMSO-d6) δ(ppm): 8.46 

(d, 4H, E, J= 5.0 Hz); 7.32 (d, 4H, D, J= 5.0 Hz); 6.39 (s, 4H, C); 5.57 (t, 2H, B, J= 6.3 Hz); 

and 4.18 (d, 4H, A, J= 6.2 Hz) [10, 12]; 13C{1H} NMR (75 MHz, DMSO-d6) δ(ppm): 150.31, 

149.32, 139.75, 122.33, 113.81 and 46.52; ESI-MS: m/z 291 {M+H}+. IR (solid state): 𝜈̅ (cm-

1) 3265, 3029, 2817, 1604, 1510 and 1417. Microanalysis found: C, 73.70; H, 6.30; N, 19.60 

%, calculated for C18H18N4: C, 74.46; H, 6.25; N, 19.30 %. 
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3.2.3 Synthesis of ([Mn0.5(L2)0.5Cl(DMSO)])n (9) and ([Co0.5(L2)0.5Cl(DMSO)])n (10) 

one-dimensional polymers 

 A solution of the ligand (L2) (29 mg, 0.1 mmol) in DMSO (1 ml) was added dropwise 

to MnCl2.4H2O or CoCl2.6H2O (19 mg or 23 mg, 0.1 mmol) solutions in DMSO (1 ml) and 

heated for a few seconds. Then, the reaction vials were placed in larger vials containing acetone 

as antisolvent and left for solvent diffusion process to give ([Mn0.5(L2)0.5Cl(DMSO)])n (28 mg) 

or ([Co0.5(L2)0.5Cl(DMSO)])n (35 mg) yellow and yellow reddish crystals after a few days. IR 

(solid state) for compound 9: 𝜈̅ (cm-1) 3305, 2999, 2827, 1608, 1512, 498 and 430. IR (solid 

state) for compound 10: 𝜈̅ (cm-1) 3296, 3001, 2802, 1611, 1513, 500 and 440. Microanalysis 

found: C, 46.17; H, 5.47; N, 9.61 %, calculated for ([Mn(L2)Cl2(DMSO)2])n: C, 46.16; H, 5.28; 

N, 9.79 %. Found: C, 45.82; H, 5.47; N, 9.55 %, calculated for: ([Co(L2)Cl2(DMSO)2])n: C, 

45.84; H, 5.25; N, 9.72 %. 

3.2.4 Synthesis of ([Fe0.5(L2)Cl])n coordination polymer (11) 

 A solution of the ligand (L2) (29 mg, 0.1 mmol) in MeOH (3 ml) was added dropwise 

to a vial containing FeCl3.6H2O (27 mg, 0.1 mmol) in MeOH (2 ml). The reaction vial was 

heated for a few seconds, sealed and left to stand at room temperature to result in 

([Fe0.5(L2)Cl])n (42 mg) red crystals after 24 hours. IR (solid state): 𝜈̅ (cm-1) 3301, 3058, 2852, 

1608, 1509 and 489. Microanalysis found: C, 60.14; H, 5.49; N, 15.01 %, calculated for 

([Fe(L2)2Cl2].H2O)n: C, 59.60; H, 5.28; N, 15.45 %. 

3.2.5 Synthesis of ([Fe0.5(L2)(SCN)].MeOH)n coordination polymer (12) 

 A solution of the ligand (L2) (29 mg, 0.1 mmol) in MeOH (2 ml) was added dropwise 

to a vial containing Fe(SCN)3 (23 mg, 0.1 mmol) in MeOH (4 ml). Then, the reaction vial was 

heated for a few seconds, sealed and left to stand at room temperature to result in 

([Fe0.5(L2)(SCN)].MeOH)n (29 mg) yellow reddish crystals after three days. IR (solid state): 𝜈̅ 

(cm-1) 3317, 3052, 2862, 2048, 1664, 1513 and 500. Microanalysis found: C, 58.86; H, 4.43; 

N, 17.74 %, calculated for ([Fe(L2)2(SCN)2].2MeOH)n: C, 58.82; H, 5.43; N, 17.15 %. 

3.2.6 Synthesis of ([Co(L2)].NO3.DMF)n complex (13) 

 A solution of the ligand (L2) (29 mg, 0.1 mmol) in DMF (2 ml) was added dropwise to 

a vial containing Co(NO3)2.6H2O (29 mg, 0.1 mmol) in DMF (2 ml). The reaction vial was 

sealed and placed in a thermal block and left for the solvothermal reaction at 115 °C to give a 

brownish red solution after three days. The solution was left at ambient temperature to result 

in ([Co(L2)].NO3.DMF)n (38 mg) red crystals after a few days. IR (solid state): 𝜈̅ (cm-1) 3400-
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3050, 3344, 3100, 2880, 1597, 1352 and 476. Microanalysis found: C, 50.10; H, 4.90; N, 16.60 

%, calculated for ([Co(L2)].NO3.DMF.H2O)n: C, 50.20; H, 5.42; N, 16.73 %. 

3.3 Crystallography experimental 

For the prepared compounds a suitable crystal was selected and mounted under inert 

oil on a MiTeGen tip and flash frozen to 120(1) K using an OxfordCryosystems low 

temperature device. X-ray diffraction data were collected using Cu-Ka (λ= 1.54184 Å) or Mo-

Ka (λ= 0.71073 Å) radiation using an Agilent Supernova dual-source diffractometer with Atlas 

S2 CCD detector and fine-focus sealed tube generator. Data were corrected for Lorenztian and 

polarization effects, and absorption corrections were applied. The structures were solved by 

charge flipping methods using SUPERFLIP or by direct methods using SHELXS, and refined 

by olex2.refine, ShelXL or by full-matrix least-squares on F2 using SHELXL. All non-

hydrogen atoms were refined as anisotropic, and hydrogen positions were included at 

geometrically estimated positions [31-35]. Summary of data collections and refinements are 

given in tables 3.11 and 3.12. 

3.4 Results and discussion 

3.4.1 Synthesis of N,N'-bis-pyridin-4-ylmethylene-benzene-1,4-diamine (bL) 

The Ligand (bL) was reported for the first time in 1981 by Grasso and co-workers [1]. 

Then in 1990 by Kunitake et. al [29], other authors [3-16, 17-28] and finally in 2018 by Zahedi 

et. al [2]. The ligand bL was prepared by the condensation reaction of p-phenylenediamine and 

4-pyridinecarboxaldehyde in ethanol (scheme 3.1). The FTIR spectrum of bL ligand shows 

bands disappearance at 3409, 3371 and 1720 cm-1 that are due to primary amine and aldehyde 

group of the starting materials [36-38]. Moreover, the FTIR spectrum shows a new band at 

1619 cm-1 which is due to azomethine group formation [36-38]. The 1H NMR spectrum shows 

peaks disappearance at δ 10.14 ppm and at δ 4.18 ppm that due to aldehyde or amine groups 

of 4-pyridinecarboxaldehyde and p-phenylenediamine starting materials [36-39]. Furthermore, 

the 1H NMR spectrum (figure 3.1) shows a new singlet peak at δ 8.78 ppm which is due to 

azomethine group formation [37, 38, 40]. The 13C{1H} NMR spectrum shows peak 

disappearance at δ 193.08 ppm which is due to the aldehyde group of 4-

pyridinecarboxaldehyde. The spectrum also shows a new peak appearance at δ 158.97 ppm that 

due to the imine group formation (figure 3.2) [30, 36-39]. The resulted 1H NMR, IR and mass 

data are consistent with reported literatures by Al-Anber and Abedi [10, 25, 26]. 
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Scheme 3.1: Synthesis of N,N'-bis-pyridin-4-ylmethylene-benzene-1,4-diamine (bL). 

 

Figure 3.1: 1H NMR (300 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-4-ylmethylene-

benzene-1,4-diamine (bL).  
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Figure 3.2: 13C{1H} NMR (75 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-4-

ylmethylene-benzene-1,4-diamine (bL). 

3.4.2 Synthesis of N,N'-bis-pyridin-4-ylmethyl-benzene-1,4-diamine (L2) 

N,N'-Bis-pyridin-4-ylmethyl-benzene-1,4-diamine was reported for the first time in 

2011 by Zhou and co-workers [30], then by Abedi et. al [10] and Bigdeli et. al [12]. The ligand 

was prepared by reduction of N,N'-bis-pyridin-4-ylmethylene-benzene-1,4-diamine in 

methanol solution by NaBH4 for 12 hours (scheme 3.2). The FTIR spectrum of the prepared 

ligand shows band disappearance at 1619 cm-1 which is due to azomethine group [25, 26] and 

appearance of new bands at 3256 and 1417 cm-1 that due to the secondary amine and the 

methylene groups formation [37, 38]. The 1H NMR spectrum shows disappearance of the 

azomethine singlet peak at δ 8.78 ppm [10] and appearance of methylene and secondary amine 

peaks at δ 4.18 ppm and δ 5.57 ppm (figure 3.3) [36-39]. 13C{1H} NMR spectrum shows 

appearance of a new peak at δ 46.52 ppm which is due to the methylene group formation and 

disappearing of the imine group peak at δ 158.97 ppm (figure 3.4) [36-39]. 
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Scheme 3.2: Synthesis of N,N'-bis-pyridin-4-ylmethyl-benzene-1,4-diamine (L2). 

 

Figure 3.3: 1H NMR (300 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-4-ylmethyl-

benzene-1,4-diamine (L2). 
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Figure 3.4: 13C{1H} NMR (75 MHz, DMSO-d6) spectrum of N,N'-bis-pyridin-4-ylmethyl-

benzene-1,4-diamine (L2). 

3.4.3 Synthesis of new complexes 9-13. 

A series of novel complexes were synthesised from reaction of L2 with MnCl2.4H2O, 

FeCl3.6H2O, Fe(SCN)3, CoCl2.6H2O or Co(NO3)2.6H2O to produce, 

([Mn0.5(L2)0.5Cl(DMSO)])n (9) and ([Co0.5(L2)0.5Cl(DMSO)])n (10) one-dimensional 

polymers; ([Fe0.5(L2)Cl])n (11) and ([Fe0.5(L2)(SCN)].MeOH)n (12) MOFs and 

([Co(L2)].NO3.DMF)n complex (13). Compounds 9 and 10 were obtained from solvent 

diffusion process in DMSO with acetone as antisolvent. Compounds 11 and 12 were obtained 

from self-assembly process in methanol at room temperature. Compound 13 was synthesised 

by solvothermal reaction in DMF at 115 °C. The resultant crystals of 9-12 are soluble and 

decomposed to starting materials in hot MeOH, EtOH, MeCN, DCM, DMSO, DMF or CHCl3 

solvents. On the other hand, compound 13 crystals are insoluble in common organic and 

inorganic solvents. Therefore, compounds 9-13 were characterised as solid materials by single 

crystal X-ray analysis, powder X-ray analysis, microanalysis of the elements and FTIR 

analysis. 

IR spectra for compounds 9 and 10 shows main peaks between 3305-3296, 3001-2999, 

2827-2802, 1611-1608 and 1513-1512 cm-1 due to νN-H, νC-HAr, νC-HAl, νC=C and νC-N 

functional groups [36-38]. The resulted spectra also show new bands between 500-498 cm-1 
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and 440-430 cm-1 that due to νM-N or νM-O coordination bonds [2, 40]. IR spectrum for 

compound 11 shows main bands at 3301, 3058, 2852, 1608, 1509 and 489 cm-1 due to νN-H, 

νC-HAr, νC-HAl, νC=C, νC-N and νM-N functional groups and coordination bond [28, 36-38, 

40]. IR spectrum of complex 12 display main peaks at 3317, 3052, 2862, 2048, 1664, 1513 and 

500 cm-1 due to νN-H, νC-HAr, νC-HAl, νS-C≡N, νC=C, νC-N and νM-N functional groups and 

coordination bond [36-38, 41-43]. Complex 13 IR spectrum display main bands at 3400-3050, 

3344, 3100, 2880, 1597, 1352 and 476 cm-1 due to νO-H, νN-H, νC-HAr, νC-HAl, νNO3
-, νCH2 

and νM-N functional groups and coordination bond [36-38, 40, 43]. 

3.5 Crystal structures 

3.5.1 Crystal structure of N,N'-bis-pyridin-4-ylmethyl-benzene-1,4-diamine (L2) 

 N,N'-Bis-pyridin-4-ylmethyl-benzene-1,4-diamine was reported for the first time in 

2011 by Zhou et. al [30], then by Abedi et. al, and finally by Bigdeli et. al [2, 12]. Herein, we 

report the crystal structure of L2 ligand for the first time, in addition to the standard 

characterisation techniques that were discussed before in sections 3.2.2 and 3.4.2. The ligand 

L2 was dissolved in dichloromethane and left to slowly evaporate to afford yellow single 

crystals after a few days. A suitable crystal was selected for structure determination by single 

X-ray diffraction. The crystal structure was solved in triclinic space group 𝑃1 [31-35] with an 

asymmetric unit of half of the L2 molecule (figure 3.5). On symmetry expansion the ligand 

shows a torsion angle of 179.73(18) ° between the phenyl and 4-pyridyl rings. Furthermore, in 

the crystal lattice the ligand molecules show 3.607 Å distance between 4-pyridyl rings centres 

that due to π-π stacking interaction (figure 3.6). Selected bond lengths, angles and torsion 

angles for L2 ligand are listed in tables 3.1 and 3.2. 

 

Figure 3.5: N,N'-Bis-pyridin-4-ylmethyl-benzene-1,4-diamine asymmetric unit of the crystal 

structure. Ellipsoids shown at 50 % probability levels. 
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Figure 3.6: Crystal structure of L2 ligand shows torsion angle of 179.73(18) ° between the 

phenyl and 4-pyridyl rings, 3.607 Å distance between 4-pyridyl rings centres that due to π-π 

interaction. 

Table 3.1: Selected bond lengths (Å) and angles (°) for L2 ligand. 

N1-C1 1.337(3) C7-N2-C6 118.56(17) 

N1-C5 1.343(3) N1-C1-C2 124.0(2) 

N2-C6 1.447(3) C1-C2-C3 119.4(2) 

N2-C7 1.403(3) C2-C3-C6 120.6(2) 

C1-C2 1.382(3) C4-C3-C2 117.25(19) 

C2-C3 1.385(3) C4-C3-C6 122.1(2) 

C3-C4 1.384(3) C5-C4-C3 119.7(2) 

C3-C6 1.506(3) N1-C5-C4 123.4(2) 

C4-C5 1.384(3) N2-C6-C3 110.77(17) 

C7-C8 1.398(3) C8-C7-N2 119.24(18) 

C7-C9 1.395(3) C9-C7-N2 122.89(18) 

C8-C91 1.392(3) C9-C7-C8 117.72(19) 

C9-C81 1.392(3) C91-C8-C7 121.53(19) 

C1-N1-C5 116.24(18) C81-C9-C7 120.75(19) 

Table 3.2: Selected torsion (°) angles for L2 ligand. 

N1-C1-C2-C3 -0.7(3) C4-C3-C6-N2 -82.5(3) 

N2-C7-C8-C91 175.74(18) C5-N1-C1-C2 0.7(3) 

N2-C7-C9-C81 -175.58(18) C6-N2-C7-C8 167.7(2) 

C1-N1-C5-C4 0.0(3) C6-N2-C7-C9 -16.7(3) 

C1-C2-C3-C4 0.0(3) C6-C3-C4-C5 -178.89(18) 

C1-C2-C3-C6 179.53(18) C7-N2-C6-C3 179.73(18) 

C2-C3-C4-C5 0.6(3) C8-C7-C9-C81 0.1(3) 

C2-C3-C6-N2 98.0(2) C9-C7-C8-C91 -0.1(3) 

C3-C4-C5-N1 -0.7(3)   

3.607 Å 
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3.5.2 Crystal structures of ([Mn0.5(L2)0.5Cl(DMSO)])n (9) and 

([Co0.5(L2)0.5Cl(DMSO)])n (10) coordination polymers 

([Mn0.5(L2)0.5Cl(DMSO)])n (9) and ([Co0.5(L2)0.5Cl(DMSO)])n (10) are isostructural 

coordination polymer structures. Compounds 9 and 10 were synthesised by a solvent diffusion 

process of MnCl2.4H2O or CoCl2.6H2O and L2 in DMSO with acetone as the antisolvent. The 

resulting CPs crystal structures were solved in triclinic space group 𝑃1 [31-35] and display 

half of M2+ ion on an inversion centre, half L2 ligand molecule, one coordinated chloride anion 

and one coordinated DMSO molecule per asymmetric unit as shown in figure 3.7 for compound 

9. The metal is coordinated to two L2 molecules by nitrogen atoms of 4-pyridyl rings (Mn-

N1= 2.555(3) Å) or (Co-N1= 2.137(2) Å), two DMSO molecules (Mn-O= 2.200(3) Å) or (Co-

O= 2.133(2) Å) and two coordinated chloride anions (Mn-Cl= 2.549(9) Å) or (Co-Cl= 2.496(4) 

Å) in a trans arrangement to produce the distorted octahedral coordination centres figure 3.8 

for compound 9. 

In 2003 Armstrong and co-workers [44] reported Mn(II) trimeric complex crystal 

structure based on Mn(II) chloride, DMSO and 2-pyridinecarbaldehyde 

isonicotinoylhydrazone (HPCIH) [{MnCl2(DMSO)(HPCIH)}2Mn(DMSO)2Cl2]. The resulted 

crystal structure has one similar Mn(II) coordination environment in comparison with complex 

9 and shows coordination bond lengths of 2.292(5), 2.499(2) and 2.311(4) Å for Mn1-N4, Mn1-

Cl1 and Mn1-O2 [44]. In 1998 Lu and co-workers reported a one-dimensional coordination 

polymer based on Co(II) chloride, DMSO and 4,4-bipyridine [CoCl2(DMSO)2(4,4′-bipy)] that 

shows coordination bond lengths of 2.152(2), 2.470(5) and 2.129(2) Å for Co-N, Co-Cl and 

Co-O [45]. 

Each L2 ligand molecule behaves as a bidentate ligand and bridges between two M2+ 

coordination centres to produce a one-dimensional coordination chain that shows 16.573 or 

16.537 Å distance between Mn(II) or Co(II) coordination centres (figure 3.8). Moreover. The 

ligand L2 shows torsion angle of -83.3(4) or 83.6(3) ° between the phenyl and 4-pyridyl rings 

to produce L2 zigzag shape between M2+ coordination centres (figure 3.8) and (table 3.3). L2 

ligand molecules show weak electrostatic bonding interaction between the secondary amines 

and the coordinated chloride ions from two different coordination chains (-NH···Cl= 3.397 Å) 

for compound 9 and (-NH···Cl= 3.390 Å) for compound 10 [46]. Powder X-ray analysis of 

dried compounds 9 and 10 shows a good agreement between calculated and experimental 

patterns figures 3.9 and 3.10 which indicate new materials stability and phase purity. Moreover, 
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compound 10 experimental pattern shows some amorphous materials is present. Selected bond 

lengths, angles and torsion angles for compounds 9 and 10 are listed in tables 3.3 and 3.4. 

 

Figure 3.7: ([Mn0.5(L2)0.5Cl(DMSO)])n CP asymmetric unit of the crystal structure. 

Ellipsoids shown at 50 % probability levels. 

 

Figure 3.8: Packing diagram of ([Mn0.5(L2)0.5Cl(DMSO)])n CP that shows 16.537 Å between 

Mn(II) coordination centres in 1D coordination chain. 

 

 

16.537 Å 
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Table 3.3: Selected bond lengths (Å) and angles (°) for compounds 9 and 10. 

(9) (10) 

Mn-Cl 2.549(9) Co-Cl 2.496(7) 

Mn-O 2.200(3) Co-O 2.133(2) 

Mn-N1 2.255(3) Co-N1 2.137(2) 

N2-C6 1.451(5) N2-C6 1.452(4) 

N2-C7 1.398(5) N2-C7 1.401(4) 

Cl1-Mn-Cl 180.0 Cl-Co-Cl1 180.0 

O1-Mn-Cl 91.09(7) O1-Co-Cl 90.33(6) 

O-Mn-Cl 88.91(7) O-Co-Cl 89.67(6) 

O1-Mn-O1 180.00(8) O1-Co-O 180.0 

O1-Mn-N1 91.28(10) O-Co-N11 89.41(9) 

O-Mn-N1 88.72(10) O-Co-N1 90.59(9) 

N11-Mn-Cl1 90.57(8) N1-Co-Cl1 89.51(7) 

N1-Mn-Cl 90.58(8) N1-Co-Cl 90.49(7) 

N1-Mn-Cl1 89.43(8) N11-Co-N1 180.0 

N1-Mn-N11 180.00(14) S-O-Co 123.23(12) 

S-O-Mn 125.24(15) C1-N1-Co 121.52(19) 

C1-N1-Mn 120.9(2) C5-N1-Co 120.38(19) 

C5-N1-Mn 121.9(2) C7-N2-C6 120.0(2) 

C7-N2-C6 120.7(3) N2-C6-C3 114.9(2) 

N2-C6-C3 114.6(3) N2-C7-C9 123.2(3) 

N2-C7-C8 123.1(3) C8-C7-N2 119.6(3) 

Table 3.4: Selected torsion angles (°) for compounds 9 and 10. 

(9) (10) 

Mn-N1-C1-C2 170.9(3) Co-N1-C1-C2 173.1(2) 

Mn-N1-C5-C4 -171.3(3) Co-N1-C5-C4 -173.1(2) 

N2-C7-C8-C91 177.9(3) C10-S-O-Co 81.81(17) 

N2-C7-C9-C81 -178.0(3) C11-S-O-Co -175.12(15) 

C2-C3-C6-N2 179.3(3) C3-C6-N2-C7 83.6(3) 

C4-C3-C6-N2 -1.0(5) C9-C7-N2-C6 -18.6(4) 

C6-N2-C7-C8 17.2(5) C8-C7-N2-C6 163.7(3) 

C6-N2-C7-C9 -164.5(3) C4-C3-C6-N2 -178.8(3) 

C7-N2-C6-C3 -83.3(4) C2-C3-C6-N2 1.6(4) 

C10-S-O-Mn 81.4(2) N2-C7-C8-C91 178.1(3) 

C11-S-O-Mn -175.43(19) N2-C7-C9-C81 -178.0(3) 
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Figure 3.9: (a) Calculated powder XRD pattern of compound 9. (b) Powder XRD pattern for 

compound 9. 

 

Figure 3.10: (a) Calculated powder XRD pattern of compound 10. (b) Powder XRD pattern 

of compound 10. 
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3.5.3 Crystal structure of ([Fe0.5(L2)Cl])n coordination polymer (11) 

([Fe0.5(L2)Cl])n crystal structure was solved in monoclinic space group P21/n [31-35] 

and shows half of Fe(II) ion on an inversion centre, one L2 ligand molecule and one 

coordinated chloride anion per asymmetric unit (figure 3.11). Fe(II) ion is coordinated to four 

L2 ligand molecules by nitrogen atoms of 4-pyridyl rings and shows two M-N coordination 

bond lengths (Fe-N1= 2.327(3) Å) and (Fe-N4= 2.211(3) Å). Fe(II) ion is also coordinated to 

two chloride anions (Fe-Cl= 2.421(8) Å) in a trans arrangement to produce Fe(II) distorted 

octahedral coordination centres. 

([Fe0.5(L2)Cl])n coordination polymer was synthesised from Iron(III) but reduced to 

Fe(II) by methanol and water [47]. ([Fe0.5(L2)Cl])n complex shows longer M-N and M-Cl 

coordination bond lengths in comparison with Hosterˈs Fe(py)3Cl3 reported complex that 

shows coordination bond lengths of 2.168(5) or 2.274(5) Å for Fe-N and 2.306(2) or 2.326(1) 

Å for Fe-Cl [48]. Compound 11 shows similar Fe-N and Fe-Cl coordination bond lengths in 

comparison with Longˈs Fe(py)4Cl2 and Fe(py)4Cl2.H2O reported structures (Fe-N= 2.229(6) 

or 2.257(4) Å) and (Fe-Cl= 2.430(3) or 2.417(2) Å) [49]. ([Fe0.5(L2)Cl])n coordination bond 

lengths are similar to Karstenˈs reported crystal structure of (bis(1,8-diazabicyclo[5.4.0]undec-

7-en-8-ium)trans-dichlorotetra(pyridine-N)iron(II)dichloride) complex that shows 2.279(3) or 

2.273(3) Å for Fe-N and 2.406(8) Å for Fe-Cl coordination bonds [50]. 

L2 ligand behaves as a bidentate ligand and coordinates to two Fe(II) coordination 

centres via nitrogen atoms of 4-pyridyl rings. L2 ligand shows two torsion angles of -168.9(3) 

and -93.6(3) ° between the phenyl and 4-pyridyl rings to produce L2 ligand bent L-shape 

between iron(II) coordination centres (Fe-L2-Fe= 16.976 Å) (figure 3.11). The ligand L2 also 

shows hydrogen bond interactions between the secondary amine groups and the coordinated 

chloride anions from different interpenetrating 2D networks (-HN···Cl= 3.293 Å). Four L2 

ligand molecules are coordinate to four Fe(II) ions to produce 18.188 × 28.188 Å rhombic 

cavity that extending to produce the 44 network topology (figure 3.12). The resulted networks 

are packing in an inter-digitated fashion, and there are no significant channels in the lattice 

(figure 3.13). To the best of our knowledge and according to CCDC compound 11 represent 

the first example of Fe(II) chloride two-dimensional coordination polymer with 4-pyridyl 

substituted organic ligands. Powder X-ray analysis for compound 11 shows a good agreement 

between calculated and experimental patterns which indicates material stability and phase 

purity (figure 3.15). Selected bond lengths, angles and torsion angles for compound 11 are 

listed in tables 3.5 and 3.6.  
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Figure 3.11: ([Fe0.5(L2)Cl])n asymmetric unit of the crystal structure. Ellipsoids shown at 50 

% probability levels. 

 

Figure 3.12: Two-dimensional network of ([Fe0.5(L2)Cl])n CP which has 16.976 Å sides and 

18.188 × 28.669 Å diagonals between Fe(II) coordination centres. 

16.976 Å 

18.188 Å 

28.669 Å 
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Figure 3.13: Packing diagram of ([Fe0.5(L2)Cl])n CP, each rhombic cavity is occupied by two 

Fe(II) coordination centres from two different 2D networks.  

Table 3.5: Selected bond lengths (Å) and angles (°) of compound 11. 

Fe-Cl 2.421(8) N11-Fe-N1 180.0 

Fe-N1 2.327(3) N41-Fe-Cl1 90.51(8) 

Fe-N4 2.211(3) N41-Fe-Cl 89.49(8) 

N2-C6 1.426(5) N41-Fe-N1 90.85(10) 

N2-C7 1.404(4) N41-Fe-N1 89.15(10) 

N3-C10 1.411(4) N41-Fe-N11 90.85(10) 

N3-C13 1.445(5) N4-Fe-N41 180.0 

C3-C6 1.517(5) C7-N2-C6 117.3(3) 

C13-C14 1.517(5) C10-N3-C13 118.1(3) 

Cl1-Fe-Cl 180.0 N2-C6-C3 110.6(4) 

N11-Fe-Cl 88.62(7) C8-C7-N2 123.3(3) 

N1-Fe-Cl 91.38(7) N3-C13-C14 115.6(3) 
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Table 3.6: Selected torsion angles (°) for compound 11. 

Fe-N1-C1-C2 -179.0(3) C2-C3-C6-N2 113.7(4) 

Fe-N1-C5-C4 178.6(3) C4-C3-C6-N2 -67.4(5) 

Fe-N4-C16-C15 178.8(3) C6-N2-C7-C8 -9.1(5) 

Fe-N4-C17-C18 178.6(3) C6-N2-C7-C12 172.0(4) 

N2-C7-C8-C9 -178.5(4) C7-N2-C6-C3 -168.9(3) 

N2-C7-C12-C11 178.9(4) C8-C9-C10-N3 -177.1(3) 

N3-C10-C11-C12 177.4(4) C10-N3-C13-C14 -93.6(4) 

N3-C13-C14-C15 -18.9(5) C13-N3-C10-C9 -128.7(4) 

N3-C13-C14-C18 163.4(3) C13-N3-C10-C11 53.6(5) 

 

Figure 3.14: (a) Calculated powder XRD pattern of compound 11. (b) Powder XRD pattern 

of compound 11. 

3.5.4 Crystal structure of ([Fe0.5(L2)(SCN)].MeOH)n coordination polymer (12) 

([Fe0.5(L2)(SCN)].MeOH)n crystal structure was solved in monoclinic space group 

C2/c [31-35] and shows half of Fe(II) ion on an inversion centre, two halves of L2 ligand 

molecules, one coordinated thiocyanate anion and one methanol solvent molecule per 

asymmetric unit (figure 3.15). Fe(II) ion is coordinated to four L2 ligand molecules by nitrogen 

atoms of 4-pyridyl rings and shows two M-N coordination bond lengths of 2.210(2) Å and 

2.268(2) Å  for Fe-N1 and Fe-N3. Fe(II) ion is also coordinated to two thiocyanate anions in a 

trans arrangement (Fe-N5= 2.122(2) Å) to produce the distorted Fe(II) octahedral coordination 

centres (figure 3.16). 

2θ / deg 

a 

b 
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A similar two-dimensional coordination polymer based on iron(II) thiocyanate and 1,3-

di(4-pyridyl)propane [Fe(1,3-di(4-pyridyl)propane)2(NCS)2]2 was reported in 2016 by Luo and 

co-workers [51]. The reported crystal structure shows coordination bond lengths from 

2.189(12) to 2.267(15) Å for Fe-(4-py), and between 2.084(15)-2.139(16) Å for Fe-NCS [51]. 

([Fe0.5(L2)(SCN)].MeOH)n complex shows similar coordination bond lengths in comparison 

with Halder reported complex of [Fe2(azpy)4(NCS)4].(EtOH) (azpy= trans-4,4-azopyridin). 

Halderˈs complex shows coordination bond lengths between 2.199(5)-2.221(5) Å for Fe-azpy, 

and from 2.080(5) to 2.086(5) Å for Fe-NCS at 150 K [52]. 

The ligand L2 is coordinated to two Fe(II) coordination centres by nitrogen atoms of 4-

pyridyl rings. One of the coordinated L2 molecules shows torsion angle of -74.8(5) ° between 

the phenyl and 4-pyridyl rings to produce L2 bent U-shape between iron(II) coordination 

centres (Fe-L2-Fe= 12.657 Å). The second coordinated L2 molecule is approximately linear 

and shows torsion angle of 172.8(2) ° between the phenyl and 4-pyridyl rings (Fe-L2-Fe= 

19.868 Å) tables 3.7 and 3.8. Four L2 ligand molecules are coordinated to four Fe(II) 

coordination centres to produce M4-(L2)4 rectangle cavity. The structure is extending to form 

a two-dimensional network that has 12.657 or 19.868 Å sides, and 17.376 × 28.424 Å diagonals 

between Fe(II) coordination centres (figure 3.16). Furthermore, the cyclic unit of four Fe(II) 

ions and four L2 ligand molecules is interpenetrating with another two-dimensional network 

in two-fold 2D-2D fashion (figure 3.17). 

Magnetic susceptibility measurements for a two-dimensional coordination polymer 

based on Fe(II) thiocyanate and trans-4,4`-azopyridine (azpy) was investigated in 2002 by 

Halder and co-workers [52]. Fe2(azpy)2(NCS)4.(EtOH) CP has two-dimensional network 

structure that interpenetrated with another 2D network perpendicularly. The resulted CP 

showed effective magnetic moment value equal to 5.3 μB from 300 to 150 K and 3.65 μB at 50 

K. The dried Fe2(azpy)2(NCS)4 material shows effective magnetic moment value equal to 5.2 

μB at 300 K, 5.1 μB at 50 K, 4.0 μB at 4 K and zero-field splitting at lower temperature. After 

immersion Fe2(azpy)2(NCS)4 in dry MeOH the material showed effective magnetic moment 

value equal to 5.2 μB from 300 to 150 K and 3.5 μB at 50 K. Immersion of Fe2(azpy)2(NCS)4 in 

anhydrous propanol resulted Fe2(azpy)2(NCS)4.(PrOH) material that shows Fe(II) high spin 

state with effective magnetic moment value equal to 5.0 μB from 300 to 140 K, 4.65 μB from 

130 to 110 K and 3.8 μB at 70 K. Another example of Fe(II) two-dimensional coordination 

polymer was reported in 2016 by Yang and co-workers [51]. [(Fe(1,3-di(4-

pyridyl)propane)2(SCN)2]2 coordination polymer has 44 grid structure and shows effective 
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magnetic moment value equal to 3.0 μB at 200 K, 2.8 μB at 50 K, 2.0 μB at 5 K and finally zero-

field splitting at a lower temperature. 

Solid state magnetic susceptibility measurements for compound 12 was investigated 

using a Quantum Design SQUID/VSM magnetometer in an applied field of 5000 G and a 

temperature ramp of 5 K per minute [53, 54]. ([Fe0.5(L2)(SCN)].MeOH)n coordination polymer 

showed Fe(II) high spin state and effective magnetic moment value equal to 3.5 µBM at 300 K 

or 3.25 μBM at 98 K [51]. Then, the μeff value was decreased gradually to 2.0 μBM at 5 K, and 

finally to zero field splitting below 5 K (figure 3.19). The experimental powder X-ray analysis 

for compound 12 do not match the calculated pattern from the single crystal. The new phase is 

crystalline, but the structure could not be determined as the materials did not stay as a single 

crystal on drying out (figure 3.20). Selected bond lengths, angles and torsion angles for 

compound 12 are listed in tables 3.7 and 3.8. 

 

Figure 3.15: ([Fe0.5(L2)(SCN)].MeOH)n two-dimensional coordination polymer asymmetric 

unit of the crystal structure. Ellipsoids shown at 50 % probability levels. 
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Figure 3.16: ([Fe0.5(L2)(SCN)].MeOH)n CP 44 network topology that has 12.657 or 19.868 Å 

sides and 17.376 × 28.424 Å diagonals between Fe(II) coordination centres. 

 

Figure 3.17: Two-fold interpenetrating of ([Fe0.5(L2)(SCN)].MeOH)n 2D networks. 

12.657 Å 

19.868 Å 

17.376 Å 

28.424 Å 
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Figure 3.18: Packing diagram of ([Fe0.5(L2)(SCN)].MeOH)n 2D networks, hydrogen atoms 

were removed for clarity. 

0 50 100 150 200 250 300

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

Figure 3.19: Magnetic susceptibility measurement of ([Fe0.5(L2)(SCN)].MeOH)n 

coordination polymer. 
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Table 3.7: Selected bond lengths (Å) and angles (°) for ([Fe0.5(L2)(SCN)].MeOH)n CP. 

Fe-N1 2.210(2) N1-Fe-N3 90.43(8) 

Fe-N3 2.268(2) N3-Fe-N31 180.0 

Fe-N5 2.122(2) N51-Fe-N1 91.36(9) 

S-C19 1.637(3) N5-Fe-N1 88.64(9) 

N5-C19 1.153(4) N5-Fe-N3 89.87(8) 

N2-C6 1.449(4) N5-Fe-N31 90.13(8) 

N2-C7 1.407(4) N5-Fe-N51 180.0 

N4-C15 1.465(4) C7-N2-C6 118.7(2) 

N4-C16 1.398(6) C16-N4-C15 120.1(4) 

N1-Fe-N11 180.0 N2-C6-C3 110.4(2) 

N1-Fe-N31 89.58(8) N4-C15-C12 113.9(3) 

N11-Fe-N31 90.42(8) N5-C19-S 177.9(3) 

N11-Fe-N3 89.57(8) Fe-N5-C19 152.1(2) 

Table 3.8: Selected torsion angles (°) for ([Fe0.5(L2)(SCN)].MeOH)n CP. 

Fe-N1-C1-C2 -179.0(2) C6-N2-C7-C9 -15.4(4) 

Fe-N1-C5-C4 179.6(3) C7-N2-C6-C3 172.8(2) 

Fe-N3-C10-C11 -175.2(4) N4-C16-C17-C181 179.7(3) 

Fe-N3-C14-C13 174.7(3) N4-C16-C18-C171 -179.6(3) 

N2-C7-C8-C81 178.1(4) C11-C12-C15-N4 146.5(5) 

N2-C7-C9-C91 -177.9(3) C13-C12-C15-N4 -33.0(6) 

C2-C3-C6-N2 112.9(3) C15-N4-C16-C17 -174.8(3) 

C4-C3-C6-N2 -69.3(4) C15-N4-C16-C18 5.6(5) 

C6-N2-C7-C8 166.3(3) C16-N4-C15-C12 -74.8(5) 
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Figure 3.20: (a) Calculated powder XRD pattern of compound 12. (b) Powder XRD pattern 

of compound 12. 

3.5.5 Crystal structure of ([Co(L2)].NO3.DMF)n complex (13) 

([Co(L2)].(NO3).DMF)n complex was synthesised by solvothermal reaction of L2 

ligand and Co(NO3)2.6H2O in DMF as described before in section 3.2.6. The crystal structure 

was solved in monoclinic space group P21/n [31-35] and shows one L2 ligand molecule, one 

cobalt(I) ion on a general position, one nitrate anion and one distorted DMF solvent molecule 

per asymmetric unit (figure 3.21). Co(I) is coordinated to two L2 ligand molecules by nitrogen 

atoms of 4-pyridyl rings and shows two different coordination distances (Co-N1= 1.888(9) Å) 

and (Co-N4= 1.900(9) Å) to produce Co(I) linear coordination centre (figure 3.22). This 

coordination model is very rare to the best of our knowledge and occurred only with bulk ligand 

systems [55]. Moreover, Co(I) also has ionic interactions with the nitrate anions and shows two 

ionic distances (Co-O2= 2.655 Å) and (Co-O3= 2.800 Å). 

The ligand L2 behaves as a bidentate ligand and coordinated to two Co(I) coordination 

centres via nitrogen atoms of 4-pyridyl rings. L2 ligand molecule shows two torsion angles of 

85.70(13) and -81.0(13) ° between the phenyl and 4-pyridyl rings to produce L2 ligand bent 

U-shape between Co(I) coordination centres (figure 3.20) and (table 3.9). After growing the 

structure, a rectangular complex structure of [Co2L2] metallacycle was obtained. The new 

structure has 7.844 × 13.478 Å cavity that occupied by two DMF guest molecules (figure 3.22). 

The experimental powder X-ray analysis for complex 13 do not match with the calculated 

powder XRD pattern of the single crystal structure. The resulted phase is solid, but the structure 
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could not be determined as the complex did not stay as a single crystal on drying out (figure 

3.23). Selected bond lengths, angles and torsion angles for complex 13 are listed in tables 3.9 

and 3.10.  

 

Figure 3.21: ([Co(L2)].NO3.DMF)n complex asymmetric unit of the crystal structure. 

Ellipsoids shown at 50 % probability levels. 

 

Figure 3.22: ([Co(L2)].NO3.DMF)n complex after symmetrical expanding, the resulted 

rectangular cavities are occupied by two DMF molecules. 



Chapter Three 

129 

 

Table 3.9: Selected bond lengths (Å) and angles (°) for compound 13. 

Co-N1 1.888(9) C16-N4-Co 119.2(9) 

Co-N4 1.900(9) C17-N4-Co 122.8(9) 

N2-C6 1.434(16) C7-N2-C6 119.0(10) 

N2-C7 1.415(15) N2-C6-C3 114.0(10) 

N3-C13 1.434(15) N4-C16-C15 124.4(12) 

N3-C10 1.392(15) N3-C13-C14 113.2(10) 

N1-Co-N41 170.70(10) C8-C7-N2 122.4(11) 

C5-N1-Co 1.22.20(9) C12-C7-N2 118.7(10) 

C1-N1-Co 119.8(9) N3-C10-C11 118.7(11) 

C10-N3-C13 120.40(10) C9-C10-N3 124.3(10) 

Table 3.10: Selected torsion angles (°) for ([Co(L2)].NO3.DMF)n complex. 

Co-N1-C1-C2 174.5(11) C2-C3-C6-N2 21.8(17) 

Co-N1-C5-C4 -175.4(10) C4-C3-C6-N2 -160.2(11) 

Co1-N4-C16-C15 -178.5(10) C6-N2-C7-C8 -16.6(16) 

Co1-N4-C17-C18 178.6(9) C6-N2-C7-C12 164.5(10) 

N2-C7-C8-C9 -179.2(10) C7-N2-C6-C3 85.7(13) 

N2-C7-C12-C11 179.1(10) C8-C9-C10-N3 177.6(11) 

N3-C10-C11-C12 -177.9(11) C10-N3-C13-C14 -81.7(13) 

N3-C13-C14-C15 -3.4(16) C13-N3-C10-C9 12.9(17) 

N3-C13-C14-C18 176.0(11) C13-N3-C10-C11 -171.5(10) 

 

 

Figure 3.23: (a) Calculated powder XRD pattern of ([Co(L2)].NO3.DMF)n complex. (b) 

Powder XRD pattern of complex 13. 
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Table 3.11: The crystallographic data of compounds L2, 9 and 10.  

Identification code L2 9 10 

Empirical Formula C18H18N4 C10H15ClMn0.5N2OS C10H15ClCo0.5N2OS 

Formula weight 290.36 273.70 275.96 

Temperature/K 119.99(13) 119.99(10) 119.99(11) 

Crystal system Triclinic Triclinic Triclinic 

Space group P 1 P 1 P 1 

a/Å 6.9995(10) 6.6463(7) 6.6700(5) 

b/Å 7.5918(11) 9.2681(11) 9.1886(5) 

c/Å 7.9588(11) 10.3253(12) 10.2064(5) 

α/° 112.230(13) 92.885(9) 93.525(4) 

β/° 101.539(12) 98.238(9) 98.399(5) 

γ/° 94.915(12) 100.660(9) 100.880(5) 

Volume/Å3 377.46(10) 616.67(12) 605.13(6) 

Z 1 3 2 

ρcalcg/cm3 1.277 1.541 1.582 

μ/mm-1 0.615 0.949 9.439 

F(000) 154.0 297.0 299.0 

Crystal size/mm3 
0.073 × 0.125 × 

0.310 

0.076 × 0.111 × 

0.190 

0.066 × 0.071 × 

0.087 

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

2Θ range for data 

collection/° 
12.416 to 146.986 3.998 to 52.536 8.794 to 147.902 

Index ranges 
-7 ≤ h ≤ 8, -9 ≤ k ≤ 

9, -8 ≤ l ≤ 9 

-8 ≤ h ≤ 6, -11 ≤ k ≤ 

11, -8 ≤ l ≤ 12 

-8 ≤ h ≤ 8, -11 ≤ k 

≤ 9, -8 ≤ l ≤ 12 

Reflections collected 2375 4058 4768 

Independent 

reflections 

1418 [Rint = 0.0364, 

Rsigma = 0.0490] 

2319 [Rint = 0.0473, 

Rsigma = 0.0559] 

2292 [Rint = 0.0368, 

Rsigma = 0.0458] 

Data/restraints/para

meters 
1418/0/100 2319/0/153 2292/0/153 

Goodness-of-fit on 

F2 
1.046 1.064 1.052 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0669, wR2 = 

0.1756 

R1 = 0.0590, wR2 = 

0.1582 

R1 = 0.0467, wR2 = 

0.1224 

Final R indexes [all 

data] 

R1 = 0.0775, wR2 = 

0.1926 

R1 = 0.0656, wR2 = 

0.1664 

R1 = 0.0486, wR2 = 

0.1245 

Largest diff. 

peak/hole / e Å-3 
0.63/-0.63 0.88/-1.03 0.55/-0.47 
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Table 3.12: The crystallographic data of compounds 11, 12 and 13. 

Identification code 11 12 13 

Empirical Formula C18H18ClFe0.5N4 C20H22Fe0.5N5OS C21H25CoN6O 

Formula weight 353.42 408.41 484.40 

Temperature/K 120.00(10) 120.01(17) 119.97(14) 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/n C2/c P21/n 

a/Å 8.6951(2) 8.68801(18) 6.1606(5) 

b/Å 18.1883(5) 19.1203(4) 22.6195(15) 

c/Å 10.4986(3) 25.3135(5) 15.2559(11) 

α/° 90 90 90 

β/° 93.267(3) 98.8117(19) 94.439(7) 

γ/° 90 90 90 

Volume/Å3 1657.65(8) 4155.37(15) 2119.5(3) 

Z 1 8 4 

ρcalcg/cm3 1.417 1.280 1.495 

μ/mm-1 0.656 4.207 6.692 

F(000) 736.0 1676.0 993.0 

Crystal size/mm3 
0.126 × 0.178 × 

0.246 

0.063 × 0.070 × 

0.160 

0.077 × 0.114 × 

0.286 

Radiation 
MoKα (λ = 

0.71073) 

CuKα (λ = 

1.54184) 

CuKα (λ = 

1.54184) 

2Θ range for data 

collection/° 
4.478 to 52.532 7.068 to 147.656 7.004 to 148.172 

Index ranges 

-10 ≤ h ≤ 8, -22 ≤ 

k ≤ 15, -12 ≤ l ≤ 

12 

-7 ≤ h ≤ 10, -23 ≤ k 

≤ 19, -31 ≤ l ≤ 28 

-6 ≤ h ≤ 7, -24 ≤ k 

≤ 27, -17 ≤ l ≤ 18 

Reflections collected 6299 9048 8703 

Independent 

reflections 

3267 [Rint = 

0.0391, Rsigma = 

0.0493] 

3939 [Rint = 

0.0243, Rsigma = 

0.0287] 

4146 [Rint = 

0.1020, Rsigma = 

0.1229] 

Data/restraints/parame

ters 
3267/0/214 3939/0/252 4146/0/291 

Goodness-of-fit on F2 1.119 1.049 1.134 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0620, 

wR2 = 0.1616 

R1 = 0.0535, wR2 = 

0.1534 

R1 = 0.1301, 

wR2 = 0.3240 

Final R indexes [all 

data] 

R1 = 0.0698, 

wR2 = 0.1683 

R1 = 0.0603, wR2 = 

0.1597 

R1 = 0.1998, 

wR2 = 0.3596 

Largest diff. peak/hole 

/ e Å-3 
0.O82/-0.62 0.81/-0.56 1.08/-1.04 
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3.6 Conclusion 

This chapter reports the synthesis and characterisation of the ligand N,N'-bis-pyridin-

4-ylmethyl-benzene-1,4-diamine (L2) as an organic linker with Mn(II), Fe(III) and Co(II) 

metal salts to produce ([Mn0.5(L2)0.5Cl(DMSO)])n and ([Co0.5(L2)0.5Cl(DMSO)])n one-

dimensional polymers. ([Fe0.5(L2)Cl])n and ([Fe0.5(L2)(SCN)].MeOH)n two-dimensional 

polymers, and ([Co(L2)].NO3.DMF)n complex. Compounds 9 and 10 are isostructural one-

dimensional coordination polymers with a zig-zag structure for L2 molecules between M2+ 

coordination centres. Compound 11 is a two-dimensional coordination polymer that has 44 

network topology. The resulted 2D network is packed with two other networks in an inter-

digitated fashion and there are no significant channels in the lattice. According to CCDC 

compound 11 represent the first example of iron(II) chloride and 4-pyridyl ligands two-

dimensional coordination polymer. Compound 12 has a two-dimensional 44 network topology 

and the cyclic unit of four Fe(II) ions and four ligand molecules is interpenetrating with another 

two-dimensional network in two-fold 2D-2D fashion. Magnetic susceptibility measurements 

for compound 12 shows iron(II) high spin state properties from 300 to 5 K and zero field 

splitting below 5 K. Complex 13 forms unexpected Co(I) M2L2 metallacycle that could due to 

the synthesis process or L2 ligand flexibility. 
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N,N'-Bis(4-pyridinylmethyl)-2,5-dimethylbenzene-1,4-diamine (L3) MOFs 

4.1 Introduction 

Synthesis of new ligands plays an important role in the development of coordination 

chemistry that could be indicated by the high publication's number in recent years. New ligand 

systems based on pyridyl substituted compounds are well known in coordination polymers 

chemistry [1-8], that might due to the simple synthesis methods [2,9-11], stability [12-14] or 

resulted architecture [15-17]. Imine, amide, azo or amine ligands contains 4-pyridyl rings have 

a considerable attention in coordination polymers chemistry and utilised in different fields such 

as chemical catalysis [2, 3, 18], gas storage and separation [19-22], luminescence [15, 23, 24], 

spin crossover [8, 25] and biological activities [26-28]. 

This chapter reports designing, synthesis and characterisation of new ligand based on 

4-pyridinecarboxaldehyde and 2,5-dimethyl-benzene-1,4-diamine and the new ligand reaction 

with iron(II) thiocyanate, iron(III) chloride, cobalt(II) nitrate, cadmium(II) nitrate, isophthalic 

acid (H2-isoph) or 5-methylisophthalic acid (H2-Meisoph) to produce a series of new 

coordination polymers. We selected 2,5-dimethyl-benzene-1,4-diamine to control the resulted 

ligand structure and torsion angles as the substituted aromatic amine may result in a linear 

linker ligand. To the best of our knowledge, only one similar ligand based on isonicotinoyl 

chloride hydrochloride and 2,5-dimethyl-benzene-1,4-diamine was reported in 2016 by 

Vardhan and co-workers [29]. 

Self-assembly process of L3 ligand with FeCl3.6H2O or Fe(SCN)2 produced 

([Fe0.5(L3)Cl].MeOH)n (14) or ([Fe(L3)0.5(SCN)])n (15) coordination polymers, where L3 is 

approximately linear in compound 14 and shows bent S-shape in compound 15. On the other 

hand, reaction of L3, isophthalic acid, 5-methylisophthalic acid, Co(NO3)2.6H2O or 

Cd(NO3)2.4H2O in DMF at 115 °C for 24 hours produced ([Co(L3)(isoph)].DMF)n (16), 

(Cd(L3)(isoph)].DMF.H2O)n (17), ([Co(L3)(Meisoph)].DMF)n (18) or 

([Cd(L3)(Meisoph)].DMF)n (19) two-dimensional coordination polymers where L3 is 

approximately linear and connecting between two different M(II)-isoph or M(II)-Meisoph 2D 

networks. The resulted compounds 16-19 are structurally stable and showed one-dimensional 

open network channels that occupied by solvent molecules for compounds 16, 18 and 19 or 

water and solvent molecules for compound 17. 



Chapter Four  

138 
 

4.2 Experimental 

4.2.1 Synthesis of the new ligand N,N'-bis(4-pyridinylmethylene)-2,5-dimethylbenzene-

1,4-diamine (cL) 

4-Pyridinecarboxaldehyde (1.57 g, 

14.67 mmol) was dissolved in methanol 

(40 ml) and added dropwise with stirring 

to 2,5-dimethyl-benzene-1,4-diamine (1 g, 

7.3 mmol) in methanol (40 ml) and heated 

under reflux for 5 hours at 70 °C. The solvent was evaporated under vacuum to result in a 

yellow solid product. The product was washed with acetone two times and dried under vacuum 

to form 1.90 g, 82.42 % yield of the new ligand cL, mp= 227.5-229 ºC. 1H NMR (300 MHz, 

CDCl3) δ (ppm): δ 8.78 (m, 4H, E); 8.43 (s, 2H, D); 7.79 (m, 4H, C); 6.92 (s, 2H, B) and 2.41 

(s, 6H, A); 13C{1H} NMR (75 MHz, CDCl3) δ (ppm): 156.29, 150.57, 148.35, 143.03, 131.41, 

122.19, 119.31 and 17.48; ESI-MS: m/z 315 {M+H}+. IR (solid state): 𝜈̅ (cm-1) 3056, 2878, 

1624, 1594 and 1410. Microanalysis found: C, 75.90; H, 5.80; N, 17.90 %, calculated for 

C20H18N4: C, 76.41; H, 5.77; N, 17.82 %. 

4.2.2 Synthesis of the new ligand N,N'-bis(4-pyridinylmethyl)-2,5-dimethylbenzene-1,4-

diamine (L3) 

Sodium borohydride (2.5 g, 67 

mmol) was added gradually to a pale 

yellow methanolic solution (250 ml) 

containing cL ligand (1.8 g, 5.7 mmol) at 

room temperature and left stirring 

overnight. The solvent was evaporated under vacuum, and the resulted powder was dissolved 

in deionized water (300 ml) by the addition of aqueous 1M HCl solution. Then, the reaction 

pH was increased to pH 13 by aqueous 2M sodium hydroxide solution. The ligand was 

precipitated from the basic solution, filtered, washed by water 4×100 ml and dried under 

vacuum to result in 1.56 g, 85.57 % yield of L3 ligand, mp= 186-187 ºC. 1H NMR (300 MHz, 

DMSO-d6) δ(ppm): 8.46 (m, 4H, F); 7.33 (m, 4H, E); 6.12 (s, 2H, D); 4.91 (t, 2H, C, J= 6.2 

Hz); 4.25 (d, 4H, B, J=5.9 Hz) and 2.00 (s, 3H, A); 13C{1H} NMR (75 MHz, DMSO-d6) 

δ(ppm): 150.59, 149.31, 136.95, 122.22, 120.32, 113.40, 46.32 and 17.73; ESI-MS: m/z 319 

{M+H}+. IR (solid state): 𝜈̅ (cm-1) 3411, 3071, 2871, 1598, 1524, 1414 and 1361. 
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N

N
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Microanalysis Found: C, 74.50; H, 6.70; N, 17.20 %, calculated for C20H22N4: C, 75.44; H, 

6.96; N, 17.60 %. 

4.2.3 Synthesis of ([Fe0.5(L3)Cl].MeOH)n MOF (14) 

A solution of the ligand (L3) (31 mg, 0.1 mmol) in MeOH (2 ml) was added dropwise 

to a vial containing FeCl3.6H2O (27 mg, 0.1 mmol) in MeOH (2 ml). The reaction vial was 

heated for a few seconds, sealed and left to stand at room temperature to result in 

([Fe0.5(L3)Cl].MeOH)n (28 mg) red crystals after a few days. IR (solid state): 𝜈̅ (cm-1) 3451, 

3311, 3253, 3057, 2839, 1613, 1491, 1418, 1356 and 478. Microanalysis found: C, 61.76; H, 

5.91; N, 13.95 %, calculated for ([Fe(L3)2Cl2].MeOH)n: C, 61.89; H, 6.08; N, 14.08 %. 

4.2.4 Synthesis of ([Fe(L3)0.5(SCN)])n MOF (15) 

A solution of the ligand (L3) (31 mg, 0.1 mmol) in MeOH (2 ml) was added dropwise 

to a vial containing Fe(SCN)2 (17 mg, 0.1 mmol) in MeOH (2 ml). Then, the reaction vial was 

heated for a few seconds, sealed and left to stand at room temperature to result in 

([Fe(L3)0.5(SCN)])n (23 mg) red crystals after a few weeks. IR (solid state): 𝜈̅ (cm-1) 3348, 

3025, 2867, 2064, 1615, 1563, 1440, 1340 and 482. Microanalysis found: C, 58.62; H, 5.31; 

N, 15.71 %, calculated for ([Fe(L3)2(SCN)2].3H2O)n: C, 58.46; H, 5.84; N, 16.23 %. 

4.2.5 Synthesis of (Co(L3)(isoph)].DMF)n (16) and (Cd(L3)(isoph)].DMF.H2O)n (17) 

MOFs 

A pale yellow solution of the ligand (L3) (31 mg, 0.1 mmol) and isophthalic acid (H2-

isoph) (17 mg, 0.1 mmol) in DMF (3.5 ml) was added dropwise to Co(NO3)2.6H2O or 

Cd(NO3)2.4H2O (29 mg or 30 mg, 0.01 mmol) solution in N,N-dimethylformamide (DMF) (2 

ml). Then, the reaction vials were sealed and placed in a thermal block and left for solvothermal 

reaction at 115 °C to result in ([Co(L3)(isoph)].DMF)n (45 mg) or (Cd(L3)(isoph)].DMF.H2O)n 

(38 mg) crystals after 24 hours. IR (solid state) for compound 16: 𝜈̅ (cm-1) 3406, 3066, 2929, 

1713, 1600, 1547, 1441, 1372, 526 and 420. IR (solid state) for compound 17: 𝜈̅ (cm-1) 3300, 

3050, 2918, 2854, 1671, 1609, 1571, 1444, 1393, 524 and 412. Microanalysis found: C, 60.37; 

H, 5.83; N, 11.18 %, calculated for ([Co(L3)(isoph)].DMF])n: C, 60.59; H, 5.41; N, 11.40 %. 

Found: C, 54.95; H, 5.80; N, 11.11 %, calculated for ([Cd(L3)(isoph)].2DMF])n: C, 55.10; H, 

5.44; N, 11.34 %. 
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4.2.6 Synthesis of ([Co(L3)(Meisoph)].DMF)n (18) and ([Cd(L3)(Meisoph)].DMF)n (19) 

coordination polymers 

A pale yellow solution of the ligand (L3) (31 mg, 0.1 mmol) and 5-methylisophthalic 

acid (H2-Meisoph) (18 mg, 0.1 mmol) in DMF (4 ml) was added dropwise to Co(NO3)2.6H2O 

or Cd(NO3)2.4H2O (29 mg or 30 mg, 0.1 mmol) in DMF (3 ml). Then, the reaction vials were 

sealed and placed in the thermal block and left for solvothermal reaction at 115 °C to result in 

([Co(L3)(Meisoph)].DMF)n (42 mg) or ([Cd(L3)(Meisoph)].DMF)n (32 mg) crystals after 24 

hours. IR (solid state)  for compound 18: 𝜈̅ (cm-1) 3325, 3054, 2917, 2848, 1670, 1613, 1578, 

1419, 1381, 525 and 450. IR (solid state) for compound 19: 𝜈̅ (cm-1) 3324, 3040, 2918, 2851, 

1671, 1610, 1542, 1416, 1372, 522 and 429. Microanalysis found: C, 60.97; H, 5.72; N, 11.06 

%, calculated for ([Co(L3)(Meisoph)].DMF)n: C, 61.14; H, 5.61; N, 11.14 %. Found: C, 55.97; 

H, 5.59; N, 10.06 %, calculated for ([Cd(L3)(Meisoph)].DMF)n: C, 56.35; H, 5.17; N, 10.27 

%. 

4.3 Crystallography experimental 

Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 120(1) 

using an OxfordCryosystems low temperature device. X-ray diffraction data were collected 

using Cu-Ka (λ= 1.54184 Å) radiation using an Agilent Supernova dual-source diffractometer 

with Atlas S2 CCD detector and fine-focus sealed tube generator. Data were corrected for 

Lorenztian and polarization effects, and absorption corrections were applied. The structures 

were solved by charge flipping methods using SUPERFLIP or by direct methods using 

SHELXS and refined by olex2.refine or by full-matrix least-squares on F2 using SHELXL. All 

non-hydrogen atoms were refined as anisotropic, and hydrogen positions were included at 

geometrically estimated positions [30-34]. Summary of data collections and refinements are 

given in tables 4.13, 4.14 and 4.15. Further details of refinements are given below. 

4.4 Results and discussions 

4.4.1 Synthesis of the new ligand N,N'-bis(4-pyridinylmethylene)-2,5-dimethylbenzene-

1,4-diamine (cL) 

The new ligand was synthesised by the reaction of 4-pyridinecarboxaldehyde and 2,5-

dimethyl-benzene-1,4-diamine in MeOH according to scheme 4.1. The FTIR spectrum of the 

new ligand shows bands disappearance at 3396, 3306, 3219 and 1720 cm-1 that are due to amine 

or carbonyl group of 2,5-dimethyl-benzene-1,4-diamine or 4-pyridinecarboxaldehyde starting 

materials respectively [35-38]. Furthermore, the FTIR spectrum shows a new band at 1594 cm-

1 that is due to imine group formation [35-38]. The 1H NMR spectrum of the prepared ligand 
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shows disappearance of the aldehyde peak at δ 10.08 ppm and the amine peak at δ 3.91 ppm. 

Moreover, the ligand 1H NMR spectrum shows a new singlet peak at δ 8.43 ppm which is due 

to the imine functional group formation (figure 4.1) [35-40]. The 13C{1H} NMR spectrum 

shows disappearance of the aldehyde peak at δ 193.11 ppm and appearance of the imine peak 

at δ 156.29 ppm (figure 4.2) [35-40]. 

NH2H2N N

O

+2

N N

N

N

 MeOH 70 oC
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Scheme 4.1: Synthesis of the new ligand N,N'-bis(4-pyridinylmethylene)-2,5-

dimethylbenzene-1,4-diamine (cL). 

 
Figure 4.1: 1H NMR (300 MHz, CDCl3) spectrum of N,N'-bis(4-pyridinylmethylene)-2,5-

dimethylbenzene-1,4-diamine (cL). 
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Figure 4.2: 13C{1H} NMR (75 MHz, CDCl3) spectrum of N,N'-bis(4-pyridinylmethylene)-

2,5-dimethylbenzene-1,4-diamine (cL). 

4.4.2 Synthesis of the new ligand N,N'-bis(4-pyridinylmethyl)-2,5-dimethylbenzene-1,4-

diamine (L3) 

The new ligand was prepared by reduction of N,N'-bis(4-pyridinylmethylene)-2,5-

dimethylbenzene-1,4-diamine in methanol by sodium borohydride according to scheme 4.2 

[41, 42]. The FTIR spectrum of the new ligand shows bands changing in comparison with cL 

ligand spectrum. The most important to note is the imine group band disappearing at 1594 cm-

1 and appearance of a new band at 3411 cm-1 which is due to the secondary amine group 

formation [35, 37, 38]. The 1H NMR spectrum of the prepared ligand shows disappearance of 

the imine peak at δ 8.43 ppm and appearance of the methylene and the secondary amine peaks 

at δ 4.25 ppm and at δ 4.91 ppm (figure 4.3) [35, 37, 38, 40]. The 13C{1H} NMR spectrum 

shows a new peak at δ 46.32 ppm which is due to the methylene group formation and 

disappearing of the imine group peak at δ 156.29 ppm (figure 4.4) [35, 37, 38, 40]. 
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Scheme 4.2: Synthesis of new ligand N,N'-bis(4-pyridinylmethyl)-2,5-dimethylbenzene-1,4-

diamine (L3). 

 

 
Figure 4.3: 1H NMR (300 MHz, DMSO-d6) spectrum of N,N'-bis(4-pyridinylmethyl)-2,5-

dimethylbenzene-1,4-diamine (L3). 
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Figure 4.4: 13C{1H} NMR (75 MHz, DMSO-d6) spectrum of N,N'-bis(4-pyridinylmethyl)-

2,5-dimethylbenzene-1,4-diamine (L3).  

4.4.3 Synthesis of new MOFs 14-19 

A series of novel coordination polymers were synthesised from the reaction of L3, 

FeCl3.6H2O, Fe(SCN)2, Co(NO3)2.6H2O, Cd(NO3)2.4H2O, isophthalic acid or 5-

methylsophthalic acid to produce ([Fe0.5(L3)Cl].MeOH)n (14) and ([Fe(L3)0.5(SCN)])n (15) 

MOFs; (Co(L3)(isoph)].DMF)n (16), (Cd(L3)(isoph)].DMF.H2O)n (17), 

([Co(L3)(Meisoph)].DMF)n (18) or ([Cd(L3)(Meisoph)].DMF)n (19) MOF. Compounds 14 

and 15 were obtained from self-assembly process in methanol at room temperature. Whereas 

compounds 16-19 were synthesised by solvothermal reaction in DMF at 115 °C for 24 hours. 

The resultant crystals of 14 and 15 are soluble and decomposed to starting materials in hot 

MeOH, EtOH, MeCN, DCM, DMSO, DMF or CHCl3 solvents. On the other hand, compounds 

16-19 crystals are insoluble in common organic and inorganic solvents. Therefore, compounds 

14-19 were characterised as solid materials by single crystal X-ray diffraction, powder X-ray 

diffraction, microanalysis of the elements and FTIR. 

IR spectrum of compound 14 shows main peaks at 3451, 3311, 3253, 3057, 2839, 1613, 

1491, 1418 and 1356 cm-1 due to νN-H, νC-HAr, νC-HAl, νC=C, νC-N, νCH2 and νCH3 

functional groups [35, 37, 38, 43]. The spectrum also shows a new band at 478 cm-1 which due 

to νM-N coordination bond [43-45]. The IR spectrum of compound 15 shows main bands at 

3348, 3025, 2867, 2064, 1615, 1563, 1440, 1340 and 482 cm-1 which due to νN-H, νC-HAr, νC-
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HAl, νS-C≡N, νC=C, νC-N, νCH2, νCH3 and νM-N functional groups and coordination bond 

[35, 37, 38, 43-46]. Complexes 16 and 17 IR spectra display main peaks at 3406-3300, 3066-

3050, 2929-2918, 2854, 1713-1671, 1609-1600, 1571-1547, 1444-1441, 1393-1372, 526-524 

and 420-412 cm-1 due to νN-H, νC-HAr, νC-HAl, νC=O, νC=C, νC-N, νCH2, νCH3, νM-N and 

νM-O functional groups and coordination bonds [35, 37, 38, 43, 47-49]. Compounds 18 and 

19 IR spectra display main bands at 3325-3324, 3054-3040, 2918-2917, 2851-2848, 1671-

1670, 1613-1610, 1578-1542, 1419-1416, 1381-1372, 525-522 and 450-429 cm-1 due to νN-H, 

νC-HAr, νC-HAl, νC=O, νC=C, νC-N, νCH2, νCH3, νM-N and νM-O functional groups and 

coordination bonds [37, 38, 43, 50-53]. 

4.5 Crystal structures 

4.5.1 Crystal structure of the new ligand N,N'-bis(4-pyridinylmethylene)-2,5- 

dimethylbenzene-1,4-diamine (cL) 

The new ligand was dissolved in dichloromethane and left to evaporate slowly to afford 

yellow single crystals after a few days. A suitable crystal was selected for structure 

determination by X-ray diffraction. The crystal structure was solved in monoclinic space group 

P21/c [30-34] and shows half of cL ligand molecule per asymmetric unit (figure 4.5). After 

symmetry expansion the ligand molecule is approximately linear and shows torsion angle of 

178.78(11) ° between the phenyl and 4-pyridyl rings (figure 4.6). The resulted crystal structure 

also shows 4.003 or 4.021 Å distance between the phenyl and the 4-pyridyl ring from different 

ligand molecules which is too far for π-π stacking interaction (figure 4.6). Selected bond 

lengths, angles and torsion angles for cL ligand crystal structure are given in tables 4.1 and 4.2. 

 
Figure 4.5: N,N'-Bis(4-pyridinylmethylene)-2,5-dimethylbenzene-1,4-diamine asymmetric 

unit of the crystal structure. Ellipsoids shown at 50 % probability levels. 
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Figure 4.6: Crystal structure of cL ligand shows torsion angle of 178.78(11) ° between 

phenyl and 4-pyridyl rings, 4.003 or 4.021 Å distances between the aromatic rings. 

Table 4.1: Selected bond lengths (Å) and angles (°) for cL ligand. 

N1-C1 1.3491(19) C8-C91 1.3900(18) N1-C5-C4 123.35(13) 

N1-C5 1.3367(19) C9-C81 1.3899(18) N2-C6-C3 122.74(12) 

N2-C6 1.2758(17) C9-C10 1.5020(18) C8-C7-N2 123.12(12) 

N2-C7 1.4199(16) C5-N1-C1 116.52(12) C8-C7-C9 119.59(12) 

C1-C2 1.3813(19) C6-N2-C7 118.51(11) C9-C7-N2 117.29(11) 

C2-C3 1.3958(19) N1-C1-C2 124.09(13) C91-C8-C7 122.05(12) 

C3-C4 1.3877(18) C1-C2-C3 118.85(13) C7-C9-C10 121.17(12) 

C3-C6 1.4713(17) C2-C3-C6 122.70(12) C81-C9-C7 118.32(12) 

C4-C5 1.3895(19) C4-C3-C2 117.50(12) C81-C9-C10 120.49(12) 

C7-C8 1.3959(18) C4-C3-C6 119.80(12)   

C7-C9 1.4036(18) C3-C4-C5 119.68(12)   

Table 4.2: Selected torsion angles (°) for cL ligand. 

N1-C1-C2-C3 0.3(2) C4-C3-C6-N2 -174.45(12) 

N2-C7-C8-C91 178.18(11) C5-N1-C1-C2 0.1(2) 

N2-C7-C9-C81 -178.24(11) C6-N2-C7-C8 -30.06(19) 

N2-C7-C9-C10 0.53(18) C6-N2-C7-C9 150.39(12) 

C1-N1-C5-C4 -0.6(2) C6-C3-C4-C5 179.82(12) 

C1-C2-C3-C4 -0.17(19) C7-N2-C6-C3 178.87(11) 

C1-C2-C3-C6 179.71(12) C8-C7-C9-C81 2.2(2) 

C2-C3-C4-C5 -0.29(19) C8-C7-C9-C10 -179.03(12) 

C2-C3-C6-N2 5.7(2) C9-C7-C8-C91 -2.3(2) 

C3-C4-C5-N1 0.7(2)   

 

4.003 Å 
4.021 Å 
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4.5.2 Crystal structure of the new ligand N,N'-bis(4-pyridinylmethyl)-2,5- 

dimethylbenzene-1,4-diamine (L3) 

N,N'-Bis(4-pyridinylmethyl)-2,5-dimethylbenzene-1,4-diamine ligand was dissolved 

in dichloromethane and left to evaporate slowly to afford yellow single crystals after two days. 

A suitable crystal was selected for structure determination by X-ray diffraction. The structure 

was solved in the triclinic space group 𝑃1 [30-34] and shows one L3 ligand molecule per 

asymmetric unit (figure 4.7). The crystal structure shows two torsion angles of 86.4(3) ° and -

82.3(3) ° between the phenyl and 4-pyridyl rings. The crystal structure also shows 3.852 Å 

distance between 4-pyridyl rings from different L3 ligand molecules that is due to π-π 

interaction (figure 4.8). Selected bond lengths, angles and torsion angles of L3 ligand are listed 

in tables 4.3 and 4.4. 

 
Figure 4.7: L3 asymmetric unit of the crystal structure. Torsion angles of 86.4 ° and -82.3° 

between the phenyl and 4-pyridyl rings. Ellipsoids shown at 50 % probability levels. 

 
Figure 4.8: Packing diagram of L3 ligand molecules that shows 3.852 Å between 4-pyridyl 

rings from different L3 ligand molecules. 

 

3.852 Å 
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Table 4.3: Selected bond lengths (Å) and angles (°) for L3 ligand. 

N1-C1 1.344(4) C10-N3-C15 121.82(19) 

N1-C5 1.337(3) C19-N4-C18 116.6(2) 

N2-C6 1.442(3) N1-C1-C2 123.6(2) 

N2-C7 1.400(3) N1-C5-C4 123.8(2) 

N3-C10 1.394(3) N2-C6-C3 114.7(2) 

N3-C15 1.439(3) N2-C7-C8 121.46(19) 

N4-C18 1.336(4) N2-C7-C12 120.44(19) 

N4-C19 1.328(4) N3-C10-C9 120.2(2) 

C3-C6 1.518(3) N3-C10-C11 121.57(19) 

C15-C16 1.521(3) N3-C15-C16 115.1(2) 

C5-N1-C1 116.5(2) N4-C18-C17 123.4(2) 

C7-N2-C6 119.94(18) N4-C19-C20 124.5(2) 

Table 4.4: Selected torsion angles (°) for L3 ligand. 

N1-C1-C2-C3 -0.1(4) C5-N1-C1-C2 0.5(4) 

N2-C7-C8-C9 -177.2(2) C6-N2-C7-C8 -27.9(3) 

N2-C7-C12-C11 177.5(2) C6-N2-C7-C12 155.0(2) 

N2-C7-C12-C13 -2.4(3) C7-N2-C6-C3 86.4(3) 

N3-C10-C11-C12 178.6(2) C8-C9-C10-N3 -178.3(2) 

N3-C15-C16-C17 166.4(2) C10-N3-C15-C16 -82.3(3) 

N3-C15-C16-C20 -14.8(3) C14-C9-C10-N3 1.4(3) 

N4-C19-C20-C16 -1.4(4) C15-N3-C10-C9 -164.1(2) 

C1-N1-C5-C4 -0.8(4) C15-N3-C10-C11 17.0(3) 

C2-C3-C6-N2 -160.7(2) C16-C17-C18-N4 1.3(4) 

C3-C4-C5-N1 0.6(4) C18-N4-C19-C20 0.9(4) 

C4-C3-C6-N2 21.3(3) C19-N4-C18-C17 -0.9(4) 

4.5.3 Crystal structure of ([Fe0.5(L3)Cl].MeOH)n coordination polymer (14) 

 ([Fe0.5(L3)Cl].MeOH)n coordination polymer crystal structure was solved in 

monoclinic space group P21/c [30-34] and shows half of Fe(II) ion on an inversion centre, two 

halves of L3 ligand molecules, one coordinated chloride anion and one methanol guest 

molecule per asymmetric unit (figure 4.9). Fe(II) ion is coordinated to four L3 ligand molecules 

by nitrogen atoms of 4-pyridyl rings and shows two Fe-N coordination distances of 2.198(2) 

and 2.358(2) Å for Fe-N1 and Fe-N3 respectively. Fe(II) ion is also coordinated to two chloride 

anions in a trans arrangement (Fe-Cl= 2.444(7) Å) to produce Fe(II) distortion octahedral 

coordination centres (figure 4.10). 

Compound 14 was synthesised from Iron(III) but reduced to Fe(II) by methanol and 

water [54]. Compound 14 shows similar Fe-N and Fe-Cl coordination bond lengths in 
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comparison with Karsten reported crystal structure of trans-[FeCl2(pyridine)4].2[(HDBU)Cl] 

(HDBU= 1,8-diazabicyclo[5.4.0]undec-7-en-8-ium) that shows coordination distances of 

2.279(3), 2.273(3) and 2.4067(8) Å for Fe-N or Fe-Cl [55]. Graziani reported 

[FeCl2(tBuC3H3N2)4] crystal structure that has Fe-N coordination bond lengths from 2.158(3) 

to 2.191(4) Å, and Fe-Cl coordination bonds of 2.533(12) or 2.565(12) Å [56]. Furthermore, 

([Fe0.5(L3)Cl].MeOH)n coordination polymer shows similar Fe-N and Fe-Cl coordination bond 

lengths in comparison with compound 11 coordination bond lengths. 

L3 ligand behaves as a bi-dentate ligand to two Fe(II) coordination centres by nitrogen 

atoms of 4-pyridyl rings and shows two coordination distances of 2.198(2) and 2.358(2) Å for 

Fe-N1 and Fe-N3 respectively. The first coordinated L3 ligand molecule shows torsion angles 

of -86.515(3) ° between the phenyl and 4-pyridyl rings to produce L3 bent-S shape between 

Fe(II) coordination centres (Fe-L3-Fe= 16.951 Å) (figure 4.10). The second coordinated L3 

ligand molecule is approximately linear and shows torsion angle of 175.1(2) ° between the 

phenyl and 4-pyridyl rings (Fe-L3-Fe= 20.478 Å) (figure 4.10). Four L3 ligand molecules are 

coordinated to four Fe(II) ions to produce M4-(L3)4 square cavity. The resulted structure is 

extending to form a two-dimensional network that has 44 topology and shows 16.951 × 20.478 

Å sides, and 26.331 × 26.833 Å diagonals between Fe(II) coordination centres (figure 4.10). 

The resulted square units of four Fe(II) ions and four L3 ligand molecules are packing with two 

Fe(II) coordination centres from two different 2D networks in an inter-digitated fashion left no 

significant channels or voids in the lattice (figure 3.13). The resulted crystal structure shows 

hydrogen bond interaction between the coordinated chloride anion and methanol guest 

molecule (O···Cl= 3.141 Å). In addition to another hydrogen bond interaction between the 

secondary amines from different L3 ligand molecules (N1···N4= 3.091 Å) (figure 4.12). 

Powder X-ray analysis for compound 14 shows a good agreement with calculated XRD pattern 

which indicate phase purity and material stability (figure 4.13). Summary of bond lengths, 

angles and torsion angles of compound 14 are listed in tables 4.5 and 4.6. 
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Figure 4.9: ([Fe0.5(L3)Cl].MeOH)n CP asymmetric unit of the crystal structure. Ellipsoids 

shown at 50 % probability levels. 

 
Figure 4.10: ([Fe0.5(L3)Cl].MeOH)n CP network that has 20.478 × 16.951 Å sides and 

26.331 × 26.833 Å diagonals between Fe(II) coordination centres. 

20.478 Å 

16.951 Å 

26.833 Å 

26.331 Å 
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Figure 4.11: Packing diagram of ([Fe0.5(L3)Cl].MeOH)n CP. Square cavities are occupied by 

two Fe(II) coordination centres from two different networks and four MeOH solvent guest 

molecules. 

 
Figure 4.12: Hydrogen bond interactions between the coordinated chloride anions and 

methanol guest molecules (Cl···O= 3.141 Å). Hydrogen bond interaction between the 

secondary amines from different L3 ligand molecules (N1···N4= 3.091 Å). 
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Table 4.5: Selected bond lengths (Å) and angles (°) for ([Fe0.5(L3)Cl].MeOH)n CP.  

Fe-Cl 2.4442(7) N11-Fe-Cl 90.97(6) N3-Fe-N31 180.0 

Fe-N1 2.198(2) N1-Fe-Cl1 90.97(6) C1-N1-Fe 123.66(19) 

Fe-N3 2.358(2) N1-Fe-Cl 89.03(6) C5-N1-Fe 119.68(18) 

N1-C1 1.350(3) N11-Fe-Cl1 89.03(6) C7-N2-C6 122.1(2) 

N1-C5 1.342(4) N1-Fe-N11 180.0 C11-N3-Fe 119.68(19) 

N2-C6 1.445(4) N11-Fe-N31 89.15(8) C15-N3-Fe 124.25(19) 

N2-C7 1.393(4) N11-Fe-N3 90.85(8) C17-N4-C16 117.1(2) 

N3-C11 1.336(4) N1-Fe-N31 90.85(8) N2-C6-C3 115.3(2) 

N3-C15 1.339(4) N1-Fe-N3 89.15(8) N2-C7-C8 122.7(3) 

N4-C16 1.452(4) N3-Fe-Cl1 88.46(6) N2-C7-C9 119.0(2) 

N4-C17 1.429(3) N3-Fe-Cl 91.54(6) N4-C16-C13 111.3(2) 

O-C21 1.408(4) N31-Fe-Cl1 91.54(6) C18-C17-N4 121.5(2) 

Cl-Fe-Cl1 180.0 N31-Fe-Cl 88.46(6) C19-C17-N4 119.4(2) 

Table 4.6: Selected torsion angles (°) for ([Fe0.5(L3)Cl].MeOH)n CP. 

Fe-N1-C1-C2 -179.15(19) C3-C4-C5-N1 0.3(4) 

Fe-N1-C5-C4 178.5(2) C4-C3-C6-N2 -174.0(2) 

Fe-N3-C11-C12 173.7(3) C5-N1-C1-C2 0.9(4) 

Fe-N3-C15-C14 -173.8(2) C6-N2-C7-C8 18.3(4) 

N1-C1-C2-C3 0.9(4) C6-N2-C7-C9 -164.6(2) 

N2-C7-C8-C91 177.3(2) C7-N2-C6-C3 -86.5(3) 

N2-C7-C9-C81 -177.4(2) C11-N3-C15-C14 0.3(4) 

N2-C7-C9-C10 2.7(4) C12-C13-C16-N4 -102.4(3) 

N3-C11-C12-C13 0.6(5) C13-C14-C15-N3 0.0(5) 

N4-C17-C18-C191 178.6(2) C14-C13-C16-N4 80.8(3) 

N4-C17-C19-C181 -178.6(2) C15-N3-C11-C12 -0.6(5) 

N4-C17-C19-C20 -0.8(4) C16-N4-C17-C18 9.0(4) 

C1-N1-C5-C4 -1.6(4) C16-N4-C17-C19 -172.3(2) 

C2-C3-C6-N2 7.2(4) C17-N4-C16-C13 175.1(2) 
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Figure 4.13: (a) Calculated powder XRD pattern of compound 14. (b) Powder XRD pattern 

of compound 14. 

4.5.4 Crystal structure of ([Fe(L3)0.5(SCN)])n MOF (15) 

 ([Fe(L3)0.5(SCN)])n MOF crystal structure was solved in tetragonal space group I41/a 

[30-34] and shows one iron(II) ion on four-fold inversion centre, one disordered thiocyanate 

anion and half of L3 ligand molecule per asymmetric unit (figure 4.14). Iron(II) ion is 

coordinated to four L3 ligand molecules along the equatorial axes (Fe-N1= 2.209(6) Å) and 

two thiocyanate anions on the axial axes (Fe-N3= 2.092(13) Å) to produce iron(II) distorted 

octahedral coordination centres (figure 4.15). ([Fe(L3)0.5(SCN)])n MOF shows similar 

coordination bond lengths in comparison with other reported Fe(II), SCN- and 4-pyridyl 

coordination polymers [8, 25]. Halder reported Fe2(azpy)4(NCS)2.(guest) MOF that has similar 

coordination bond lengths in comparison with compound 15 (Fe-(4-py)= 2.214(5)-2.221(5) Å) 

and (Fe-NCS= 2.080(5)-2.086(5) Å) [8]. ([Fe(L3)0.5(SCN)])n MOF also shows similar 

coordination bond lengths in comparison with Halder Fe2(azpy)4(NCS)2.(azpy) reported MOF 

where (Fe-(azpy)= 2.204(7)-2.267(6) Å) and (Fe-(NCS)= 2.069(7)-2.081(8) Å) [25]. 

L3 ligand behaves as a bidentate ligand via nitrogen atoms of 4-pyridyl rings. The 4-

pyridyl ring was refined as a disordered molecule across two sites each at 0.5 occupancy and 

shows rotation between the two planes approximately 55.69-58.51 ° (figure 4.14). The new 

ligand also shows torsion angle of -64.046 ° between the phenyl and 4-pyridyl rings to produce 

L3 bent S-shape between Fe(II) coordination centres (Fe-L3-Fe= 15.992 Å). After symmetry 

expansion the crystal structure shows 22 × 27 Å hexagonal channels consists of six L3 ligand 

molecules and six Fe(II) coordination centres along a and c axes (figure 4.16). 

a 

b 

2θ / deg 
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([Fe(L3)0.5(SCN)])n crystal structure also shows 13 × 15 Å H-shape channels consists of four 

L3 ligand molecules and four Fe(II) ions along c and b axes (figure 4.17). Furthermore, the 

crystal structure shows 14 × 14 Å cross shape channels consists of four L3 ligand molecules 

and four Fe(II) ions along a and b axes (figure 4.17). However, each three-dimensional network 

is interpenetrating with four other three-dimensional networks with no significant space, 

hydrogen bond interactions or solvent guest molecules (figure 4.18). Powder XRD of the dried 

([Fe(L3)0.5(SCN)])n MOF does not match the calculated pattern from the single crystal 

structures. The new phase is crystalline, but the structure could not be determined as the 

materials did not stay as a single crystal on drying out (figure 4.19). Selected bond lengths, 

angles and torsion angle for compound 15 are listed in tables 4.7 and 4.8. 

 
Figure 4.14: ([Fe(L3)0.5(SCN)])n MOF asymmetric unit of the crystal structure, torsion angle 

of -64.046 ° between C3-C6-N2-C7. Ellipsoids shown at 50 % probability levels. 

 
Figure 4.15: Compound 15 Fe(II) distorted octahedral coordination centre. 
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Figure 4.16: ([Fe(L3)0.5(SCN)])n MOF M6-(L3)6 hexagonal channels along a and c axes, Fe-

L3-Fe= 15.992 Å. 

 

 

Figure 4.17: (left) 14 × 14 Å Cross shape channels consist of four L3 ligands and four Fe(II) 

ions a and b axes view. (right) 13 × 15 Å H-shape channels along c and b axes. 
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Figure 4.18: ([Fe(L3)0.5(SCN)])n MOF crystal structure after symmetrical expanding where 

each three-dimensional network is interpenetrating with four networks and shows no 

significant spaces. Hydrogen atoms were removed for clarity. 

 
Figure 4.19: (a) Calculated powder XRD patterns of ([Fe(L3)0.5(SCN)])n MOF. (b) Powder 

XRD pattern of compound 15.  

 

a 

b 

2θ / deg 
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Table 4.7: Selected bond lengths (Å) and angles (°) for ([Fe(L3)0.5(SCN)])n MOF. 

Fe-N1 2.209(6) N11-Fe-N13 90.050(12) C2B-C3-C6 127.4(12) 

Fe-N3 2.092(13) N13-Fe-N1 90.050(13) C4B-C3-C6 119.1(14) 

N1-C1 1.367(17) N12-Fe-N1 90.049(12) C4B-C3-C2B 112.7(17) 

N1-C5 1.335(16) N12-Fe-N13 176.6(4) N2-C6-C3 116.5(11) 

N1-C1B 1.21(2) N31-Fe-N11 91.69(19) C8-C7-N2 122.3(17) 

N1-C5B 1.32(3) N3-Fe-N11 88.31(19) C10-C7-N2 118(2) 

N2-C6 1.460(14) N3-Fe-N12 91.69(19) C10-C7-C8 119.2(13) 

N2-C7 1.468(16) N31-Fe-N1 91.69(19) C7-C8-C9 121.4(17) 

N3-C11 1.016(17) N3-Fe-N1 88.31(19) C101-C8-C7 117.6(13) 

C3-C2 1.41(2) N31-Fe-N12 88.31(19) C101-C8-C9 121(2) 

C3-C4 1.31(2) N3-Fe-N13 91.69(19) C7-C10-C81 123.2(14) 

C3-C6 1.500(12) N31-Fe-N13 88.31(19) S-C11-S1 59.8(10) 

C3-C2B 1.34(3) N3-Fe-N31 180.0 N3-C11-S 150.1(5) 

C3-C4B 1.25(2) C1-N1-Fe 124.2(8) N3-C11-S1 150.1(5) 

C7-C8 1.41(2) C5-N1-Fe 122.0(8) C2-C1-N1 122.2(16) 

C7-C10 1.338(18) C5-N1-C1 113.7(11) C1-C2-C3 120.7(16) 

C8-C9 1.530(18) C1B-N1-Fe 126.9(11) C3-C4-C5 122.0(15) 

C8-C101 1.372(18) C1B-N1-C5B 112.1(15) C4-C5-N1 125.7(16) 

C1-C2 1.35(2) C5B-N1-Fe 121.0(11) N1-C1B-C2B 125(2) 

C4-C5 1.33(2) C6-N2-C7 118.1(11) C3-C2B-C1B 123(2) 

C1B-C2B 1.38(3) C11-N3-Fe 180.0 C3-C4B-C5B 120(2) 

C4B-C5B 1.41(4) C2-C3-C6 123.9(11) N1-C5B-C4B 124(2) 

N11-Fe-N12 90.050(12) C4-C3-C6 120.6(12)   

N11-Fe-N1 176.6(4) C4-C3-C2 115.4(12)   
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Table 4.8: Selected torsion angles (°) for ([Fe(L3)0.5(SCN)])n MOF.  

Fe-N1-C1-C2 172.8(17) C2-C3-C4-C5 -1(3) 

Fe-N1-C5-C4 -177.4(18) C2-C3-C2B-C1B -69(3) 

Fe-N1-C1B-C2B -176(3) C2-C3-C4B-C5B 39(3) 

Fe-N1-C5B-C4B 167(3) C4-C3-C6-N2 158.1(14) 

N1-C1-C2-C3 5(4) C4-C3-C2-C1 -3(3) 

N1-C1B-C2B-C3 -6(6) C4-C3-C2B-C1B 56(4) 

N2-C7-C8-C9 -5.6(19) C4-C3-C4B-C5B -81(3) 

N2-C7-C8-C101 174.1(9) C5-N1-C1-C2 -3(3) 

N2-C7-C10-C81 -174.1(9) C5-N1-C1B-C2B -46(3) 

C3-C4-C5-N1 4(4) C5-N1-C5B-C4B 57(3) 

C3-C4B-C5B-N1 23(6) C1B-N1-C1-C2 -73(2) 

C6-N2-C7-C8 148.9(12) C1B-N1-C5-C4 49(3) 

C6-N2-C7-C10 -34.9(16) C1B-N1-C5B-C4B -15(5) 

C6-C3-C2-C1 178.9(17) C2B-C3-C6-N2 50(3) 

C6-C3-C4-C5 176.9(17) C2B-C3-C2-C1 62(2) 

C6-C3-C2B-C1B -179(2) C2B-C3-C4-C5 -52(3) 

C6-C3-C4B-C5B 171(3) C2B-C3-C4B-C5B -19(4) 

C7-N2-C6-C3 -64.0(15) C4B-C3-C6-N2 -142(2) 

C8-C7-C10-C81 2(2) C4B-C3-C2-C1 -52(3) 

C10-C7-C8-C9 178.2(10) C4B-C3-C4-C5 72(2) 

C10-C7-C8-C101 -2.1(19) C4B-C3-C2B-C1B 12(5) 

C1-N1-C5-C4 -2(3) C5B-N1-C1-C2 48(2) 

C1-N1-C1B-C2B 75(3) C5B-N1-C5-C4 -69(2) 

C1-N1-C5B-C4B -65(4) C5B-N1-C1B-C2B 7(4) 

C2-C3-C6-N2 -24.1(19)   

4.5.5 Crystal structures of (Co(L3)(isoph)].DMF)n (16) and 

(Cd(L3)(isoph)].DMF.H2O)n (17) coordination polymers 

 (Co(L3)(isoph)].DMF)n and (Cd(L3)(isoph)].DMF.H2O)n coordination polymers were 

synthesised by reaction of L3, isophthalic acid (H2-isopoh), Co(NO3)2.6H2O or 

Cd(NO3)2.4H2O in DMF at 115 °C for 24 hours. Compounds 16 and 17 are isostructural CPs 

and their crystal structures were solved in the triclinic space group 𝑃1 [30-34]. The resulted 

crystal structures show one M2+ ion on a general position, one L3 ligand molecule, one 

coordinated isophthalate anion and one DMF solvent molecule for compound 16 or one DMF 

and one water molecule for compound 17 per asymmetric unit (figure 4.20). Co(II) is 

coordinated to three carboxylate groups from three different isophthalate molecules along the 

equatorial axes and shows four coordination bond lengths of 2.054(3), 2.022(3), 2.193(3) and 



Chapter Four  

159 
 

2.159(3) Å for Co-O1, Co-O2, Co-O3 and Co-O4 (figure 4.21). The divalent metal is also 

coordinated to two L3 ligand molecules along the axial axes (Co-N1= 2.129(4) Å) and (Co-

N4= 2.135(4) Å) to produce Co(II) distortion octahedral coordination centres. Cd(II) ion in 

compound 17 has similar coordination environment as Co(II) ion in compound 16 and shows 

coordination bond lengths of 2.331(2), 2.292(2), 2.393(2), 2.390(2), 2.304(3) and 2.286(3) Å 

for Cd-O1, Cd-O2, Cd-O3, Cd-O4, Cd-N1 and Cd-N4. 

The isophthalate anion is fully deprotonated and behaves as a tetra-dentate ligand to 

three M2+ coordination centres. The first carboxylate group behaves as a bi-dentate ligand to 

two M2+ coordination centres and shows two coordination distances for M-O1 and M-O2. The 

second carboxylate group behaves as a chelate ligand to one M2+ coordination centre and shows 

two coordination distances for M-O3 and M-O4. A one-dimensional coordination polymer 

based on isophthalic acid, Co(II) and 2,6-bis((1H-1,2,4-triazol-1-yl)methyl)pyridine (Cbtp) 

was reported in 2010 Kim and co-workers [57]. Isophthalate molecules of Kimˈs reported 

structure show similar coordination style as compound 16 with Co-O coordination bond lengths 

from 2.008(2) to 2.169(17) Å. Another coordination polymer example based on isophthalate, 

dipyrido[3,2-d:2′,3′-f]quinoxaline and Cd(II) ion [Cd3(Dpq)3(isoph)3].4.5H2O was reported in 

2007 by Wang and co-workers. Wangˈs reported complex has similar Cd(II)-isoph2- 

coordination style in comparison with compound 17 and shows Cd-O coordination bond 

lengths from 2.293(2) to 2.393(2) Å [5]. 

L3 ligand behaves as a bi-dentate ligand via nitrogen atoms of 4-pyridyl rings to two 

different M2+ coordination centres from two different M(II)-isoph2- chains (Co-L3-Co1= 

19.873 Å) and (Cd-L3-Cd1= 20.135 Å). L3 ligand molecule is approximately linear and shows 

torsion angles of 174.6(4) and -174.192(2) ° between the phenyl and 4-pyridyl rings in 

compound 16, or 177.40(3) and -175.50(3) ° in compound 17. Four L3 ligand molecules, four 

isophthalate molecules and eight divalent metals are coordinated to produce 

(M2+)8(L3)4(isoph)4 tetragonal structure (figure 4.22). The resulted tetragonal structure shows 

10.077 × 4.102 Å or 10.230 × 3.868 Å distances between M2+ ions and 3.818 or 3.872 Å as 

the closest distance between dimethylphenyl rings that due to π-π interactions (figure 4.22). 

The tetragonal structure shows another π-π interaction between 4-pyridyl rings (4-py to 4-py= 

3.939 Å) and (4-py to 4-py= 3.746 Å or 3.738 Å). 

After symmetrical expanding the resulted two-dimensional network shows 44 topology 

(figure-4.23), and one dimensional open channels that occupied by DMF solvent molecules for 

compound 16 or DMF and water guest molecules for compound 17. Compound 17 also shows 

hydrogen bond interactions between water guest molecules and the deprotonated carboxylate 
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group (O4···O6= 2.837 Å) and (O41···O6= 2.975 Å). Powder X-ray analysis for compounds 

16 and 17 shows a good agreement between calculated and experimental patterns which 

indicate phase purity and materials stability after removing guest molecules figures 4.24 and 

4.25. Summary of bond lengths, angles and torsion angles for compounds 16 and 17 are listed 

in tables 4.9 and 4.10. 

  

Figure 4.20: (left) Compound 16 asymmetric unit of the crystal structure. (right) Compound 

17 asymmetric unit of the crystal structures, hydrogen bond interaction between O4···O6= 

2.837 Å in compound 17. Ellipsoids shown at 50 % probability levels. 

 

Figure 4.21: (a) Isophthalate and Co(II) coordination chains, (b) isophthalate and Cd(II) 

coordination chain. Each isophthalate behaves as a tetra-dentate ligand to three M2+ cations 

and shows four M-O coordination bond lengths. Hydrogen bond interaction between water 

guest molecules and carboxylate anions in compound 17. 

b 

a 
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Figure 4.22: (left) (Co)8(L3)4(isoph)4 tetragonal structure, (right) (Cd)8(L3)4(isoph)4 

tetragonal structure. 

  

  

Figure 4.23: (a, b) Compounds 16 and 17 2D networks. (c, d) Packing diagram of 

compounds 16 and 17 with guest molecules occupy the resulted one-dimensional channels.

19.873 Å 

20.135 Å 

3.936 Å 

3.818 Å 

3.746 Å 

3.872 Å 

c 

a b 

d 

3.738 Å 
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Table 4.9: Selected bond lengths (Å) and angles (°) of (Co(L3)(isoph)].DMF)n and (Cd(L3)(isoph)].DMF.H2O)n coordination polymers. 

(Co(L3)(isoph)].DMF)n (Cd(L3)(isoph)].DMF.H2O)n 

Co-O1 2.054(3) O41-Co-O31 60.35(11) Cd-O1 2.331(2) N1-Cd-O41 91.27(9) 

Co-O2 2.022(3) N1-Co-O31 89.12(13) Cd-O2 2.292(2) N41-Cd-O1 87.82(9) 

Co-O3 2.193(3) N1-Co-O41 92.07(13) Cd-O3 2.393(2) N41-Cd-O22 91.00(9) 

Co-O4 2.159(3) N1-Co-N41 177.57(13) Cd-O4 2.390(2) N41-Cd-O31 95.81(10) 

Co-N1 2.129(4) N41-Co-O31 93.27(13) Cd-N1 2.304(3) N41-Cd-O41 90.83(9) 

Co-N4 2.135(4) N41-Co-O41 89.52(12) Cd-N4 2.286(3) N41-Cd-N1 174.42(9) 

N2-C6 1.370(6) C21-O1-Co 119.5(3) N2-C6 1.430(5) N41-Cd-C281 93.74(10) 

N2-C7 1.386(6) C21-O2-Co1 169.4(3) N2-C7 1.395(5) C21-O1-Cd 178.2(2) 

N3-C10 1.391(6) C28-O3-Co1 88.4(3) N3-C10 1.401(5) C21-O2-Cd1 104.93(19) 

N3-C15 1.398(6) C28-O4-Co1 90.4(2) N3-C15 1.389(5) C28-O3-Cd1 92.20(19) 

O1-C21 1.263(5) C1-N1-Co 122.1(3) O1-C21 1.249(4) C28-O4-Cd1 91.73(18) 

O2-C21 1.241(5) C1-N1-C5 115.9(4) O2-C21 1.256(4) C1-N1-Cd 120.6(2) 

O3-C28 1.266(5) C5-N1-Co 122.1(3) O3-C28 1.244(4) C5-N1-Cd 121.7(2) 

O4-C28 1.250(5) C6-N2-C7 121.2(4) O4-C28 1.267(4) C7-N2-C6 121.5(3) 

O1-Co-O31 93.30(11) C10-N3-C15 122.3(4) O1-Cd-O31 141.27(8) C15-N3-C10 120.7(3) 

O1-Co-O41 153.52(12) C18-N4-Co1 120.9(3) O1-Cd-O41 86.93(8) C18-N4-Cd11 120.6(2) 

O1-Co-N1 89.91(12) C19-N4-Co1 123.4(3) O21-Cd-O1 132.30(8) C19-N4-Cd11 121.8(2) 

O1-Co-N41 89.48(12) N2-C6-C3 115.0(4) O21-Cd-O31 86.29(8) C19-N4-C18 117.3(3) 

O21-Co-O1 118.71(12) N2-C7-C8 117.9(4) O21-Cd-O41 140.77(8) N2-C6-C3 112.2(3) 

O21-Co-O31 147.79(11) N2-C7-C12 123.3(4) O21-Cd-N1 90.64(9) N2-C7-C8 118.1(3) 

O21-Co-O41 87.76(11) N3-C10-C9 122.5(4) O41-Cd-O31 54.55(8) N3-C10-C9 122.4(3) 

O21-Co-N1 87.62(14) N3-C10-C11 118.3(4) N1-Cd-O1 87.13(9) N3-C10-C11 118.6(3) 

O21-Co-N41 90.60(13) N3-C15-C16 113.8(4) N1-Cd-O31 89.62(10) N3-C15-C16 114.7(3) 
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Table 4.10: Selected torsion angles (°) for compounds 16 and 17. 

16 17 

Co-O1-C21-O2 -13.9(5) Cd-O2-C21-O1 -12.6(4) 

Co-O1-C21-C22 165.0(3) Cd-O2-C21-C22 167.1(2) 

Co-O2-C21-O1 -56.6(16) Cd-O3-C28-O4 -0.1(4) 

Co-O2-C21-C22 124.5(13) Cd-O3-C28-C26 178.1(3) 

Co-O3-C28-O4 -2.5(4) Cd-O4-C28-O3 0.1(4) 

Co-O3-C28-C26 175.7(4) Cd-O4-C28-C26 -178.1(3) 

Co-O4-C28-O3 2.5(4) Cd-N1-C1-C2 175.1(2) 

Co-O4-C28-C26 -175.6(4) Cd-N1-C5-C4 -175.5(3) 

Co-N1-C1-C2 179.9(4) Cd-N4-C18-C17 -175.8(3) 

Co-N1-C5-C4 -179.1(4) Cd-N4-C19-C20 174.8(3) 

Co-N4-C18-C17 -179.2(4) N2-C7-C8-C9 179.6(3) 

Co-N4-C19-C20 -179.9(3) N2-C7-C8-C13 -0.5(5) 

N2-C7-C8-C9 177.5(4) N2-C7-C12-C11 -179.3(4) 

N2-C7-C8-C13 -0.9(7) N3-C10-C11-C12 -177.6(3) 

N2-C7-C12-C11 -177.9(4) N3-C10-C11-C14 1.1(5) 

N3-C10-C11-C12 -178.4(4) N3-C15-C16-C17 -153.5(3) 

N3-C10-C11-C14 1.6(7) N3-C15-C16-C20 28.0(5) 

N3-C15-C16-C17 -163.9(5) C6-N2-C7-C8 176.1(4) 

N3-C15-C16-C20 19.9(8) C6-N2-C7-C12 -3.8(6) 

C6-N2-C7-C8 169.7(5) C7-N2-C6-C3 177.7(3) 

C6-N2-C7-C12 -13.5(7) C8-C9-C10-N3 177.8(3) 

C7-N2-C6-C3 174.6(4) C10-N3-C15-C16 -175.5(3) 

C8-C9-C10-N3 177.8(5) C15-N3-C10-C9 12.4(5) 

C10-N3-C15-C16 -174.2(5) C15-N3-C10-C11 -170.9(3) 

C15-N3-C10-C9 9.9(8)   

C15-N3-C10-C11 -171.0(5)   
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Figure 4.24: (a) Compound 16 calculated powder XRD pattern, (b) compound 16 powder 

XRD pattern. 

 
Figure 4.25: (a) Compound 17 calculated powder XRD pattern, (b) Compound 17 powder 

XRD pattern. 
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4.5.6 Crystal structures of ([Co(L3)(Meisoph)].DMF)n (18) and 

([Cd(L3)(Meisoph)].DMF)n (19) coordination polymers 

 ([Co(L3)(Meisoph)].DMF)n (18) and ([Cd(L3)(Meisoph)].DMF)n (19) are isostructural 

coordination polymers, their crystal structures were solved in the triclinic space group 𝑃1 [30-

34] and show one Co(II) or Cd(II) ion on a general position, one L3 ligand molecule, one 5-

methylisophthalate molecule and one DMF solvent molecule per asymmetric unit (figure 4.26). 

The divalent metal is coordinated to three 5-methylisophthalate molecules along the equatorial 

axes and shows four M-O bond lengths of 2.041(2), 2.044(2), 2.220(3) and 2.123(2) Å for Co-

O1, Co-O2, Co-O3 and Co-O4, or 2.310(2), 2.317(2), 2.377(2) and 2.357(2) Å for Cd-O1, Cd-

O2, Cd-O3 and Cd-O4. M2+ ion is also coordinated to two L3 ligand molecules along the axial 

axes Co-N1= 2.150(3) and Co-N4= 2.137(3) Å or Cd-N1= 2.293(3) and Cd-N4= 2.333(3) Å 

to produce the distortion octahedral coordination centre (Co-Co= 4.020 Å) and (Cd-Cd= 3.880 

Å). 

5-methylisophthalate molecules in compounds 18 and 19 are fully deprotonated and 

behave as tetra-dentate ligands to three M2+ coordination centres. The first carboxylate group 

behave as a bidentate ligand to two different coordination centres and shows two coordination 

distances between M-O1 and M-O2. The second carboxylate group behave as a bidentate 

ligand to one divalent coordination centre and shows two coordination distances between M-

O3 and M-O4. 5-Methylisophthalate molecules in compounds 18 and 19 shows similar 

coordination style as isophthalate molecules in compounds 16 and 17. To the best of our 

knowledge and according to CCDC the coordination style of 5-methylisophthalate in 

compounds 18 and 19 was not reported before. 

L3 ligand behaves as a bidentate ligand by nitrogen atoms of 4-pyridyl rings to two M2+ 

coordination centres from two different M2+-Meisoph2- chains (Co-L3-Co1= 19.843 Å) and 

(Cd-L3-Cd1= 20.227 Å). L3 ligand molecule in compound 18 and 19 is approximately linear 

and shows two torsion angles of -178.20(4) and -177.90(4) ° for compound 18 or 177.60(3) 

and 179.00(3) ° for compound 19 respectively. Four L3 ligand molecules, four 5-

methylisophthalate molecules and eight M2+ cations are coordinated to produce 

(M)8(L3)4(Meisoph)4 tetragonal structure that shows 4.020 × 10.028 or 3.880 × 10.189 Å 

distances between M2+ ions and 4.000 or 3.902 Å as the closest distance between 

dimethylphenyl rings that due to π-π stacking interaction (figure 4.28). The tetragonal structure 

shows another π-π stacking interaction between 4-pyridyl rings 4-py to 4-py= 3.854 and 3.852 

Å for compound 18, or 3.688 and 3.694 Å for compound 19 (figure 4.28). Bridging ligand 
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result in two-dimensional coordination polymers of 44 topology and one-dimensional open 

channels that occupied by solvent guest molecules (figure 4.29). Powder X-ray analysis for 

compounds 18 and 19 shows a good agreement between calculated and experimental patterns 

which indicate phase purity and materials stability after drying figures 4.30 and 4.31. Summary 

of bond lengths, angles and torsion angles for compounds 18 and 19 are listed in tables 4.11 

and 4.12. 

 

 

Figure 4.26: (left) ([Co(L3)(Meisoph)].DMF)n MOF asymmetric unit of the crystal structure, 

(right) ([Cd(L3)(Meisoph)].DMF)n MOF asymmetric unit of the crystal structure. Ellipsoids 

shown at 50 % probability levels. 
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Figure 4.27: (a) Co(II) and 5-methylisophthalate one-dimensional coordination chain. (b) 

Cd(II) and 5-methylisophthalate coordination chain. Each 5-methylisophthalate is 

coordinated to three M2+ and shows four M-O coordination bond length. 

 

 
 

Figure 4.28: (left) ([Co(L3)(Meisoph)].DMF)n tetragonal structure, (right) 

([Cd(L3)(Meisoph)].DMF)n tetragonal structure. 
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Figure 4.29: (a, b) Compounds 18 and 19 2D networks. (c, d) Compounds 18 and 19 

coordination polymers after symmetrical expanding, solvent guest molecules occupy the 

resulted one-dimensional channels. 

a b 

c d 



Chapter Four  

169 
 

 

Figure 4.30: (a) Compound 18 calculated powder XRD pattern, (b) compound 18 powder 

XRD pattern. 

 

Figure 4.31: (a) Compound 19 calculated powder XRD pattern, (b) compound 19 powder 

XRD pattern. 
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Table 4.11: Selected bond lengths (Å) and torsion (°) angles of compounds 18 and 19. 

Compound 18 Compound 19 

Co-O1 2.041(2) O2-Co-N4 90.32(10) Cd-O1 2.310(2) N1-Cd-O1 90.24(10) 

Co-O2 2.044(2) O4-Co-O3 60.41(9) Cd-O2 2.317(2) N1-Cd-O2 90.90(9) 

Co-O3 2.220(3) O4-Co-N1 94.34(11) Cd-O3 2.377(2) N1-Cd-O3 97.02(10) 

Co-O4 2.123(2) O4-Co-N4 90.23(11) Cd-O4 2.357(2) N1-Cd-O4 92.06(10) 

Co-N1 2.150(3) N1-Co-O3 89.31(11) Cd-N1 2.293(3) N1-Cd-N4 172.73(10) 

Co-N4 2.137(3) N4-Co-O3 93.35(11) Cd-N4 2.333(3) N4-Cd-O3 89.82(10) 

O1-C21 1.251(4) N4-Co-N1 175.41(11) O1-C21 1.254(4) N4-Cd-O4 93.87(10) 

O2-C21 1.258(4) C21-O1-Co 156.0(2) O2-C21 1.266(4) C21-O1-Cd 169.3(2) 

O3-C29 1.264(4) C21-O2-Co 119.8(2) O3-C28 1.254(4) C21-O2-Cd 101.96(19) 

O4-C29 1.253(4) C29-O3-Co 87.1(2) O4-C28 1.247(4) C28-O3-Cd 90.4(2) 

N2-C6 1.364(5) C29-O4-Co 91.8(2) N2-C6 1.397(5) C28-O4-Cd 91.53(19) 

N2-C7 1.385(5) C1-N1-Co 123.0(2) N2-C7 1.410(5) C1-N1-Cd 121.1(2) 

N3-C10 1.407(5) C6-N2-C7 122.3(3) N3-C10 1.404(5) C5-N1-Cd 121.5(2) 

N3-C15 1.343(5) C15-N3-C10 121.7(3) N3-C15 1.424(5) C6-N2-C7 119.1(3) 

O1-Co-O2 121.99(10) N2-C6-C3 115.6(4) O1-Cd-O2 131.05(8) C10-N3-C15 120.3(3) 

O1-Co-O3 148.19(10) N2-C7-C8 122.4(3) O1-Cd-O3 143.35(8) N2-C6-C3 114.1(3) 

O1-Co-O4 88.42(10) N2-C7-C12 118.6(3) O1-Cd-O4 88.73(9) C8-C7-N2 122.1(3) 

O1-Co-N1 86.76(11)   O1-Cd-N4 85.70(9) C12-C7-N2 119.3(3) 

O1-Co-N4 92.91(11)   O2-Cd-O3 84.88(8) C9-C10-N3 118.1(3) 

O2-Co-O3 89.13(9)   O2-Cd-O4 140.10(8) C11-C10-N3 122.7(3) 

O2-Co-O4 149.51(10)   O2-Cd-N4 87.24(9) N3-C15-C16 112.1(3) 

O2-Co-N1 85.98(11)   O4-Cd-O3 55.27(8)   
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Table 4.12: Selected torsion angles (°) for compounds 18 and 19. 

Compound 18 Compound 19 

Co-O1-C21-O2 -78.4(7) Cd-O1-C21-O2 -115.7(11) 

Co-O1-C21-C22 101.6(6) Cd-O1-C21-C22 63.0(13) 

Co-O2-C21-O1 11.4(5) Cd-O2-C21-O1 17.9(3) 

Co-O2-C21-C22 -168.6(2) Cd-O2-C21-C22 -160.8(2) 

Co-O3-C29-O4 -0.6(3) Cd-O3-C28-O4 1.1(3) 

Co-O3-C29-C26 178.6(3) Cd-O3-C28-C26 -177.8(3) 

Co-O4-C29-O3 0.6(4) Cd-O4-C28-O3 -1.2(4) 

Co-O4-C29-C26 -178.6(3) Cd-O4-C28-C26 177.7(3) 

Co-N1-C1-C2 -174.4(3) Cd-N1-C1-C2 178.6(3) 

Co-N1-C5-C4 174.2(3) Cd-N1-C5-C4 -178.7(3) 

Co-N4-C18-C17 -176.9(3) Cd-N4-C18-C17 -167.6(3) 

Co-N4-C19-C20 177.3(3) Cd-N4-C19-C20 167.4(3) 

N2-C7-C8-C9 -178.6(4) N2-C7-C8-C9 -177.9(4) 

N2-C7-C12-C11 178.5(4) N2-C7-C12-C11 179.3(4) 

N2-C7-C12-C14 -1.8(6) N2-C7-C12-C14 -0.4(6) 

N3-C10-C11-C12 177.8(4) N3-C10-C11-C12 -177.8(4) 

N3-C15-C16-C17 23.4(6) N3-C15-C16-C17 45.9(5) 

N3-C15-C16-C20 -155.5(4) N3-C15-C16-C20 -136.1(4) 

C2-C3-C6-N2 155.9(4) C2-C3-C6-N2 146.2(4) 

C4-C3-C6-N2 -26.6(7) C4-C3-C6-N2 177.60(3) 

C6-N2-C7-C8 -21.5(6) C6-N2-C7-C8 -10.6(6) 

C6-N2-C7-C12 160.4(4) C6-N2-C7-C12 172.4(4) 

C7-N2-C6-C3 -178.2(4) C7-N2-C6-C3 177.6(3) 

C8-C9-C10-N3 -178.1(4) C8-C9-C10-N3 179.3(3) 

C10-N3-C15-C16 -177.9(4) C10-N3-C15-C16 179.0(3) 

C13-C9-C10-N3 0.5(6) C13-C9-C10-N3 -1.2(6) 

C15-N3-C10-C9 -164.7(4) C15-N3-C10-C9 179.7(4) 

C15-N3-C10-C11 18.8(7) C15-N3-C10-C11 -3.0(6) 
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Table 4.13: The crystallographic data of compounds cL, L3 and 14. 

Identification code cL L3 14 

Empirical Formula C20H18N4 C20H22N4 C21H26ClFe0.5N4O 

Formula weight 314.38 318.41 413.83 

Temperature/K 120.00(10) 120.20(5) 120.00(10) 

Crystal system Monoclinic Triclinic Monoclinic 

Space group P21/c 𝑃1 P21/c 

a/Å 7.4640(2) 7.3393(3) 12.6742(3) 

b/Å 8.3794(2) 10.3396(4) 11.2556(4) 

c/Å 12.6517(4) 12.2912(5) 13.6593(4) 

α/° 90 96.336(4) 90 

β/° 95.023(3) 106.392(4) 99.068(3) 

γ/° 90 106.566(4) 90 

Volume/Å3 788.25(4) 839.00(7) 1924.24(9) 

Z 2 2 4 

ρcalcg/cm3 1.325 1.260 1.428 

μ/mm-1 0.635 0.597 4.810 

F(000) 332.0 340.0 872.0 

Crystal size/mm3 
0.216 × 0.180 × 

0.149 

0.164 × 0.093 × 

0.059 

0.208 × 0.143 × 

0.099 

Radiation 
CuKα (λ = 

1.54184) 

CuKα (λ = 

1.54184) 

CuKα (λ = 

1.54184) 

2Θ range for data 

collection/° 
11.902 to 147.734 7.664 to 147.596 7.062 to 147.346 

Index ranges 
-8 ≤ h ≤ 9, -10 ≤ k 

≤ 7, -13 ≤ l ≤ 15 

-7 ≤ h ≤ 9, -12 ≤ k 

≤ 8, -14 ≤ l ≤ 15 

-15 ≤ h ≤ 13, -11 

≤ k ≤ 13, -13 ≤ l ≤ 

16 

Reflections 

collected 
2895 5959 9062 

Independent 

reflections 

1534 [Rint = 

0.0245, Rsigma = 

0.0332] 

3166 [Rint = 

0.0365, Rsigma = 

0.0430] 

3652 [Rint = 

0.0350, Rsigma = 

0.0399] 

Data/restraints/para

meters 
1534/0/110 3166/0/219 3652/0/254 

Goodness-of-fit on 

F2 
1.026 1.048 1.023 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0391, 

wR2 = 0.1019 

R1 = 0.0748, 

wR2 = 0.2028 

R1 = 0.0481, 

wR2 = 0.1288 

Final R indexes [all 

data] 

R1 = 0.0475, 

wR2 = 0.1094 

R1 = 0.0891, 

wR2 = 0.2212 

R1 = 0.0568, 

wR2 = 0.1362 

Largest diff. 

peak/hole / e Å-3 
0.22/-0.18 1.26/-0.47 0.63/-0.68 
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Table 4.14: The crystallographic data of compounds 15, 16 and 17. 

Identification code 15 16 17 

Empirical Formula C11H11FeN3S C31H33CoN5O5 C31H35CdN5O6 

Formula weight 356.8 614.57 686.06 

Temperature/K 120.15 120.00(10) 120.00(13) 

Crystal system Tetragonal Triclinic Triclinic 

Space group I41/a 𝑃1 𝑃1 

a/Å 13.3600(12) 9.1194(10) 9.3594(3) 

b/Å 13.3600(12) 10.0774(9) 10.2299(3) 

c/Å 22.845(4) 16.2617(16) 16.3773(5) 

α/° 90 75.183(8) 73.946(3) 

β/° 90 79.860(9) 78.064(2) 

γ/° 90 82.924(8) 82.264(3) 

Volume/Å3 4077.6(11) 1417.4(2) 1469.33(8) 

Z 4 3 3 

ρcalcg/cm3 1.318 1.397 1.551 

μ/mm-1 4.265 5.132 6.397 

F(000) 1696.0 622.0 704.0 

Crystal size/mm3 
0.178 × 0.077 × 

0.067 

0.181 × 0.120 × 

0.113 

0.229 × 0.124 × 

0.077 

Radiation 
CuKα (λ = 

1.54184) 

CuKα (λ = 

1.54184) 

CuKα (λ = 

1.54184) 

2Θ range for data 

collection/° 
7.666 to 147.254 9.108 to 147.994 9.026 to 148.132 

Index ranges 

-16 ≤ h ≤ 11, -15 

≤ k ≤ 16, -27 ≤ l ≤ 

15 

-8 ≤ h ≤ 11, -12 ≤ k 

≤ 12, -20 ≤ l ≤ 19 

-11 ≤ h ≤ 11, -12 

≤ k ≤ 12, -18 ≤ l ≤ 

20 

Reflections collected 4018 11317 17364 

Independent 

reflections 

1993 [Rint = 

0.0534, Rsigma = 

0.0737] 

5326 [Rint = 

0.0478, Rsigma = 

0.0566] 

5676 [Rint = 

0.0517, Rsigma = 

0.0406] 

Data/restraints/para

meters 
1993/0/167 5326/0/383 5676/0/395 

Goodness-of-fit on 

F2 
1.011 1.052 0.984 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0898, 

wR2 = 0.2411 

R1 = 0.0755, wR2 = 

0.2093 

R1 = 0.0389, 

wR2 = 0.1140 

Final R indexes [all 

data] 

R1 = 0.1981, 

wR2 = 0.3471 

R1 = 0.0869, wR2 = 

0.2219 

R1 = 0.0424, 

wR2 = 0.1198 

Largest diff. 

peak/hole / e Å-3 
0.47/-0.30 1.37/-0.85 1.27/-0.97 
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Table 4.15: The crystallographic data of compounds 18 and 19. 

Identification code 18 19 

Empirical Formula C32H35CoN5O5 C32H35CdN5O5 

Formula weight 628.58 682.07 

Temperature/K 120.00(10) 120.00(10) 

Crystal system Triclinic Triclinic 

Space group 𝑃1 𝑃1 

a/Å 10.0276(6) 10.0304(4) 

b/Å 10.1458(5) 10.1890(4) 

c/Å 15.5412(7) 15.7214(7) 

α/° 98.994(4) 73.025(4) 

β/° 105.454(5) 75.635(4) 

γ/° 99.562(4) 82.358(3) 

Volume/Å3 1468.94(13) 1485.49(11) 

Z 2 3 

ρcalcg/cm3 1.421 1.525 

μ/mm-1 4.995 6.299 

F(000) 658.0 700.0 

Crystal size/mm3 0.180 × 0.112 × 0.076 
0.700 × 0.184 × 

0.165 

Radiation CuKα (λ = 1.54184) CuKα (λ = 1.54184) 

2Θ range for data 

collection/° 
9.042 to 147.7 9.094 to 147.074 

Index ranges 
-12 ≤ h ≤ 10, -12 ≤ k ≤ 

12, -14 ≤ l ≤ 18 

-12 ≤ h ≤ 12, -9 ≤ k ≤ 

11, -17 ≤ l ≤ 19 

Reflections collected 11067 10645 

Independent reflections 
5522 [Rint = 0.0452, 

Rsigma = 0.0598] 

5592 [Rint = 0.0393, 

Rsigma = 0.0393] 

Data/restraints/parameter

s 
5522/0/393 5592/0/393 

Goodness-of-fit on F2 1.028 1.046 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0581, wR2 = 

0.1450 

R1 = 0.0388, wR2 = 

0.1026 

Final R indexes [all data] 
R1 = 0.0785, wR2 = 

0.1590 

R1 = 0.0420, wR2 = 

0.1057 

Largest diff. peak/hole / e 

Å-3 
1.16/-0.63 1.45/-1.24 
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4.6 Conclusion 

 Chapter four reports the synthesis and characterisation of the new ligand N,N'-bis(4-

pyridinylmethyl)-2,5-dimethylbenzene-1,4-diamine (L3) and its self-assembly with Fe(III) 

chloride hydrate or Fe(II) thiocyanate in methanol at room temperature to produce 

([Fe0.5(L3)Cl].MeOH)n (14) coordination polymer or ([Fe(L3)0.5(SCN)])n (15) MOF. The first 

L3 ligand molecule in compound 14 is approximately linear and coordinated to two iron(II) 

coordination centres by nitrogen atoms of 4-pyridyl rings. Whereas the second L3 ligand 

molecule shows bent S-shape between iron(II) coordination centres. Four L3 ligand molecules 

are coordinated to four Fe(II) ions to produce (Fe)4-(L3)4 square cavity that extending to form 

a two-dimensional network. The resulted two-dimensional network is packing with two 

networks in an inter-digitated fashion and shows no significant channels in the lattice. L3 ligand 

in compound 15 shows rotation of 4-pyridyl rings and torsion angle of -64.046 ° between the 

phenyl and 4-pyridyl rings to produce L3 bent S-shape between Fe(II) coordination centres. 

Compound 15 resulted structure is a three-dimensional open network and shows unusual 

channels shape along the three axes. Compound 15 shows hexagonal channels consist of (Fe)6-

(L3)6 along a and c axes, cross shape channels along a and b axes and H-shape channels along 

c and d axes consisting of four L3 ligand molecules and four Fe(II) ions. The resulted network 

interpenetrating with other four networks leave no free space or significant voids along the 

three axes. 

Solvothermal reaction of L3 ligand with isophthalic acid, 5-methylisophthalic acid, 

Co(II) nitrate or Cd(II) nitrate in DMF at 115 °C for 24 hours produced

 (Co(L3)(isoph)].DMF)n (16), (Cd(L3)(isoph)].DMF.H2O)n (17), 

([Co(L3)(Meisoph)].DMF)n (18) or ([Cd(L3)(Meisoph)].DMF)n (19) two-dimensional 

coordination polymers. Compounds 16 and 17 are isostructural two-dimensional coordination 

polymers as well as compounds 18 and 19. L3 ligand in compounds 16-19 is approximately 

linear and behaves as a bidentate ligand to two M2+ coordination centres from two different 

chains. Four L3 ligand molecules, eight M2+ metal ions and four isophthalate or 5-

methylisophthalate molecules are coordinated to produce (M2+)8(L3)4(isoph)4 or 

(M2+)8(L3)4(Meisoph)4 tetragonal structure that expands to produce a two-dimensional network 

structure. The resulted two-dimensional network shows 44 topology and packing with orther 

networks to produce one-dimensionl channels that ocuppied by DMF solvet guest molecules 

for componds 16, 18 and 19 or DMF and water molecules for compound 17. Powder XRD 

analysis for compounds 14 and 16-19 show a good agreement between calculated and 

experimental pattrens. On the other hand, compound 15 powder XRD pattern does not match 
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the calculated pattern. The new phase is crystalline, but the structure could not be determined 

as the materials did not stay as a single crystal on drying out. 
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N,N'-Bis(4-pyridinylmethyl)-2,5-dimethylbenzene-1,4-diamine metal-organic 

frameworks 

5.1 Introduction 

Metal-organic frameworks (MOFs) are two or three-dimensional coordination polymers 

constructed from metal ions or clusters and bridging organic linkers [1-11]. MOFs have repeated ordered 

coordination network structure, usually leading to produce open channels or voids where guest molecules 

can be bound [12-21]. Guest molecules binding ability leads to a range of possible applications for 

example, gas or liquid storage and separation [22-39], chemical catalysis [40-50] and drug delivery [51-

57]. The behaviour of metal-organic frameworks or porous coordination polymers is different from other 

porous materials such as inorganic zeolites, as MOFs may be utilised in post-modification materials [58] 

or display structural dynamism [59-74] that normally associated with changes to guest inclusion. Guest 

molecules exchange leads to structural changes which is one of the first reported properties for metal-

organic frameworks [74]. Structural behaviour changes of MOFs include changes in metal coordination 

style and rotations of ligands functional groups or rings. Some of the most common organic bridging 

ligands are aliphatic and aromatic dicarboxylates or bis-pyridyl. These materials can be combined to 

produce heteroleptic coordination polymers or MOFs [75-76]. A few examples based on carboxylate rigid 

linkers and bis-pyridyl ligands with diamine or azomethine were reported before [77-78] although other 

examples with diamides are more common [79-81]. 

This chapter reports four novel heteroleptic MOFs known  as compounds 20, 21, 22 or 23 resulted 

from solvothermal reactions of Co(II) nitrate hydrate, L3 ligand and benzene-1,4-dicarboxylic acid, 4,4-

biphenyldicarboxylic acid or naphthalene-2,6-dicarboxylic acid. Compound 20 shows complicated phase 

behaviour with two-fold interpenetrating 3D network structures. Compound 22 shows a new 

topologically-complex self-catenating structural type with one-dimensional open channels. Compound 

23 shows three-fold interpenetrating network with no significant free spaces or channels for guest 

molecules. However, Compounds 20 and 22 showed good sorption properties for H2 and EtOH. 

Moreover, compound 20 showed hysteretic EtOH adsorption that due to the complicated phase and 

structural transformation behaviour. 
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5.2 Experimental  

5.2.1 Synthesis of ([Co2(L3)(bdc)2].nDMF)n (20) and ([Co2(L3)2(bdc)2].2H2O)n (21) 

MOFs 

A solution of the ligand (L3) (31 mg, 0.1 mmol) and benzene-1,4-dicarboxylic acid (H2-bdc) (17 

mg, 0.1 mmol) in DMF (4 ml) was added dropwise to Co(NO3)2.6H2O (29 mg, 0.1 mmol) solution in 

DMF (2 ml). The reaction vial was sealed and placed in the thermal block and heated at 115 °C for 24 

hours to result in ([Co2(L3)(bdc)2].nDMF)n MOF (22 mg) as red block crystals and 

([Co2(L3)2(bdc)2].2H2O)n MOF (16.8 mg) as yellow-orange plates which were separated by hand prior 

to analysis and sorption measurements. IR (solid state) for compound 20: 𝜈̅ (cm-1) 3431, 3028, 2928, 

1671, 1605, 1522, 1384, 551 and 485. IR (solid state) for compound 21: 𝜈̅ (cm-1) 3328, 3061, 2918, 1672, 

1595, 1567, 1392, 517 and 432. Micro analysis found: C, 54.55; H, 4.82; N, 8.29 %, calculated for 

([Co2(L3)(bdc)2]∙DMF∙H2O)n: C, 54.75; H, 4.59; N, 8.19 %. Found: C, 57.72; H, 4.55; N, 11.42 %, 

calculated for ([Co2(L3)2(bdc)2]∙2(DMF)∙3(H2O))n: C, 58.03, H, 5.66, N 10.92. 

5.2.2 Synthesis of ([Co2(L3)(bpdc)2])n MOF (22) 

A solution of the ligand (L3) (31 mg, 0.1 mmol) in DMF (2 ml) and 4,4′-biphenyldicarboxylic 

acid (H2-bpdc) (24 mg, 0.1 mmol) in DMSO (2 ml) was added dropwise to a vial containing 

Co(NO3)2.6H2O (29 mg, 0.1 mmol) solution in DMF (2 ml). The reaction vial was sealed and placed in 

a thermal block and heated at 115 °C to give ([Co2(L3)(bpdc)2])n MOF (32 mg) red crystals after two 

days. IR (solid state): 𝜈̅ (cm-1) 3025, 2925, 1608, 1523, 1391 and 466. Micro analysis found: C, 62.35; H, 

4.34; N, 6.14 %, calculated for ([Co2(L3)(bpdc)2])n: C, 62.89; H, 4.18; N, 6.11 %. 

5.2.3 Synthesis of ([Co(L3)0.5(naph)].(H2O).n(DMF))n MOF (23) 

A solution of the ligand (L3) (31 mg, 0.1 mmol) and naphthalene-2,6-dicarboxylic acid (H2-naph) 

(21 mg, 0.1 mmol) in DMF (3.5 ml) was added dropwise to Co(NO3)2.6H2O (29 mg, 0.1 mmol) in DMF 

(3 ml). Then, the reaction vial was sealed and placed in the thermal block and left for solvothermal reaction 

at 115 °C to result in ([Co(L3)0.5(naph)].(H2O).n(DMF))n MOF (48 mg) after 24 hours. IR (solid state): 𝜈̅ 

(cm-1) 3301, 3056, 2920, 1675, 1614, 1521, 1403, 1355, 582 and 487. Micro analysis found: C, 59.69; H, 

5.41; N, 7.97 %, calculated for ([Co2(L3)(naph)2].2DMF)n: C, 59.41; H, 4.79; N, 8.31 %. 

5.3 Crystallography experimental 

Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 120(1) or 150 K 

using an OxfordCryosystems low temperature device. X-ray diffraction data were collected using Cu-Kα 

(λ= 1.54184 Å) or Mo-Kα (λ= 0.71073 Å) radiation using an Agilent Supernova dual-source 

diffractometer with Atlas S2 CCD detector and fine-focus sealed tube generator or using synchrotron 

radiation (λ= 0.6889 Å) with Pilatus detector at station I19 of Diamond Light Source, UK. Data were 
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corrected for Lorenztian and polarization effects, and absorption corrections were applied. The structures 

were solved by charge flipping methods using SUPERFLIP or by direct methods using SHELXS, and 

refined by Olex2.refine, ShelXL methods or by full-matrix least-squares on F2 using SHELXL. All non-

hydrogen atoms were refined as anisotropic, and hydrogen positions were included at geometrically 

estimated positions [82-86]. Experimental powder XRD patterns were measured on a Bruker Phaser D2 

diffractometer using Cu-Kα radiation or at SPring-8 BL02B2 Japan at room temperature, λ= 1.000414(2) 

Å. Calculated powder XRD patterns were obtained using Mercury. Summary of data collections and 

refinements are given in tables 5.32-5.37.  

5.4 Results and discussions 

A series of novel three-dimensional coordination polymers were synthesised from the reaction of 

L3 ligand, Co(NO3)2.6H2O, benzene-1,4-dicarboxylic acid, 4,4-biphenyldicarboxylic acid or 

naphthalene-2,6-dicarboxylic acid to produce compounds 20-23. IR spectra for complexes 20 and 21 

show main peaks between 3431-3328, 3061-3028, 2928-2918, 1672-1671, 1605-1595, 1567-1522, 1392-

1384, 551-517 and 485-432 cm-1 due to νN-H, νC-HAr, νC-HAl, νC=O, νC=C, νC-N, νCH3, νM-N and 

νM-O functional groups and coordination bonds [87-90]. Compound 22 IR spectrum shows main bands 

at 3025, 2925, 1608, 1523 and 1391 cm-1 due to νC-HAr, νC-HAl, νC=C, νC-N and νCH2. The spectrum 

also shows another band at 466 cm-1 due to νM-O coordination bond [91-95]. IR spectrum for compound 

23 shows main bands at 3301, 3056, 2920, 1675, 1614, 1521, 1403 and 1355 cm-1 due to νN-H, νC-HAr, 

νC-HAl, νC=O, νC=C, νC-N, νCH2 and νCH3 functional groups [89-95]. The spectrum also shows two 

bands at 582 and 487 cm-1 due to νM-N and νM-O coordination bonds [96-99]. 

5.5. Crystal structures 

5.5.1 Crystal structures of ([Co2(L3)(bdc)2].nDMF)n (20) and ([Co2(L3)2(bdc)2].2H2O)n 

(21) MOFs 

Solvothermal reaction of L3 ligand, benzene-1,4-dicarboxylic acid (H2-bdc) and cobalt(II) nitrate 

hexahydrate in DMF at 115 °C for 24 or 48 hours produced ([Co2(L3)(bdc)2]∙nDMF) (20) as block red 

crystals and a second product ([Co2(L3)2(bdc)2]∙2H2O) (21) as yellow-orange microcrystals if L3 ligand 

sample is a few weeks old (figure 5.1). Crystals shape of the resulted compounds 20 and 21 are different 

and compound 21 orange crystals could be easily separated by hand from compound 20 large crystals 

(figure 5.1). Compound 20 shows complicated phase behaviour with two dominant phases, α-20(L) and 

β-20(S) where L is linear, and S is bent L3 ligand shape. Compound 20 also shows two minor amounts 

of closely related phases γ-20(L) and δ-20(L) (scheme 5.1). One hundred and seven crystals unit cell 

measurements on different vials of compound 20 indicated equal amounts of α-20(L) and β-20(S) being 

formed from the reaction of L3 ligand, benzene-1,4-dicarboxylic acid and Co(NO3)2.6H2O heated for 24 
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hours or a mixture of L3, 2H2-bdc and 2Co(NO3)2.6H2O heated for 48 hours. On the other hand, the 

reaction of L3 ligand, 2H2-bdc and 2Co(NO3)2.6H2O heated for 24 hours produced more of α-20(L), and 

the reaction of L3 ligand, H2-bdc and Co(NO3)2.6H2O for 48 hours produced more of β-20(S). 

 

   

 

Figure 5.1: (a) Compounds 20 and 21 crystals as-synthesised in DMF, (b) compounds α-20(L), β-

20(S), γ-20(L) and δ-20(L) crystals after separation, (c) compound 21 crystals after separation. 
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(Co2(L3)(bdc)2.nDMF)n  compound (20) mixed phase material 

α-20(L)- dominant phase (44.5 %) 47 crystals of 107 

β-20(S)- dominant phase (48 %) 51 crystals of 107 

γ-20(L)- minor phase (2.8 %) 3 crystals of 107  

δ-20(L)- minor phase (4.5 %) 5 crystals of 107 

 

 

 

([Co(L3)0.5(bdc)])n ε-20(L) and ([Co2(L3)(bdc)2].DMF.COMe2)n β-20(S)ace 

 

 

 

([Co2(L3)(bdc)2].n(EtOH))n γ-20(L)EtOH  

and 

([Co2(L3)(bdc)2].2EtOH)n ζ-20(L)EtOH 

 

(L3.2H2O)n  

Scheme 5.1: Phase behaviour of compound 20 as-synthesised, dried and in EtOH or water. 

Vacuum at room temperature  In Acetone for a few days 

In DMF at 115 oC for 24 hours 

EtOH  H2O  

a b  c 
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5.5.1.1 Crystal structure of (Co2(L3)(bdc)2.n(DMF))n α-20(L) MOF 

α-20(L) MOF crystal structure was solved in triclinic space group 𝑃1 and shows two Co(II) ions 

on general positions, two bdc2- ions and one L3 ligand molecule per asymmetric unit (figure 5.2). Each 

Co(II) ion is coordinated to four oxygen atoms from four different bdc2- ions and shows four M-O 

coordination bond lengths of 2.014(5), 2.034(5), 2.012(5) and 2.085(5) Å for Co1-O1, Co1-O4, Co1-O6 

and Co1-O7 or 2.020(5), 2.034(5), 2.071(5) and 2.013(5) Å for Co2-O2, Co2-O3, Co2-O5 and Co2-O8. 

Co(II) ion is also coordinated to one L3 ligand on the axial axis and shows coordination bond length of 

2.060(6) Å for Co1-N4 or 2.050(6) Å for Co2-N1 to produce Co(II) square pyramidal structure. Benzene-

1,4-dicarboxylate molecules behave as tetra-dentate ligands by the deprotonated carboxylate groups to 

four different Co(II) ions. Four bdc2- ions are coordinated to one Co(II) dimer (Co1-Co2= 2.752(14) Å) 

to produce Co2(bdc)4 paddlewheel structure (figure 5.2). Moreover, four bdc2- ions are coordinated to four 

different Co(II) dimers to produce (Co2)4(bdc)4 square unit that shows 10.917 or 10.950 Å distances 

between bdc2- ions and 15.902 × 15.010 Å diagonals between Co(II) dimers (figure 5.2). After 

symmetrical expansion the coordinated Co(II) dimers and bdc2- ions produce a two-dimensional network 

structure that has 44 network topology (figure 5.2). 

L3 ligand behaves as a bidentate ligand by nitrogen atoms of 4-pyridyl rings to two Co(II) 

coordination centres from two different 2D networks (Co1-L3-Co2= 19.636 Å) (figure 5.3). L3 ligand 

overall shape is approximately linear and shows torsion angles of 179.2 and 177.6 ° between the phenyl 

and 4-pyridyl rings. The 4-pyridyl ring is disordered and shows half occupancy for carbon atoms (figure 

5.2). Four L3 ligand molecules, eight bdc2- ions and eight Co(II) dimers are coordinated to produce 

(Co2)8(L3)4(bdc)8 tetragonal structure that shows 10.917 or 10.950 Å between L3 dimethylphenyl rings 

and expand to produce the 3D network structure (figure 5.3). The resulted 3D network is interpenetrating 

with another 3D network to produce a two-fold three-dimensional network MOF structure that shows 

two-dimensional open channels (figure 5.3). Selected bond lengths, angles and torsion angles for 

compound α-20(L) are listed in tables 5.1 and 5.2. 
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Figure 5.2: (a) α-20(L) Asymmetric unit of the crystal structure, ellipsoids shown at 50 % probability 

levels. (b) Coordination environment of α-20(L), (c) (Co2)4(bdc)4 square units. 

Table 5.1: Selected bond lengths (Å) and angles (°) for α-20(L) MOF. 

Co1-Co2 2.752(14) O6-Co1-Co2 95.82(16) O5-Co2-O2 87.8(2) 

Co1-O1 2.014(5) O6-Co1-O1 91.4(2) O5-Co2-O3 86.7(2) 

Co1-O4 2.034(5) O6-Co1-O4 91.0(2) O8-Co2-Co1 96.31(16) 

Co1-O6 2.012(5) O7-Co1-Co2 69.19(17) O8-Co2-O2 91.0(2) 

Co1-O7 2.085(5) O7-Co1-O1 87.2(2) O8-Co2-O3 91.0(2) 

Co1-N4 2.060(6) O7-Co1-O4 87.1(2) O8-Co2-O5 166.1(2) 

Co2-O2 2.020(5) O7-Co1-O6 165.0(2) N1-Co2-Co1 160.82(17) 

Co2-O3 2.034(5) N4-Co1-Co2 160.36(18) N1-Co2-O2 98.9(2) 

Co2-O5 2.071(5) N4-Co1-O1 96.8(2) N1-Co2-O3 95.4(2) 

Co2-O8 2.013(5) N4-Co1-O4 95.4(2) N1-Co2-O5 91.1(2) 

Co2-N1 2.050(6) N4-Co1-O6 103.8(2) N1-Co2-O8 102.8(2) 

N2-C23 1.384(12) N4-Co1-O7 91.2(2) C1-O1-Co1 124.2(4) 

N3-C32 1.393(16) O2-Co2-Co1 82.24(15) C1-O2-Co2 125.5(4) 

O1-Co1-Co2 83.34(15) O3-Co2-Co1 82.55(15) C8-O3-Co2 124.9(5) 

O4-Co1-Co2 83.25(15) O3-Co2-O2 164.8(2) C8-O4-Co1 123.8(5) 

O4-Co1-O1 166.5(2) O5-Co2-Co1 69.79(16)   

a  

10.917 Å 

10.950 Å 

15.90 Å 

15.95 Å 

b  c  
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Figure 5.3: (a) α-20(L) (Co2)8(L3)4(bdc)8 Tetragonal structure Co1-L3-Co2= 19.63 Å, L3 to L3= 

10.917 or 10.950 Å, (b) and (c) two-fold interpenetrating 3D networks. 

Table 5.2: Selceted torsion angles (°) for compound α-20(L) MOF. 

N1-Co2-O8-C16 179.9 C21a-N1-Co2-O5 47.6 C34-N4-Co1-O6 141.2 

N1-Co2-O3-C8 -161.0 C21a-N1-Co2-O2 -45.3 C34a-N4-Co1-O4 132.6 

N1-Co2-O5-C9 177.8 C17-N1-Co2-O3 46.9 C34a-N4-Co1-O7 45.5 

N1-Co2-O2-C1 163.2 C17-N1-Co2-O8 139.1 C34a-N4-Co1-O1 -41.6 

N4-Co1-Co2-N1 173.0 C17-N1-Co2-O5 -39.9 C34a-N4-Co1-O6 -134.8 

N4-Co1-O7-C16 -178.0 C17-N1-Co2-O2 -128.0 C35-N4-Co1-O4 -144.1 

N4-Co1-O1-C1 159.4 C17a-N1-Co2-O3 139.9 C35-N4-Co1-O7 128.8 

N4-Co1-O4-C8 -161.5 C17a-N1-Co2-O5 52.6 C35-N4-Co1-O1 41.6 

N4-Co1-C6-C9 -177.3 C17a-N1-Co2-O2 -35.6 C35-N4-Co1-O6 -51.6 

C21-N1-Co2-O3 -39.7 C17a-N1-Co2-O8 -128.5 C35a-N4-Co1-O4 -144.1 

C21-N1-Co2-O8 52.4 C32-C31-N3-C26 177.6 C35a-N4-Co1-O7 128.8 

C21-N1-Co2-O5 -126.5 N23-N2-C22-C19 179.2 C35a-N4-Co1-O1 41.6 

C21-N1-Co2-O2 145.4 C34-N4-Co1-O4 48.7 C35a-N4-Co1-O6 -51.6 

C21a-N1-Co2-O3 -137.5 C34-N4-Co1-O7 -38.4   

C21a-N1-Co2-O8 135.8 C34-N4-Co1-O1 -125.6   

a  b  

c 

19.636 Å 

10.950 Å 
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5.5.1.2 Crystal structure of (Co2(L3)(bdc)2.2DMF)n β-20(S) MOF 

β-20(S) MOF crystal structure was solved in monoclinic space group P21/c and shows two halves 

of L3 ligand molecules, two bdc2- ions, two Co(II) ions on general positions and two DMF solvent 

molecules per asymmetric unit (figure 5.4). Co1 ion is coordinated to four oxygen atoms from four 

different bdc2- ions and shows four different coordination bond lengths of 2.022(15), 2.029(15), 2.061(15) 

and 2.029(15) Å for Co1-O5, Co1-O6, Co1-O7 and Co1-O8. Co1 ion is also coordinated to one L3 ligand 

molecule by the nitrogen atom of 4-pyridyl ring (Co1-N3= 2.061(17) Å) to produce Co1 distortion square 

pyramid structure. Co2 ion shows similar coordination environment as Co1 with coordination bond 

lengths of 2.029(14), 2.032(14), 2.037(15), 2.216(15) and 2.058(18) Å for Co2-O1, Co2-O2, Co2-O3, 

Co2-O4 and Co2-N1. Compound β-20(S) shows two different paddlewheel structures resulted from four 

bdc2- ions and a dimer of Co(II) ions (figure 5.5). Co2 resulted paddlewheel structure is more skewed in 

comparison with Co1 paddlewheel structure (Co1-Co11= 2.731(15) Å) and (Co2-Co21= 2.835(15) Å) 

(figure 5.5). Four bdc2- ions are coordinated to four different Co1 dimers to produce (Co2)4(bdc)4 square 

structure that shows 10.122 or 11.661 Å distances between bdc2- ions, and 14.777 × 15.983 Å diagonals 

between Co(II) dimers. On the other hand, Co2 square structure shows 11.642 or 10.222 Å distances 

between bdc2- ions, and 15.983 × 14.777 Å diagonals between Co(II) dimers (figure 5.5). 

L3 ligand behaves as a bidentate ligand connecting between two different Co(II)-bdc2- 2D 

networks (Co1-L3-Co1= 15.917 Å) and (Co2-L3-Co2= 15.907 Å) (figure 5.5). L3 ligand shows torsion 

angles of 68.56 or 77.30 ° between the phenyl and 4-pyridyl rings to produce L3 bent S-shape between 

Co(II) coordination centres. Four bdc2- ions, eight Co(II) dimers and four L3 ligand molecules are 

coordinated to produce (Co2)8(L3)4(bdc)8 tetragonal structure that shows 10.887 × 10.897 Å or 10.893 × 

10.874 Å between L3 ligand molecules and extending to produce a 3D open network structure (figure 

5.6). The resulted 3D network is interpenetrating with another 3D network in two-fold fashion to produce 

a three-dimensional two-fold interpenetrating MOF structure (figure 5.6). The two networks have the 

same topology but are different structurally due to the conformation of the L3 ligand. The new MOF 

interpenetrating structure shows one-dimensional solvent accessible spaces at a total of 34 % of the unit 

cell filled by DMF solvent molecules (figure 5.7). Summary of  bond lengths, angles and torsion angles 

for compound β-20(S) are listed in tables 5.3 and 5.4. 
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Figure 5.4:  β-20(S) Asymmetric unit of the crystal structure, ellipsoids shown at 50 % probability 

levels 

Table 5.3: Selected bond lengths (Å) and angles (°) for β-20(S) MOF. 

Co1-Co11 2.7315(5) O7-Co1-O5 89.59(6) O3-Co2-O1 93.93(6) 

Co1-O5 2.0226(15) O7-Co1-O6 87.26(6) O3-Co2-O2 93.58(6) 

Co1-O6 2.0292(15) O8-Co1-O5 89.61(6) O4-Co2-O1 82.86(6) 

Co1-O7 2.0617(16) O8-Co1-O6 90.15(6) O4-Co2-O2 85.63(6) 

Co1-O8 2.0291(15) O8-Co1-O7 165.87(6) O4-Co2-O3 163.89(6) 

Co1-N3 2.0613(17) N3-Co1-O5 98.51(7) N1-Co2-O1 97.48(7) 

O5-C9 1.265(2) N3-Co1-O6 95.14(7) N1-Co2-O2 95.13(6) 

O6-C9 1.261(3) N3-Co1-O7 91.57(7) N1-Co2-O3 107.08(7) 

O7-C16 1.254(3) N3-Co1-O8 102.50(7) N1-Co2-O4 89.01(6) 

O8-C16 1.268(3) C9-O5-Co1 121.83(14) C1-O1-Co2 125.28(13) 

N3-C27 1.333(3) C9-O6-Co11 126.23(14) C1-O2-Co21 125.92(13) 

N3-C31 1.348(3) C16-O7-Co11 138.98(15) C8-O3-Co21 100.97(13) 

N4-C32 1.440(3) C16-O8-Co11 110.40(14) C8-O4-Co21 151.86(15) 

N4-C33 1.397(3) C27-N3-Co1 121.87(14) C17-N1-Co2 121.91(16) 

Co2-Co21 2.8359(5) C31-N3-Co1 120.70(15) C21-N1-Co2 120.76(15) 

Co2-O1 2.0295(14) C31-N3-C27 117.41(18) C21-N1-C17 117.15(19) 

Co2-O2 2.0322(14) C33-N4-C32 121.25(18) C23-N2-C22 121.3(2) 

Co2-O3 2.0377(15) C28-C27-N3 123.3(2) C18-C17-N1 122.8(2) 

Co2-O4 2.0216(15) C30-C31-N3 122.7(2) C20-C21-N1 123.0(2) 

Co2-N1 2.058(18) C29-C32-N4 114.36(18) C19-C22-N2 115.42(18) 

N2-C22 1.442(3) C35-C33-N4 119.64(19) C24-C23-N2 122.3(2) 

N2-C23 1.402(3) C36-C33-N4 122.0(2) C25-C23-N2 119.2(2) 

O6-Co1-O5 166.07(6) O2-Co2-O1 162.74(6)   
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Figure 5.5: (a) Co1 paddlewheel structure, (b) Co2 paddlewheel structure of β-20(S) MOF, (c) and (d) 

(Co2)4(bdc)4 square structures. (e) Co1 tetragonal structure, (f) Co2 tetragonal structures of 

(Co2)8(L3)4(bdc)8. DMF guest molecules and hydrogen atoms were removed for clarity. 
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Figure 5.6: (a-c) β-20(S) MOF open network structure along the three axes, (d-f) two 3D 

interpenetrating networks. DMF molecules were removed for clarity. 
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Figure 5.7: β-20(S) MOF crystal structure, DMF solvent molecules occupy the resulted channels. 

Table 5.4: Selected torsion angles (°) for β-20(S) MOF. 

N1-Co2-O1-C1 149.043 C27-N4-Co1-O7 108.8 

N1-Co2-O4-C8 174.379 C27-N4-Co1-O6 -163.8 

N1-Co2-O2-C1 -153.521 C31-N4-Co1-O8 106.1 

N1-Co2-O3-C8 -176.644 C31-N4-Co1-O6 14.8 

N3-Co1-O5-C9 164.020 C31-N4-Co1-O7 -72.6 

N3-Co1-O7-C16 179.053 C31-N4-Co1-O5 -162.4 

N3-Co1-O6-C9 -156.500 C21-N1-Co2-O1 -13.9 

N3-Co1-O8-C16 -175.713 C21-N1-Co2-O3 -110.3 

N1-Co2-Co21-N11 180 C21-N1-Co2-O2 145.3 

N3-Co1-Co11-N31 -180.00 C21-N1-Co2-O4 68.8 

C19-C22-N2-N23 68.563 C17-N1-Co2-O3 74.8 

C29-C32-N4-C33 77.30 C17-N1-Co2-O2 -20.8 

C27-N4-Co1-O8 -72.5 C17-N1-Co2-O4 -106.1 

C27-N4-Co1-O5 19.0 C17-N1-Co2-O1 171.2 
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5.5.1.3 Crystal structure of (Co2(L3)(bdc)2.(DMF).(H2O))n  γ-20(L) MOF 

γ-20(L) MOF crystal structure was solved in monoclinic space group P2/n and shows one L3 

ligand molecule, two bdc2- ions, two Co(II) ions on general positions, one water molecule and one DMF 

molecule per asymmetric unit (figure 5.8). Co1 is coordinated to five oxygen atoms from four different 

bdc2- ions and shows five coordination bond lengths of 2.059(5), 2.196(6), 2.352(5), 2.021(4) and 2.038(5) 

Å for Co1-O1, Co1-O2, Co11-O2, Co1-O5 and Co1-O6. Co1 ion is also coordinated to one L3 ligand 

molecule through the nitrogen atom of 4-pyridyl ring (Co1-N1= 2.063(5) Å) to produce Co1 distortion 

octahedral coordination centre (figure 5.8). Co2 ion is coordinated to four oxygen atoms from four 

different bdc2- ions along the equatorial axes and shows four coordination bond lengths of 2.163(4), 

2.034(4), 2.026(4) and 2.012(4) for Co2-O3, Co2-O4, Co2-O7, Co2-O8. Co2 ion is also coordinated to 

one L3 ligand molecule (Co2-N4= 2.056(5) Å) to produce the distorted square pyramid coordination 

centre (figure 5.8). 

Four bdc2- ions are coordinated to a Co(II) dimer to produce a Co2(bdc)4 paddlewheel structure 

(figure 5.8). The Co1 paddlewheel structure has four coordinated carboxylate groups from four different 

bdc2-. The first and the third coordinated carboxylate groups behave as tri-dentate ligands, whereas the 

second and the fourth coordinated carboxylate groups behave as bi-dentate ligands (figure 5.8). Co2 

paddlewheel structure has four coordinated carboxylate groups from four different bdc2- ions and all of 

the coordinated carboxylate groups behave as bidentate ligands (figure 5.8). In compound γ-20(L) the 

coordinated bdc2- ions beave either as penta-dentate ligands to two Co(II) dimers or as tetra-dentate ligands 

to two Co(II) dimers (figure 5.8). Four bdc2- ions are coordinated to four Co(II) dimers to produce 

(Co2)4(bdc)4 square structure that has 10.935 or 10.770 Å distance between bdc2- ions and 14.431 × 

16.216 Å diagonals between Co(II) dimers (figure 5.9). Like compounds α-20(L) and β-20(S) 

(Co2)4(bdc)4 square structure is extending to produce Co(II)-bdc2- two-dimensional network structure that 

has 44 topology (figure 5.9). 

L3 behaves as a bidentate ligand by nitrogen atoms of 4-pyridyl rings and connecting between 

two different Co(II)-bdc2- two-dimensional networks (Co1-L3-Co2= 19.680 Å). L3 ligand overall shape 

is approximately linear and shows torsion angles of 178.8 and -177.7 ° between the phenyl and 4-pyridyl 

rings (figure 5.8). like compounds α-20(L) and β-20(S) four L3 molecules, eight bdc2- ions and eight 

Co(II) dimers are coordinated to produce a (Co2)8(L3)4(bdc)8 tetragonal structure that shows 10.935 or 

10.971 Å as the closest distance between L3 molecules (figure 5.9). Moreover, the resulted tetragonal 

structure is expanding to produce a three-dimensional open network that interpenetrating with another 3D 

network and shows 3.55 Å between bdc2- ions and L3 phenyl rings that due to π-π stacking (figure 5.10). 

The resulted MOF channels are more diamond-shape than a rectangular-shape for compound α-20(L) 

(figure 5.10). Solvent accessible space is approximately 39.3 % of the crystal lattice volume with no strong 
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interaction with the new MOF network (figure 5.10). Selected bond lengths, angles and torsion angles for 

compound γ-20(L) are listed in tables 5.5 and 5.6. 

 

 

Figure 5.8: (a) γ-20(L) MOF asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. (b) Co1 octahedral and Co2 square pyramid coordination environments. 

Table 5.5: Selected torsion angles (°) for compound γ-20(L). 

N1-Co1-O2-C1 -161.1 C21-N1-Co1-O6 -35.1 C39-N4-Co2-O7 30.4 

N1-Co1-O6-C14 -149.0 C21-N1-Co1-O2 -119.4 C39-N4-Co2-O3 -53.6 

N1-Co1-O1-C1 176.2 C21-N1-Co1-O5 157.4 C39-N4-Co2-O8 -139.2 

N1-Co1-O5-C9 149.9 C21-N1-Co1-O1 64.7 C39-N4-Co2-O4 123.4 

N4-Co2-O7-C15 -151.8 C25-N1-Co1-O6 143.1 C38-N4-Co2-O7 -155.4 

N4-Co2-O41-C81 -178.4 C25-N1-Co1-O2 58.9 C38-N4-Co2-O3 120.6 

N4-Co2-O8-C20 149.5 C25-N1-Co1-O5 -24.4 C38-N4-Co2-O8 35.0 

N4-Co2-O31-C81 170.5 C25-N1-Co1-O1 -117.1 C38-N4-Co2-O4 -62.4 

C23-C26-N2-C27 178.8 C30-N3-C35-C36 -177.1   

 

a 

b 
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Figure 5.9: (left) γ-20(L) Tetragonal structure that shows 10.935 × 10.971 Å distanced between L3 

ligand molecules and 19.680 Å between Co1-L3-Co2, (right) (Co2)4(bdc)4 square structure. 

Table 5.6: Selected bond lengths (Å) and angles (°) for γ-20(L) MOF. 

Co1-Co11 2.856(16) O2-Co1-O1 161.45(19) N4-Co2-O3 88.64(19) 

Co1-O1 2.059(5) O5-Co1-O1 91.16(19) N4-Co2-O4 106.9(2) 

Co1-O2 2.196(5) O5-Co1-O2 83.08(18) N4-Co2-O7 96.30(18) 

Co1-O5 2.021(4) O6-Co1-O1 97.3(2) N4-Co2-O8 96.28(19) 

Co1-O6 2.038(5) O6-Co1-O2 84.10(19) C1-O1-Co1 95.8(4) 

Co1-N1 2.063(5) O6-Co1-O5 162.54(18) C1-O2-Co1 159.4(4) 

Co2-Co21 2.801(15) N1-Co1-O1 106.2(2) C8-O3-Co2 151.5(4) 

Co2-O3 2.163(4) N1-Co1-O2 91.9(2) C8-O4-Co2 100.7(4) 

Co2-O4 2.034(4) N1-Co1-O5 95.14(19) C9-O5-Co1 125.4(4) 

Co2-O7 2.026(4) N1-Co1-O6 97.1(2) C14-O6-Co1 124.7(5) 

Co2-O8 2.012(4) O4-Co2-O3 164.16(18) C15-O7-Co2 125.5(4) 

Co2-N4 2.056(5) O7-Co2-O3 84.19(17) C20-O8-Co2 125.5(5) 

N2-C26 1.262(10) O7-Co2-O4 91.03(18) C21-N1-Co1 121.8(4) 

N2-C27 1.404(8) O8-Co2-O3 85.77(18) C25-N1-Co1 120.5(4) 

N3-C30 1.409(8) O8-Co2-O4 95.20(18)   

N3-C35 1.274(10) O8-Co2-O7 163.68(18)   
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Figure 5.10: (a-c) γ-20(L) Interpenetrating three-dimensional networks without DMF and water 

molecules, (d-f) 3D networks with DMF and water molecules. 
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5.5.1.4 Crystal structure of δ-20(L) MOF 

δ-20(L) MOF crystal structure was solved in tetragonal space group P4322 and shows half of L3 

ligand molecule, one Co(II) ion on a general position and two halves of bdc2- ions per asymmetric unit 

(figure 5.11). Co(II) ion is coordinated to four oxygen atoms from four bdc2- ions and shows four 

coordination distances of 2.031(3), 2.059(2), 2.001(2) and 2.028(3) Å for Co1-O1, Co1-O2, Co1-O3 and 

Co1-O4. Co(II) ion is also coordinated to one L3 molecule through the nitrogen atom of 4-pyridyl ring 

(Co-N1= 2.053(3)) to produce Co(II) distortion square pyramid structure (figure 5.12). Like compounds 

α-20(L) and β-20(S) the coordinated bdc2- ions behave as tetra-dentate ligands to two different Co(II) 

dimers and show four M-O coordination bond lengths as discussed before. Four bdc2- ions are coordinated 

to one Co(II) dimer to produce Co2(bdc)4 paddlewheel skewed structure (Co1-Co11= 2.702(8) Å) (figure 

5.12). Four Co(II) dimers and four bdc2- ions are coordinated to produce (Co2)4(bdc)4 square unit that 

displays 10.983 Å distance between bdc2- and 15.532 Å diagonal between Co(II) dimers (figure 5.12). 

Similar to compounds α-20(L), β-20(S) and γ-20(L) the resulted square unit is expanding to produce the 

two-dimensional network structure with 44 topology (figure 5.12). 

L3 ligand behaves as a bi-dentate ligand via nitrogen atoms of 4-pyridyl rings and connecting 

between two different Co(II)-bdc2- 2D networks (Co1-L3-Co11= 19.482 Å). The overall shape of L3 

ligand is approximately linear and shows torsion angle of -176.3 ° between the phenyl and 4-pyridyl rings. 

Moreover, the 4-pyridyl ring is disordered as compound α-20(L) and shows half occupancy for carbon 

atoms figures 5.11 and 5.12. However, L3 ligands are axial to Co2(bdc)4 paddlewheel and show 

approximately a mirror plane symmetry (figure 5.12). δ-20(L) MOF (Co2)8(L3)4(bdc)8 tetragonal 

structure shows 10.983 Å between L3 ligand molecules and 19.482 Å between Co(II)-bdc2- networks 

(figure 5.12). The tetragonal structure is expanding to produce a three-dimensional open network structure 

that interpenetrating with another 3D network (figure 5.13). There are π-π stacking interactions between 

bdc2- ions of one network and dimethylphenyl group of an interpenetrating network with ring distances 

of 3.55 Å (figure 5.13). Selected bond lengths, angles and torsion angles for compound δ-20(L) are listed 

in tables 5.7 and 5.8. Powder XRD analysis of compound 20 as-synthesised in DMF has a good match 

with α-20(L), β-20(S), γ-20(L) and δ-20(L) compounds calculated patterns which indicate material 

stability and multiple phase existence (figure 5.14). 



Chapter Five 
 

198 
 

 
Figure 5.11: δ-20(L) MOF asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. 

 

 

  

Figure 5.12: (a) δ-20(L) MOF coordination environment that shows a mirror plane for L3 ligand 

molecules. (b) (Co2)4(bdc)4 Square structure. (c) (Co2)8(bdc)8(L3)4 Tetragonal structure that shows 

10.983 Å between L3 ligand molecules and 19.482 between two different networks. 
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Figure 5.13: (a-c) δ-20(L) Three-dimensional open network, (d-f) interpenetrating of two three-

dimensional networks. 

Table 5.7: Selected bond lengths (Å) and angles (°) for compound δ-20(L). 

Co1-Co11 2.7029(8) O3-Co1-O1 90.03(11) C1-O1-Co1 117.9(2) 

Co1-O1 2.031(3) O3-Co1-O2 89.68(11) C1-O2-Co1 130.1(3) 

Co1-O2 2.059(3) O4-Co1-O1 88.55(11) C5-O3-Co1 124.3(3) 

Co1-O3 2.001(2) O4-Co1-O2 88.70(12) C10-O4-Co1 124.1(3) 

Co1-O4 2.028(2) O4-Co1-O3 167.06(10) C13-C16-N2 115.2(5) 

Co1-N1 2.052(3) N1-Co1-O1 99.23(11) C18-C17-N2 120.6(4) 

N2-C16 1.319(6) N1-Co1-O2 94.24(11) C20-C17-N2 120.5(4) 

N2-C17 1.433(5) N1-Co1-O3 99.49(11)   

O2-Co1-O1 166.39(10) N1-Co1-O4 93.43(11)   
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Table 5.8: Selected torsion angles (°) for δ-20(L) MOF. 

N1-Co1-O3-C5 172.3 C15a-N1-Co1-O1 141.8 

N1-Co1-O1-C1 -176.0 C15a-N1-Co1-O4 52.8 

N1-Co1-O4-C10 -169.6 C15a-N1-Co1-O2 -36.2 

N1-Co1-O2-C1 178.3 C11a-N1-Co1-O1 -31.7 

C13-C16-N2-C17 -176.3 C11a-N1-Co1-O3 59.9 

C16-N2-C17-C18 175.8 C11a-N1-Co1-O4 -120.7 

C11-N1-Co1-O3 -41.7 C11a-N1-Co1-O2 150.3 

C11-N1-Co1-O2 48.7 C15-N1-Co1-O1 52.5 

C11-N1-Co1-O4 137.6 C15-N1-Co1-O4 -36.6 

C11-N1-Co1-O1 -133.3 C15-N1-Co1-O2 125.5 

C15a-N1-Co1-O3 -126.6 C15-N1-Co1-O3 144.1 

 

 
Figure 5.14: (a) Compound α-20(L) calculated powder XRD pattern, (b) compound β-20(S) calculated 

powder XRD pattern, (c) compound γ-20(L) calculated powder XRD pattern, (d) compound δ-20(L) 

calculated powder XRD pattern. (e) Compound 20 powder XRD pattern as-synthesised in DMF. 
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5.5.1.5 Crystal structure of ([Co2(L3)2(bdc)2].2H2O)n (21) MOF 

Compound 21 crystal structure was solved in monoclinic space group C2/c and displays two L3 

ligand molecules, two Co(II) ions on general positions, two bdc2- ions and two water molecules per 

asymmetric unit (figure 5.15). Co1 ion is coordinated to four oxygen atoms from three different bdc2- ions 

along the equatorial axes and shows four coordination bond lengths of 2.153(19), 2.195(17), 2.010(17) 

and 2.020(18) Å for Co1-O1, Co1-O2, Co1-O5 and Co1-O7. Co1 ion is also coordinated to two L3 ligand 

molecules along the axial axes (Co1-N1= 2.140(2) Å) and (Co1-N4= 2.165(2) Å) to produce Co1 

distortion octahedral coordination centre. Co2 shows similar coordination environment as Co1 with 

coordination bond lengths of 2.191(19), 2.159(17), 2.010(19), 2.038(2), 2.162(2) and 2.161(2) Å for Co2-

O3, Co2-O4, Co2-O6, Co2-O8, Co2-N5 and Co2-N8. 

Coordinated bdc2- ions show two different coordination styles to Co(II) ions. In the first 

coordination style the coordinated bdc2- ions behave as tetra-dentate ligands to two Co(II) ions and show 

four different coordination distances (figure 5.16). In the second coordination style, bdc2- ions behave as 

tetra-dentate ligands to four different Co(II) ions and show four coordination bond lengths (figure 5.16). 

To the best of our knowledge and according to CCDC the coordination style between bdc2- and Co(II) 

ions in compound 21 was not reported before. Four Co(II) dimers and four bdc2- ions are coordinated to 

produce (Co2)4(bdc)4 rectangle structure that shows 14.919 × 10.045 Å sides and 16.084 × 19.704 Å 

diagonal between Co(II) coordination centres (figure 5.16). The resulted rectangle structure also shows 

10.278 and 14.919 Å as the closest distance between bdc2- ions (figure 5.16). 

L3 ligand behaves as a bi-dentate ligand by nitrogen atoms of 4-pyridyl rings to two different 

Co(II)-bdc2- 2D networks (Co1-L3-Co1= 19.915 Å) and (Co2-L3-Co2= 19.915 Å). L3 ligand shows five 

torsion angles of 178.3, 167.3, -177.7, -172.3 and 179.4 ° between dimethylphenyl rings and 4-pyridyl 

rings to produce L3 linear shape between Co(II)-bdc2- networks. Unlike compounds α-20(L), β-20(S), γ-

20(L) and δ-20(L) compound 21 shows disordered dimethylphenyl rings and ordered 4-pyridyl rings. 

Moreover, the asymmetric unit cell shows 3.898 Å distance between dimethylphenyl rings and 3.828 or 

3.994 Å between 4-pyridyl rings that due to π-π interaction (figure 5.15). After symmetry expansion 

compound 21 shows three-dimensional open network that interpenetrating with another 3D network 

leaving no significant space for guest molecules (figure 5.17). Powder XRD analysis for compound 21 

as-synthesised in DMF shows low agreement with calculated pattern. Moreover, the resulted pattern 

shows some amorphous material in present (figure 5.18). Selected bond lengths, angles and torsion angles 

for compound 21 are listed in tables 5.9 and 5.10. 
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Figure 5.15: Compound 21 asymmetric unit of the crystal structure. Ellipsoids shown at 50 % 

probability levels. Hydrogen atoms were removed for clarity (4-py to 4-py= 3.828 or 3.994 Å) 

(dimethylphenyl-dimethylphenyl= 3.890 Å).  

   
Figure 5.16: Co(II)-bdc2- two-dimensional network. Each bdc2- molecule behaves either as a tetra-

dentate ligand to two Co(II) ions or as a tetra-dentate ligand to four Co(II) ions. 
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Figure 5.17: (a-c) Compound 21 three-dimensional open network, (d-f) two interpenetrating networks 

that shows π-π interaction between bdc2- of one network and dimethylphenyl of another network. 

 
Figure 5.18: (a) Calculated powder XRD pattern of compound 21, (b) powder XRD pattern of 

compound 21 as-synthesised in DMF. 
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Table 5.9: Selected bond lengths (Å) and angles (°) for compound 21.   

Co1-O1 2.153(19) O5-Co1-O1 95.16(7) O6-Co2-O8 115.29(7) 

Co1-O2 2.195(17) O5-Co1-O2 155.68(7) O6-Co2-N5 88.47(8) 

Co1-O5 2.010(17) O5-Co1-O7 110.28(7) O6-Co2-N8 85.85(8) 

Co1-O7 2.020(18) O5-Co1-N1 92.97(8) O6-Co2-C48 122.79(8) 

Co1-N1 2.140(2) O5-Co1-N4 87.26(8) O8-Co2-O3 90.72(7) 

Co1-N4 2.165(2) O5-Co1-C41 125.27(8) O8-Co2-O4 151.23(7) 

Co2-O3 2.191(19) O7-Co1-O1 153.73(7) O8-Co2-N5 96.04(8) 

Co2-O4 2.159(17) O7-Co1-O2 93.51(7) O8-Co2-N8 89.01(8) 

Co2-O6 2.010(19) O7-Co1-N1 91.72(8) O8-Co2-C48 120.92(8) 

Co2-O8 2.037(17) O7-Co1-N4 84.73(8) N5-Co2-O3 95.53(8) 

Co2-N5 2.162(2) O7-Co1-C41 123.71(8) N5-Co2-C48 95.38(8) 

Co2-N8 2.161(2) N1-Co1-O1 93.47(8) N8-Co2-O3 88.28(8) 

N2-C6 1.317(5) N1-Co1-O2 91.25(7) N8-Co2-N5 173.62(9) 

N2-C7 1.409(4) N1-Co1-N4 176.29(9) N8-Co2-C48 85.30(8) 

N3-C10 1.410(4) N1-Co1-C41 93.72(8) C41-O1-Co1 90.10(15) 

N3-C15 1.263(4) N4-Co1-O2 90.05(8) C41-O2-Co1 87.96(14) 

N6-C30 1.414(4) N4-Co1-C41 89.17(8) C48-O3-Co2 87.48(16) 

N6-C35 1.307(5) O3-Co2-C48 30.48(8) C48-O4-Co2 89.10(15) 

N7-C26 1.242(6) O4-Co2-O3 60.73(7) C49-O5-Co1 129.77(16) 

N7-C27a 1.422(8) O4-Co2-N5 90.59(7) C49-O6-Co2 147.59(17) 

O1-Co1-O2 60.66(7) O4-Co2-N8 86.80(8) C53-O7-Co1 141.98(17) 

O1-Co1-N4 90.20(8) O4-Co2-C48 30.35(8) C53-O8-Co2 124.87(16) 

O1-Co1-C41 30.23(7) O6-Co2-O3 153.18(7) C1-N1-Co1 123.44(17) 

O2-Co1-C41 30.46(7) O6-Co2-O4 92.79(7)   

Table 5.10: Selected torsion angles (°) for compound 21. 

N1-Co1-O1-C41 91.4 N8-Co2-O6-C49 165.3 

N1-Co1-O2-C41 -95.2 N5-Co2-O3-C48 -91.2 

N1-Co1-O5-C49 -63.9 N5-Co2-O4-C48 99.7 

N1-Co1-O7-C53 -0.5 N5-Co2-O6-C49 -17.6 

N4-Co1-O2-C41 88.3 N5-Co2-O8-C53 64.8 

N4-Co1-O1-C41 -88.0 C23-C26-N7-C27 178.3 

N4-Co1-O5-C49 112.4 C23-C26-N7-C27a 167.3 

N4-Co1-O7-C53 -179.4 C36-C35-N6-C30 -177.7 

N8-Co2-O3-C48 83.7 C16-C15-N3-C10 -172.3 

N8-Co2-O4-C48 -86.2 C7-N2-C6-C3 179.4 

N8-Co2-O8-C53 -111.3   
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5.5.1.6 Crystal structure of ([Co2(L3)(bdc)2].DMF.COMe2)n β-20(S)ace MOF 

Compound 20 resultant crystals were immersed in acetone for a few days and dried under 

vacuum to remove DMF solvent molecules. Two new materials ([Co2(L3)(bdc)2].DMF.COMe2)n β-

20(S)ace and ([Co(L3)0.5(bdc)])n ε-20(L) were successfully characterised by single X-ray analysis. β-

20(S)ace crystal structure was solved in monoclinic space group P21/c and shows two Co(II) ions on 

general positions, two halves of L3 ligand molecules, two bdc2- ions,  one DMF molecule and one acetone 

molecule per asymmetric unit (figure 5.19). β-20(S)ace shows similar unit cell and Co(II) coordination 

environment in comparison with compound β-20(S) but differs in guest molecules positions and L3 ligand 

molecules torsion angles (figure 5.19). Co1 is coordinated to four oxygen atoms from four different bdc2- 

ions along the equatorial axes and shows four coordination bond lengths of 2.022(2), 2.028(2), 2.015(2) 

and 2.045(3) Å for Co1-O1, Co1-O2, Co1-O3 and Co1-O4. Co1 is also coordinated to one L3 ligand 

molecule along the axial axis (Co1-N1= 2.053(3) Å) to produce the distortion square pyramid structure. 

Co2 shows similar coordination environment as Co1 and shows coordination bond lengths of 2.215(2), 

2.044(2), 2.030(2), 2.035(2) and 2.061(3) Å for Co2-O5, Co2-O6, Co2-O7, Co2-O8 and Co2-N3 (figure 

5.19). 

The coordinated bdc2- ions behave as tetra-dentate ligands to four Co(II) ions and shows four 

different coordination bond lengths as discussed previously. Compound β-20(S)ace shows skewed 

paddlewheel structures resulted from a Co(II) dimer and four bdc2- ions (Co1-Co11= 2.740(9) Å) and 

(Co2-Co21= 2.839(9) Å) (figure 5.20). Four bdc2- and four Co(II) dimers are coordinated to produce 

(Co2)4(bdc)4 square structure that shows 10.080 or 11.683 Å distance between bdc2- ions and 14.704 × 

16.037 Å diagonal between Co1 dimers. On the other hand, Co2 square structure shows 10.174 or 11.680 

Å between bdc2- and 14.705 × 16.037 Å diagonals between Co2 dimers (figure 5.20). Moreover, 

(Co2)4(bdc)4 square structure is extending to produce a two-dimensional network that shows 44 network 

topology (figure 5.20). 

L3 ligand behaves as a bi-dentate ligand via nitrogen atoms of 4-pyridyl rings and connecting 

between two different Co(II)-bdc2- 2D networks. The ligand shows torsion angles of -69.6 or -71.6° 

between the phenyl and 4-pyridyl rings to produce L3 bent S-shape between Co(II) dimers Co1-L3-Co1= 

15.781 Å and Co2-L3-Co2= 15.770 Å (figure 5.20). Eight bdc2-, eight Co(II) dimers and four L3 ligand 

molecules are coordinated to produce (Co2)8(L3)4(bdc)8 tetragonal structure that extending to produce a 

three-dimensional network open structure (figure 5.21). The resulted network is interpenetrating with 

another 3D network to produce a two-fold interpenetrating 3D networks (figure 5.21). Moreover, the two-

fold interpenetrating network shows one-dimensional channels occupied by DMF and acetone guest 

molecules (figure 5.22). Selected bond lengths, angles and torsion angles for compound β-20(S)ace are 

listed in tables 5.11 and 5.12. 
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Figure 5.19: Compound β-20(S)ace asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. 

Table 5.11: Selected bond lengths (Å) and angles (°) for β-20(S)ace MOF. 

Co1-Co11 2.730(9) O7-Co2-O5 83.25(9) O3-Co1-N1 103.75(12) 

Co1-O1 2.022(2) O7-Co2-O6 93.53(9) O4-Co1-Co11 73.91(8) 

Co1-O2 2.028(2) O7-Co2-O8 162.76(10) O4-Co1-N1 90.35(12) 

Co1-O3 2.015(2) O7-Co2-N3 97.00(10) N1-Co1-Co11 163.71(9) 

Co1-O4 2.045(3) O8-Co2-Co21 80.85(7) O5-Co2-Co21 58.21(7) 

Co1-N1 2.053(3) O8-Co2-O5 85.49(9) O6-Co2-Co21 105.45(8) 

Co2-Co21 2.839(9) O8-Co2-O6 93.60(10) O6-Co2-O5 163.60(10) 

Co2-O5 2.215(2) O8-Co2-N3 95.62(10) O6-Co2-N3 108.26(11) 

Co2-O6 2.044(2) N3-Co2-Co21 146.26(8) O7-Co2-Co21 82.13(7) 

Co2-O7 2.030(2) O1-Co1-O4 89.53(11) N3-Co2-O5 88.11(11) 

Co2-O8 2.035(2) O1-Co1-N1 98.41(11) C1-O1-Co1 120.3(2) 

Co2-N3 2.061(3) O2-Co1-Co11 79.97(8) C1-O2-Co1 127.3(2) 

N2- C22 1.445(5) O2-Co1-O4 87.64(11) C8-O3-Co1 114.1(2) 

N2- C23 1.400(4) O2-Co1-N1 95.53(11) C8-O4-Co1 134.8(2) 

N4- C32 1.438(5) O3-Co1-Co11 91.97(8) C9-O5-Co2 152.6(2) 

N4- C33 1.410(5) O3-Co1-O1 89.25(11) C9-O6-Co2 100.4(2) 

O1-Co1-Co11 85.87(8) O3-Co1-O2 90.11(11) C16-O7-Co2 125.1(2) 

O1-Co1-O2 165.79(11) O3-Co1-O4 165.87(11) C16-O8-Co2 126.4(2) 
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Figure 5.20: (a-b) Co1 and Co2 paddlewheel structures, (c-d) Co1 and Co2 (Co2)4(bdc)4 square 

structures. (e-f) Co1 and Co2 (Co2)8(L3)4(bdc)8 tetragonal structures. 
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Figure 5.21: (a-c) β-20(S)ace MOF three-dimensional open network, (d-f) β-20(S)ace two-fold 

interpenetrating networks. Guest molecules were removed for clarity. 
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Figure 5.22: β-20(S)ace MOF two-fold interpenetrating networks with guest molecules occupy the 

resulted channels. 

Table 5.12: Selected torsion angles (°) for β-20(S)ace MOF.  

N1-Co1-O2-C1 158.4 C21-N1-Co1-O2 158.7 

N1-Co1-O4-C8 -176.3 C21-N1-Co1-O3 67.2 

N1-Co1-O1-C1 -166.8 C17-N1-Co1-O4 64.0 

N1-Co1-O3-C8 174.8 C17-N1-Co1-O4 -23.7 

N3-Co2-O5-C9 -174.8 C17-N1-Co1-O4 -115.1 

N3-Co2-O8-C16 151.8 C17-N1-Co1-O4 153.6 

N3-Co2-O6-C9 176.9 C27-N3-Co2-O8 5.3 

N3-Co2-O7-C16 -147.3 C27-N3-Co2-O6 -90.3 

C23-N2-C22-C19 -69.6 C27-N3-Co2-O7 173.6 

C33-N4-C32-C29 -71.6 C27-N3-Co2-O5 90.6 

N1-Co1-Co11-N11 180.00 C31-N3-Co2-O8 -17.01 

N3-Co2-Co21-N11 180.00 C31-N3-Co2-O6 94.3 

C21-N1-Co1-O1 -24.1 C31-N3-Co2-O7 -1.8 

C21-N1-Co1-O4 -113.6 C31-N3-Co2-O5 -84.8 
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5.5.1.7 Crystal structure of ([Co(L3)0.5(bdc)])n ε-20(L) MOF 

The de-solvated ε-20(L) MOF crystal structure was solved in triclinic space group P1̅ and shows 

one Co(II) ion on a general position, half of L3 ligand molecule and two halves of bdc2- ions per 

asymmetric unit (figure 5.23). Co(II) ion is coordinated to five oxygen atoms from four different bdc2- 

ions and shows five coordination bond lengths of 2.125(2), 2.231(2), 2.201(17), 2.004(14) and 2.030(17) 

Å for Co1-O1, Co1-O2, Co1-O21, Co1-O3 and Co1-O4. Co1 ion is also coordinated to one L3 ligand 

molecule by the nitrogen atom of 4-pyridyl ring (Co1-N1= 2.107(17) Å) to produce Co1 distortion 

octahedral coordination centre (figure 5.24). Coordinated bdc2- ions show two different coordination 

styles toward Co(II) coordination centres (figure 5.24). In the first coordination style bdc2- ions behave as 

hexa-dentate ligands to four different Co(II) ions and show three different coordination distances for Co-

O1, Co-O21 and Co-O2. Whereas in the second coordination style bdc2- ions behave as tetra-dentate 

ligands to four Co(II) ions and show two coordination distances for Co-O3 and Co-O4. Four bdc2- ions 

are coordinated to one Co(II) dimer to produce a very skewed Co2(bdc)4 paddlewheel structure (figure 

5.24). A square unit of Co(II)-bdc2- is resulted from four bdc2- ions and four Co(II) dimers that shows 

10.822 or 10.958 Å between bdc2- ions and 15.064 × 15.710 Å diagonal between Co(II) dimers (figure 

5.24). Furthermore, (Co2)4(bdc)4 square unit is extending to produce a two-dimensional network structure 

that shows 44 topology (figure 5.24). 

L3 ligand behaves as a bi-dentate ligand by nitrogen atoms of 4-pyridyl ring and coordinated to 

two different Co(II) dimers from two different 2D networks (Co1-L3-Co11= 19.639 Å). L3 ligand is 

approximately linear and shows torsion angle of -172.8 ° between dimethylphenyl and 4-pyridyl rings. 

Four L3 ligands ions, eight bdc2- ions and eight Co(II) dimers are coordinated to produce 

(Co2)8(L3)4(bdc)8 tetragonal structure that shows 10.943 or 8.616 Å between L3 ligands molecules (figure 

5.24). The resulted tetragonal structure expands to produce a three-dimensional open network that is 

interpenetrating with another network to produce a two-fold interpenetrating structure (figure 5.25). 

Powder XRD analysis pattern of compound 20 dried sample has a good match with compounds β-20(S)ace 

and ε-20(L) calculated patterns which indicates materials stability (figure 5.26). Selected bond lengths, 

angles and torsion angles for compound ε-20(L) are listed in tables 5.13 and 5.14. 
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Figure 5.23: ε-20(L) MOF asymmetric unit of the crystal structure, ellipsoids shown probability at 50 % 

levels. 

 

 
  

Figure 5.24: (a) ε-20(L) MOF skewed paddlewheel structure, each bdc2- molecule behaves either as a 

hexa-dentate or as a tetra-dentate ligand to four Co(II) ions. (b) (Co2)4(bdc)4 Square unit, (c-d) 

(Co2)8(L3)4(bdc)8 tetragonal structure. 
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Figure 5.25: (a-c) ε-20(L) MOF three-dimensional open network, (d-f) two-fold interpenetrating 

networks. 
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Figure 5.26: (a) Compound β-20(S)ace calculated powder XRD pattern, (b) compound ε-20(L) 

calculated powder XRD pattern, (c) compound 20 powder XRD pattern after washing with acetone for 

a few days and drying under vacuum for 48 hours. 

Table 5.13: Selected bond lengths (Å) and angles (°) for ε-20(L) MOF. 

Co1-Co11 2.843(8) O4-C11 1.35(3) C7-N2-C6 117(3) 

Co1-O1 2.125(2) N2-C6 1.52(4) C8-C7-N2 120(3) 

Co1-O21 2.201(17) N2-C7 1.34(5) C9-C7-N2 117(3) 

Co1-O2 2.231(2) O2-Co1-O1 56.1(7) O4-Co1-O21 84.8(6) 

Co1-O3 2.004(14) O21-Co1-O1 156.3(9) O4-Co1-O3 163.6(7) 

Co1-O4 2.030(17) O3-Co1-O1 93.2(7) C15-O1-Co1 94.1(16) 

Co1-N1 2.107(17) O3-Co1-O2 84.9(7) C15-O2-Co1 87.8(16) 

O1-C15 1.15(3) O3-Co1-O21 83.3(6) C15-O2-Co11 167.4(18) 

O2-C15 1.19(3) O4-Co1-O1 93.3(7) C11-O3-Co1 130.9(13) 

O3-C11 1.28(2) O4-Co1-O2 86.3(7) C11-O4-Co11 125.0(15) 

Table 5.14: Selcted torsion angles (°) for ε-20(L) MOF. 

N1-Co1-O4-C11 -143.6 C1-N1-Co1-O3 -162.6 

N1-Co1-O1-C15 -179.7 C5-N1-Co1-O1 -86.8 

N1-Co1-O2-C15 -170.6 C5-N1-Co1-O4 176.9 

N1-Co1-O3-C11 146.0 C5-N1-Co1-O3 8.7 

C1-N1-Co1-O4 5.7 C5-N1-Co1-O2 92.0 

C1-N1-Co1-O1 102.0 C7-N2-C6-C3 -172.8 

C1-N1-Co1-O2 -79.2   

 

a 
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c 

2θ ̸ deg 
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5.5.1.8 Crystal structure of ([Co2(L3)(bdc)2].n(EtOH))n γ-20(L)EtOH MOF 

γ-20(L)EtOH MOF crystals are poor-quality that required synchrotron radiation. The crystal 

structure was solved in monoclinic space group P2/n and shows one L3 ligand molecule, two Co(II) ions 

on general positions and two bdc2- ions per asymmetric unit (figure 5.27). Co1 is coordinated to five 

oxygen atoms from four different bdc2- ions and shows five different coordination bond lengths of 

2.069(8), 2.190(9), 2.402(8), 2.051(9) and 1.985(8) Å for Co1-O1, Co1-O2, Co1-O21, Co1-O5 and Co1-

O6. Co1 is also coordinated to one L3 ligand molecule (Co1-N1= 2.062(10) Å) to produce Co1 distortion 

octahedral geometry. Co2 shows similar coordination environment in comparison with Co1 and displays 

coordination bond lengths of 2.044(10), 2.069(8), 2.190(9), 2.367(8), 2.003(7) and 2.104(9) Å for Co2-

N4, Co2-O3, Co2-O4, Co2-O41, Co2-O7 and Co2-O8. 

Coordinated bdc2- ions behave either as hexa-dentate ligands to four Co(II) ions and shows six 

coordination bond lengths or as tetra-dentate ligands to four Co(II) ions and shows four different 

coordination bond lengths. Four bdc2- ions are coordinated to two Co(II) ions in a dimer style to produce 

Co2(bdc)4 skewed paddlewheel structure that has 2.826(3) Å distance between Co1-Co11 ions or 2.841(3) 

Å distance between Co2-Co21 ions (figure 5.28). (Co2)4(bdc)4 square structure shows 10.924 or 10.769 Å 

distances between bdc2- ions and 16.006 × 14.640 Å diagonals between Co(II) dimers (figure 5.28). 

Furthermore, Co(II) dimers and bdc2- ions square structure is expanding to produce a two-dimensional 

network that has 44 topology (figure 5.28). 

L3 ligand behaves as a bi-dentate ligand and coordinated to two different networks (Co1-L3-

Co2= 19.690 Å). L3 ligand shape is approximately linear and shows torsion angles of 177.37(15) and -

173.55(14) ° between the phenyl and 4-pyridyl rings (figure 5.27). Four L3 ligand molecules, eight bdc2- 

ions and eight Co(II) dimers are coordinated to produce a tetragonal structure that shows 10.585 or 10.924 

Å distances between L3 ligand molecules (figure 5.28). Moreover, the tetragonal structure is expanding 

to produce a 3D open network that interpenetrating with another 3D network and shows face-to-face π-π 

stacking interaction between dimethylphenyl and bdc2- ions from two different network (ring centroid 

separation= 3.68 Å) (figure 5.29). Selected bond lengths, angles and torsion angles for γ-20(L)EtOH MOF 

are listed in tables 5.15 and 5.16. 
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Figure 5.27: γ-20(L)EtOH MOF asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. 

Table 5.15: Selected bond lengths (Å) and angles (°) for γ-20(L)EtOH MOF. 

Co1-Co11 2.826(3) O5-Co1-O2 84.8(3) O7-Co2-N4 96.3(4) 

Co1-O1 2.069(8) O5-Co1-N1 97.4(4) O81-Co2-Co21 81.9(2) 

Co1-O21 2.402(8) O61-Co1-Co11 81.9(2) O81-Co2-O4 86.3(3) 

Co1-O2 2.190(9) O61-Co1-O1 94.7(3) O81-Co2-O41 83.5(3) 

Co1-O5 2.051(9) O61-Co1-O21 85.0(3) N41-Co2-Co21 143.9(3) 

Co1-O6 1.985(8) O61-Co1-O2 85.7(3) N41-Co2-O3 107.6(4) 

Co1-N1 2.062(10) O61-Co1-O5 162.8(4) N41-Co2-O41 89.7(4) 

Co2-Co21 2.841(3) O61-Co1 N1 95.4(4) N41-Co2-O4 167.4(4) 

Co2-O3 2.069(8) N1-Co1-Co11 145.8(3) N41-Co2-O8 94.6(4) 

Co2-O4 2.190(9) N1-Co1-O1 106.7(4) C1-O1-Co1 97.9(8) 

Co2-O41 2.367(8) N1-Co1-O21 90.4(4) Co11-O2-Co1 75.8(3) 

Co2-O7 2.003(7) N1-Co1-O2 165.4(4) C1-O2-Co1 82.6(7) 

Co2-O8 2.104(9) O3-Co2-Co21 108.5(3) C1-O2-Co11 158.2(8) 

Co2-N4 2.044(10) O3-Co2-O41 162.7(3) C8-O3-Co2 95.4(7) 

N2-C26 1.234(17) O3-Co2-O4 59.8(3) Co21-O4-Co2 77.0(3) 

N2-C27 1.410(17) O3-Co2-O8 93.1(3) C8-O4-Co2 82.5(7) 

N3-C30 1.368(17) O41-Co2-Co21 54.3(2) C8-O4-Co21 159.1(8) 

N3-C35 1.341(18) O4-Co2-Co21 48.7(2) C9-O5-Co1 126.3(10) 

O2-Co1-Co11 48.7(2) O41-Co2-O4 103.0(3) C14-O6-Co11 126.4(8) 

O21-Co1-Co11 55.5(2) O7-Co2-Co21 82.1(2) C15-O7-Co2 122.4(8) 

O21-Co1-O2 104.2(3) O7-Co2-O3 95.1(3) C20-O8-Co21 118.2(9) 

O5-Co1-Co11 81.1(2) O7-Co2-O41 84.4(3) O7-Co2-O8 163.7(4) 

O5-Co1-O1 92.5(3) O7-Co2-O4 85.7(3) O5-Co1-O21 83.5(3) 
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Figure 28: (a) Co1 paddlewheel structure, (b) Co2 paddlewheel structure. (c) Co(II)-bdc2- two-

dimensional network structure, (d) and (f) (Co2)8(L3)4(bdc)8 tetragonal structures.   
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Figure 5.29: (a-c) γ-20(L)EtOH MOF three-dimensional open network structure, (d-f) two 

interpenetrating networks (π-π interactions= 3.68 Å). 
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Table 5.16: Selected torsion angles (°) for γ-20(L)EtOH MOF. 

Co1-O1-C1-O2 -3.4(12) Co2-O3-C8-O4 5.1(11) 

Co1-O1-C1-C2 174.3(9) Co2-O3-C8-C5 -172.8(8) 

Co1-O2-C1-O1 2.9(10) Co2-O4-C8-O3 -4.5(10) 

Co11-O2-C1-O1 11(3) Co21-O4-C8-O3 -17(3) 

Co11-O2-C1-C2 -167.2(14) Co2-O4-C8-C5 173.4(9) 

Co1-O2-C1-C2 -174.8(10) Co21-O4-C8-C5 160.9(15) 

Co1-O5-C9-O51 2.1(4) Co2-O7-C15-O71 1.7(3) 

Co1-O5-C9-C10 -177.9(4) Co2-O7-C15-C16 -178.3(3) 

Co11-O6-C14-O61 -1.5(3) Co21-O8-C20-O81 -3.1(3) 

Co11-O6-C14-C13 178.5(3) Co21-O8-C20-C19 176.9(3) 

Co1-N1-C21-C22 -179.6(13) Co21-N4-C38-C37 -177.2(14) 

Co1-N1-C25-C24 175.8(14) Co21-N4-C39-C40 -177.6(17) 

C30-N3-C35-C36 177.372(15) C23-C26-N2-C27 173.55(14) 

5.5.1.9 Crystal structure of ([Co2(L3)(bdc)2].2EtOH)n ζ-20(S)EtOH MOF 

ζ-20(S)EtOH MOF shows some structural similarities with β-20(S) but it is a distinct phase. The 

new MOF crystal structure shows one Co(II) ion on a general position, one bdc2- ion, half of L3 ligand 

molecule and two ethanol molecules one of them is disordered (figure 5.30). Co(II) ion is coordinated to 

four oxygen atoms from four different bdc2- ions and shows four different coordination bond lengths of 

2.030(19), 2.043(19), 2.035(18) and 2.037(18) Å for Co1-O1, Co1-O2, Co1-O3 and Co1-O4. Moreover, 

Co(II) is coordinated to one L3 ligand molecule along the axial axis (Co1-N1= 2.065(3) Å) to produce 

Co(II) distortion square pyramid coordination centre (figure 5.31). The coordinated bdc2- ions behave as 

tetra-dentate ligands to four different Co(II) ions and show four different M-O bond lengths. Four bdc2- 

ligands are coordinated to two Co(II) ions in a dimer style to produce Co2(bdc)4 paddlewheel ordered 

structure (Co1-Co11= 2.708(8) Å) (figure 5.31). Four Co(II) dimers and four bdc2- ions are coordinated to 

produce (Co2)4(bdc)4 square unit that shows 11.678 and 10.268 Å distances between bdc2- ions and 15.255 

× 15.771 Å diagonals between Co(II) dimers, and expands to produce Co(II)-bdc2- two-dimensional 

network (figure 5.31). 

The ligand L3 is connecting between two different Co(II)-bdc2- 2D networks (Co1-L3-Co11= 

16.562 Å) and shows torsion angle of 75.8 ° between the dimethylphenyl and 4-pyridyl ligands to produce 

L3 bent S-shape between Co(II) coordination centres. ζ-20(S)EtOH MOF also has (Co2)8(L3)4(bdc)8 

tetragonal structure that shows 10.959 or 10.973 Å between L3 ligand molecules and extending to 

produce a three-dimensional network structure (figure 5.31). The resulted three-dimensional open 

network structure is interpenetrating with another three-dimensional network to produce a two-fold 

interpenetrated MOF structure (figure 5.32). Ethanol guest molecules could be located inside the new 
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MOF channels and form hydrogen bond interactions with each other (O5-O6= 2.992 Å) (figure 5.33). 

Selected bond lengths, angles and torsion angles for ζ-20(S)EtOH MOF are listed in tables 5.17 and 5.18. 

Calculated powder XRD patterns for compounds ζ-20(L)EtOH and γ-20(L)EtOH show a low agreement with 

compound 20 as-synthesised in DMF or dried powder XRD patterns, that could due to the structural 

changes after removing DMF solvent molecules and replacing them with ethanol guest molecules (figure 

4.34). 

 
Figure 5.30: ζ-20(S)EtOH MOF asymmetric unit of crystal structure, ellipsoids shown at 50 % 

probability levels. 

 

 
 

 

Figure 5.31: (a): ζ-20(S)EtOH MOF paddlewheel structure (Co1-Co11= 2.708(8) Å). (b) Co(II)-bdc2- 

two-dimensional network, (c) ζ-20(S)EtOH MOF (Co2)8(L3)4(bdc)8 tetragonal structure.  

15.255 Å 15.771 Å 

10.268 Å 11.678 Å 

10.956 Å 

16.562 Å 

a 

b c 
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Figure 5.32: (a-c) ζ-20(S)EtOH MOF three-dimensional open network, (d-f) two-fold interpenetrating 

three-dimensional networks. 
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Figure 5.33: Ethanol molecules located in ζ-20(S)EtOH MOF channels. 

 

 
Figure 5.34: (a) ζ-20(L)EtOH Calculated powder XRD pattern, (b) γ-20(L)EtOH calculated powder XRD 

pattern, (c) compound 20 powder XRD pattern as-synthesised in DMF, (d) powder XRD pattern of 

compound 20 dried sample. 

a 

b 

c 

d 

2θ  ̸deg 
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Table 5.17: Selected bond lenghts (Å) and angles (°) for ζ-20(S)EtOH MOF.   

Co1-Co11 2.708(8) O21-Co1-N1 92.48(10) 

Co1-O1 2.030(19) O31-Co1-Co11 86.05(6) 

Co1-O2 2.043(19) O31-Co1-O21 89.60(9) 

Co1-O3 2.034(18) O31-Co1-O41 166.63(9) 

Co1-O4 2.037(18) O31-Co1-N1 96.80(9) 

Co1-N1 2.065(3) O41-Co1-Co11 80.58(6) 

O1-C1 1.262(3) O41-Co1-O21 88.58(8) 

O2-C1 1.257(4) O41-Co1-N1 96.51(9) 

N2-C14 1.428(4) N1-Co1-Co11 173.73(8) 

N2-C15 1.386(3) C1-O1-Co1 122.12(18) 

O1-Co1-Co11 84.93(7) C1-O2-Co11 125.25(18) 

O1-Co1-O21 166.83(10) C8-O3-Co11 120.70(17) 

O1-Co1-O31 88.68(9) C8-O4-Co11 127.34(17) 

O1-Co1-O41 90.08(8) C9-N1-Co1 121.3(2) 

O1-Co1-N1 100.69(10) C13-N1-Co1 121.4(2) 

O21-Co1-Co11 81.92(7) C13-N1-C9 116.8(3) 

Table 5.18: Selected torsion angle (°) for ζ-20(S)EtOH MOF. 

N1-Co1-O1-C1 -175.1 C9-N1-Co1-O4 -176.4 

N1-Co1-O3-C8 175.9 C9-N1-Co1-O2 94.7 

N1-Co1-O2-C1 177.2 C13-N1-Co1-O3 -166.3 

N1-Co1-O4-C8 -172.6 C13-N1-Co1-O1 103.8 

C11-C14-N2-C15 75.8 C13-N1-Co1-O4 12.5 

C9-N1-Co1-O3 4.9 C13-N1-Co1-O2 -76.4 

C9-N1-Co1-O1 -85.1   

5.5.1.10 Crystal structure of compound 20 in water 

Compound 20 de-solvated crystals are not stable in water after a few days and decomposed to 

produce (L3.2H2O)n material. (L3.2H2O)n crystal structure was solved in monoclinic space groups P21/c 

and shows half of L3 ligand molecule and a water molecule per asymmetric unit (figure 5.35). (L3.2H2O)n 

crystal structure shows torsion angle of 86.9 ° between the dimethylphenyl and 4-pyridyl rings to produce 

L3 bent S-shape (figure 5.35). (L3.2H2O)n Crystal structure shows hydrogen bond interaction between 

L3 and water molecules (N1-O1= 3.832 Å). The crystal structure shows another hydrogen bond 

interaction between water molecules (O1-O11= 2.744 Å) (figure 5.35). Selected bond lengths, angles and 

torsion angles for compound (L3.3H2O)n are listed in table 5.19. 
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Figure 5.35: (a) (L3.2H2O)n Asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. (b) Packing diagram of (L3.2H2O)n material. 

Table 5.19: Selected bond lengths (Å), angles and torsion angles (°) for compound 

(L3.2H2O)n.  

N1-C1 1.346(10) C7-C8 1.406(9) 

N1-C5 1.338(11) C7-C9 1.402(9) 

N2-C6 1.447(9) C8-C9 1.396(10) 

N2-C7 1.401(9) C8-C10 1.506(9) 

C1-C2 1.387(11) C7-N2-C6 120.92(6) 

C2-C3 1.398(10) C3-C6-N2 114.65(6) 

C3-C4 1.390(10) C8-C7-N2 120.44(6) 

C3-C6 1.516(10) C9-C7-N2 121.00(6) 

C4-C5 1.394(11) C3-C6-N2-C7 86.9 

 

 

 

 

a 

b 



Chapter Five 
 

224 
 

5.5.2 Crystal structure of ([Co2(L3)(bpdc)2])n MOF (22) 

Solvothermal reaction of L3 ligand, 4,4-biphenyldicarboxylic acid and Co(NO3)2.6H2O in a 

mixture of 2DMF and DMSO at 115 °C for 48 hours produced ([Co2(L3)(bpdc)2])n MOF (22). 

Immersion of compound 22 resultant crystals in acetone for a few days and drying under vacuum for two 

days gave the de-solvated ([Co2(L3)(bpdc)2])n MOF (22)a. Then, immersion of compound 22a in ethanol 

or water produced ([Co2(L3)(bpdc)2].n(EtOH))n (22)EtOH or ([Co2(L3)(bpdc)2].(H2-bpdc).n(H2O))n (22)H2O 

MOFs (scheme 5.2). Moreover, as-synthesised, dried, in ethanol or water MOFs are isostructural and their 

crystal structures were solved in orthorhombic space group Ccce. 

L3 ligand + 4,4-biphenyldicarboxylic acid + Co(NO3)2.6H2O 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

([Co2(L3)(bpdc)2].n(EtOH))n MOF (22)EtOH ([Co2(L3)(bpdc)2].(H2-bpdc).n(H2O))n (22)H2O 

Scheme 5.2: Compound 22 as-synthesised, dried, in ethanol or water. 

 

 

 

 

H2O EtOH 

([Co2(L3)(bpdc)2])n MOF (22) 

DMSO + 2DMF at 115 °C for 48 hours 

In acetone for a few days and dried under vacuum 

([Co2(L3)(bpdc)2])n MOF (22)a 



Chapter Five 
 

225 
 

5.5.2.1 Crystal structure of ([Co2(L3)(bpdc)2])n MOF (22) 

Compound 22 crystal structure was solved in orthorhombic space group Ccce and shows one 

Co(II) ion on a general position, half of L3 ligand molecule and two halves of bpdc2- ligand molecules, 

one of them has disordered phenyl groups (figure 5.36). Co(II) ion is coordinated to four oxygen atoms 

from four different bpdc2- molecules and shows four different coordination bond lengths of 2.027(3), 

2.020(3), 2.026(3) and 2.033(3) Å for Co1-O1, Co1-O2, Co1-O3 and Co1-O4. Co(II) ion is also 

coordinated to one L3 ligand molecule by nitrogen atom of 4-pyridyl ring to produce Co(II) distortion 

square pyramidal structure (figure 5.37). 

Four bpdc2- molecules are coordinated to one Co(II) dimer (Co1-Co11= 2.696(12) Å) to produce 

Co2(bpdc)4 paddlewheel structure that shows torsion angles of 136.8, -161.6 and -148.8 ° between bpdc2- 

phenyl rings (figure 5.37). Torsion angles between bpdc2- phenyl rings have a great effect on the network 

expanding and produce Co(II)-bpdc2- three-dimensional open network structure (figure 5.38). 

Coordinated bpdc2- molecules behave as tetra-dentate ligands to four different Co(II) ions and show four 

M-O coordination bond lengths. Six Co(II) dimers and six bpdc2- molecules are coordinated to produce 

(Co2)6(bpdc)6 rectangle structure that has 30.487 × 15.196 Å sides and 34.064 Å diagonal between Co(II) 

dimers (figure 5.38). The resulted (Co2)6(bpdc)6 rectangle structure expands to produce a two-dimensional 

network structure that has 44 topology (figure 5.38). Two Co(II) dimers from the (Co2)6(bpdc)6 rectangle 

structure are coordinated to two different two-dimensional networks by four bpdc2- molecules (Co2-bpdc-

Co2= 15.196 Å) to produce Co(II)-bpdc2- three-dimensional open network structure (figure 5.38). The 

resulted 3D network shows (Co2)4(bpdc)4 rhombic channels along a and b axes (figure 5.39). 

(Co2)4(bpdc)4 square channels along b and c axes and (Co2)6(bpdc)6 rectangle channels along a and c axes 

(figure 5.39). There are two Co(II)-bpdc2- three-dimensional networks in the overall lattice and L3 

molecules are connecting between them to form a single 3D network (figure 5.39). 

L3 ligand behaves as a bidentate ligand via nitrogen atoms of 4-pyridyl rings to two different 

Co(II)-bpdc2- three-dimensional networks and shows torsion angle of -93.1 ° between dimethylphenyl 

and pyridyl rings to produce L3 bent S-shape between Co(II) centres (Co1-L3-Co11= 17.383 Å). The 

resulted network is topologically complex and self-catenates. To the best of our knowledge this 6-

connected self-catenating network has not been reported, although other types of self-catenating MOFS 

with mixed carboxylate and N-donor ligands are known [100-105]. Solvent accessible void space 

comprises approximately 34 % of the cell overall volume but could not be resolved within the crystal 

structure. Selected bond lengths, angles and torsion angles for compound 22 are listed in tables 5.20 and 

5.21. 
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Figure 5.36: Compound 22 asymmetric unit of the crystal structure. Ellipsoids shown at 50 % 

probability levels. 

 
Figure 5.37: Compound 22 paddlewheel structure that has torsion angles of 136.8 or -148.8 ° between 

bpdc2- rings. Torsion angle of -93.1 ° between dimethylphenyl and 4-pyridyl rings to produce L3 bent S-

shape. 

Table 5.20: Selected bond lengths (Å) and angles (°) for compound 22.  

Co1-Co11 2.696(12) O2-Co1-O1 166.37(16) N1-Co1-Co11 172.65(10) 

Co1-O1 2.027(3) O2-Co1-O3 90.10(14) C11-O1-Co1 124.4(3) 

Co1-O2 2.020(3) O2-Co1-O4 91.87(14) C20-O2-Co11 124.1(3) 

Co1-O3 2.026(3) O2-Co1-N1 94.94(12) C21-O3-Co1 130.4(3) 

Co1-O4 2.033(3) O3-Co1-Co11 77.68(11) C21-O4-Co11 117.5(3) 

Co1-N1 2.062(4) O3-Co1-O1 87.10(15) C1-N1-Co1 120.8(3) 

O1-Co1-Co11 83.15(10) O3-Co1-O4 165.73(15) C1-N1-C5 117.5(4) 

O1-Co1-O4 87.67(14) O3-Co1-N1 95.23(14) C5-N1-Co1 121.6(3) 

O1-Co1-N1 98.60(12) O4-Co1-Co11 88.52(11)   

O2-Co1-Co11 83.22(10) O4-Co1-N1 98.68(15)   
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Table 5.21: Selected torsion angles (°) for compound 22. 

C3-C6-N2-C7 -93.1 C5-N1-Co1-O4 -82.3 

C14-C15-C16-C17 136.8 C5-N1-Co1-O1 -171.3 

C24-C25-C251-C24b -148.8 C5-N1-Co1-O3 100.9 

N1-Co1-O2-C20 170.6 C1-N1-Co1-O2 -172.6 

N1-Co1-O3-C21 175.3 C1-N1-Co1-O4 94.9 

N1-Co1-O1-C11 -174.8 C1-N1-Co1-O1 5.9 

N1-Co1-O4-C21 178.9 C1-N1-Co1-O3 -81.9 

C5-N1-Co1-O2 10.3 C26a-C25-C251-C26 -161.6 

 

 

 
 

 
 

 

Figure 5.38: (a) (Co2)6(bpdc)6 rectangle structure that expand to produce a 2D network. (b) Two Co(II) 

dimers from the rectangle structure are connecting between two different 2D networks by four bpdc2- 

molecules. (c) Co(II)-bpdc2- three-dimensional open network. 

a b 

c 

30.487 Å 

15.4196 Å 

30.064 Å 

34.064 Å 
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Figure 5.39: (a-c) Rectangle, rhombic and square shape channels for Co(II)-bpdc2- 3D network. (d-f) 

Two interpenetrating Co(II)-bpdc2- 3D networks. (g) Compound 22 single 3D network. (h) L3 ligand 

molecules (blue colour) connecting between two different Co(II)-bpdc2- 3D networks to produce a 

single 3D network. 
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5.5.2.2 Crystal structure of ([Co2(L3)(bpdc)2])n MOF (22)a 

Compound 22 resultant crystals were washed with acetone to remove DMSO and DMF solvent 

guest molecules. Then, dried under vacuum for two days and exposed to the atmosphere to give the de-

solvated material 22a. Compound 22a crystal structure was solved in orthorhombic space group Ccce and 

shows one Co(II) ion on a general position, half of L3 ligand molecule and two halves of bpdc2- molecules 

per asymmetric unit (figure 5.40). Co(II) ion in compound 22a has similar coordination environment like 

compound 22 and shows coordination bond lengths of 2.031(3), 2.032(3), 2.028(3), 2.029(3) and 2.055(4) 

Å for Co1-O1, Co1-O2, Co1-O3, Co1-O4 and Co1-N1 to produce Co(II) square pyramid coordination 

centre (figure 5.41). 

Coordinated bpdc2- molecules behave as tetra-dentate ligands to four different Co(II) ions and 

show four M-O coordination bond lengths (figure 5.41). Co2(bpdc)4 paddlewheel structure shows 

2.664(12) Å distance between Co(II) ions and torsion angles of 142.8, -165.8 and 179.4 ° between bpdc2- 

phenyl rings (figure 5.41). Compound 22a also forms (Co2)6(bpdc)6 rectangle structure that shows 30.578 

× 15.259 Å sides and 34.174 Å diagonal between Co(II) ions (figure 5.42). The resulted rectangle 

structure is expanding to produce Co(II)-bpdc2- two-dimensional network with 44 network topology 

(figure 5.42). Two Co(II) dimers from the rectangle structure are coordinated to two different 2D networks 

by four bpdc2- molecules and show 15.259 Å distance between Co(II) centres (figure 5.42). Co(II)-bpdc2- 

resulted three-dimensional network shows (Co2)4(bpdc)4 square channels along b and c axes. 

(Co2)4(bpdc)4 rhombic channels along a and b axes and (Co2)6(bpdc)6 rectangle channels along c axis and 

between a and b axes (figure 5.43). Like compound 22 there are two Co(II)-bpdc2- 3D networks in the 

lattice and L3 ligand molecules are linking between them to produce a single 3D network (figure 5.43). 

L3 ligand behaves as a bi-dentate ligand by nitrogen atoms of 4-pyridyl rings to two different 

Co(II) ions from two different Co(II)-bpdc2- 3D networks (Co1-L3-Co11= 17.494 Å) and shows torsion 

angle of -96.1 ° between dimethylphenyl and 4-pyridyl rings to produce L3 bent S-shape (figure 5.41). 

The resulted network is topologically identical to compound 22 and solvent accessible void space 

comprises approximately 34 % of the cell overall volume. Selected bond lengths, angles and torsion 

angles for compound 22a are listed in tables 5.22 and 5.23. 
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Figure 5.40: Compound 22a asymmetric unit of the crystal structure. Ellipsoids shows at 50 % 

probability levels. 

  
Figure 5.41: Co2(bpdc)4(L3)2 structure that shows 2.664(12) Å distance between Co(II) ions. Torsion 

angles of 142.8, -165.8 and 179.4 ° between bpdc2- molecules. Torsion angle of  -96.1 ° between 

dimethylphenyl and 4-pyridyl rings. 

Table 5.22: Selected torsion angles (°) for compound 22a. 

NI-Co1-O2-C21 -173.8 C5-N1-Co1-O2 -77.7 

N1-Co1-O3-C11 -168.0 C5-N1-Co1-O3 -167.2 

N1-Co1-O1-C21 -175.2 C18-C19-C20-O4 -8.1 

N1-Co1-O4-C20 178.6 O2-C21-C22-C27a -24.4 

C1-N1-Co1-O1 -76.5 O2-C21-C22-C27 13.5 

C1-N1-Co1-O4 -167.3 C24-C25-C251-C24a -165.8 

C1-N1-Co1-O2 101.5 C26-C25-C251-C26a 179.4 

C1-N1-Co1-O3 11.9 C3-C6-N2-C7 -96.1 

C5-N1-Co1-O1 104.3 C17-C16-C15-C14 142.8 

C5-N1-Co1-O4 13.5 C13-C12-C11-O3 -5.5 
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Figure 5.42: (a) (Co2)6(bpdc)6 rectangle structure that shows 30.578 × 15.259 Å sides and 34.174 Å 

diagonal between Co(II) dimers and expands to produce a 2D network. (b) Two Co(II) dimers from 

(Co2)6(bpdc)6 rectangle structure are coordinated to two different two-dimensional networks by four 

bpdc2- molecules. (c) Co(II)-bpdc2- three-dimensional open network. 

 

15.259 Å 
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34.174 Å 
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Figure 5.43: (a-c) Co(II)-bpdc2- 3D open network rectangle, square and rhombic channels. (d-f) Two 

Co(II)-bpdc2- interpenetrating 3D networks. (g) Compound 22a single 3D network. 
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Table 5.23: Selected bond lengths (Å) and angles (°) for compound 22a. 

Co1-Co11 2.664(12) O4-Co1-O2 90.71(13) 

Co1-O1 2.031(3) O4-Co1-O3 167.78(14) 

Co1-O2 2.032(3) N1-Co1-O1 95.02(14) 

Co1-O3 2.028(3) N1-Co1-O2 97.82(14) 

Co1-O4 2.029(3) N1-Co1-O3 98.64(13) 

Co1-N1 2.055(4) N1-Co1-O4 93.56(13) 

N2-C6 1.422(3) C21-O1-Co1 128.7(3) 

N2-C7 1.410(3) C21-O2-Co1 117.2(3) 

O2-Co1-O1 167.01(15) C11-O3-Co1 123.0(3) 

O3-Co1-O1 87.72(13) C20-O4-Co1 123.2(3) 

O3-Co1-O2 88.37(13) C1-N1-Co1 121.0(3) 

O4-Co1-O1 90.49(13) C5-N1-Co1 122.1(3) 

5.5.2.3 Crystal structure of ([Co2(L3)(bpdc)2].n(EtOH))n MOF (22)EtOH 

Compound 22EtOH crystal structure was solved in orthorhombic space group Ccce and shows one 

Co(II) ion on a general position, half of L3 ligand molecule, two halves of bpdc2- molecules and one and 

a half of ethanol molecule per asymmetric unit (figure 5.44). L3 ligand molecule shows ordered 4-pyridyl 

ring and disordered dimethylphenyl ring that refined at half occupancy. Like compounds 22 and 22a one 

of the coordinated bpdc2- molecules is disordered and carbon atoms of phenyl rings were refined at half 

occupancy. Moreover, both ethanol molecules are refined at half occupancy. One also showed symmetry-

related disorder and one position was refined with mixed C:O character, hydrogen atoms were not 

included for this ethanol molecule (figure 5.44). Co(II) ion has similar coordination environment in 

comparison with compounds 22 and 22a and shows coordination bond lengths of 2.015(17), 2.023(18), 

2.026(19), 2.028(19) and 2.062(2) Å for Co1-O1, Co1-O2, Co1-O3, Co1-O4 and Co1-N1 to form Co(II) 

square pyramid coordination centre (figure 5.45). 

Coordinated bpdc2- molecules behave as tetra-dentated ligands by the deprotonated carboxylate 

groups to four different Co(II) ions and shows torsion angles of 142.1, 168.1 or 153.0 ° between phenyl 

rings (figure 5.45). Four bpdc2- molecules are coordinated to one Co(II) dimer to produce Co2(bpdc)4 

paddlewheel structure Co1-Co11= 2.677(6) Å (figure 5.45). Compound 22EtOH also forms (Co2)6(bpdc)6 

rectangle structure that has 30.510 × 15.246 Å sides and 34.107 Å diagonal between Co(II) dimers. Two 

Co(II) dimers from the rectangle structure are connecting between three Co(II)-bpdc2- 2D networks to 

produce Co(II)-bpdc2- three-dimensional network. 

L3 ligand behaves as a bidentate ligand by nitrogen atoms of 4-pyridyl rings and shows torsion 

angles of 93.5 or 95.5 ° between the disordered dimethylphenyl ring and 4-pyridyl rings to produce L3 

ligand bent S-shape. There are two Co(II)-bpdc2- three-dimensional network in the overall crystal lattice 
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and L3 ligand molecules are connecting between them to produce a single three-dimensional network 

(figure 5.46). Ethanol guest molecules occupy the resulted one-dimensional channels and show hydrogen 

bond interaction between them (EtOH-EtOH= 2.635 Å). Selected bond lengths, angles and torsion angles 

for compound 22EtOH are listed in tables 5.24 and 5.25. 

 
Figure 5.44: Compound 22EtOH asymmetric unit of the crystal structure, ellipsoids shows at 50 % 

probability levels. 

 
Figure 5.45: Co2(L3)2(bpdc)4 structure that shows torsion angles of 142, 168.1 or 153 ° between bpdc2- 

phenyl rings, and 93.5 or 95.5 ° between dimethylphenyl and 4-pyridyl rings. 
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Figure 5.46: Compound 22EtOH 3D network that has one-dimensional open channels occupied by 

ethanol guest molecules. 

Table 5.24: Selected bond lengths (Å) and angles (°) for compound 22EtOH. 

Co1-Co11 2.677(6) O4-Co1-O1 90.20(10) 

Co1-O1 2.015(17) O4-Co1-O2 87.59(10) 

Co1-O2 2.023(18) O4-Co1-O3 166.10(10) 

Co1-O3 2.026(19) N1-Co1-O1 93.71(8) 

Co1-O4 2.028(19) N1-Co1-O2 99.05(8) 

Co1-N1 2.062(2) N1-Co1-O3 99.01(10) 

C7a-N2a 1.402(7) N1-Co1-O4 94.70(9) 

C6a-N2a 1.430(7) C11-O1-Co1 123.84(16) 

N2b-C6b 1.448(7) C20-O2-Co11 123.66(17) 

N2b-C7b 1.412(7) C21-O3-Co1 118.37(18) 

O2-Co1-O1 167.19(10) C21-O4-Co11 130.58(19) 

O3-Co1-O1 91.19(10) C1-N1-Co1 120.97(17) 

O3-Co1-O2 88.00(10) C5-N1-Co1 121.80(19) 

Table 5.25: Selected torsion angles (°) for compound 22EtOH. 

N1-Co1-O1-C11 -174.5 C5-N1-Co1-O3 79.2 

N1-Co1-O2-C20 170.2 C5-N1-Co1-O2 168.6 

N1-Co1-O3-C21 178.2 C5-N1-Co1-O1 -12.6 

N1-Co1-O4-C21 178.4 C5-N1-Co1-O4 -103.1 

C1-N1-Co1-O2 -94 C14-C6a-N2a-C7a 93.5 

C1-N1-Co1-O3 -98.8 C3-C6b-N2b-C7b 95.5 

C1-N1-Co1-O1 169.4 C26a-C25-C251-C26b 168.1 

C1-N1-Co1-O4 78.9 C24a-C25-C251-C24b 153.0 

C14-C15-C16-C17 142.1   
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5.5.2.4   Crystal structure of ([Co2(L3)(bpdc)2].(H2-bpdc).n(H2O))n MOF (22)H2O 

Immersion of compound 22a crystals in water for one week produced compound 22H2O. The 

resulted compound is isostructural with compounds 22, 22a and 22EtOH materials with small differences 

in L3 ligand and bpdc2- torsion angles. Compound 22H2O crystal structure was solved in orthorhombic 

space groups Ccce and shows one Co(II) ion on a general position, half of L3 ligand molecule, two 

coordinated bpdc2- half molecules and half H2-bpdc guest molecule per asymmetric unit (figure 5.47). 

Co(II) ion has similar coordination environment like compound 22 with coordination bond lengths of 

2.056(4), 2.020(3), 2.035(3), 2.043(3) and 2.033(3) Å for Co1-N1, Co1-O1, Co1-O2, Co1-O3 and Co1-

O4 to produce Co(II) square pyramid coordination centre (figure 5.48). 

Coordinated bpdc2- molecules behave as tetradentate ligands to four different Co(II) ions and 

shows torsion angles of -146.360, -179.495 and -175.261 ° between phenyl rings (figure 5.48). Four bpdc2- 

molecules are coordinated to one Co(II) dimer (Co1-Co11= 2.675(10) Å) to produce Co2(bpdc)4 

paddlewheel structure (figure 5.48). Six Co(II) dimers and six bpdc2- molecules are coordinated to 

produce (Co2)6(bpdc)6 rectangle structure that has 30.565 × 15.268 Å sides and 34.166 Å diagonal 

between Co(II) dimers (figure 5.48). The rectangle structure expands to produce Co(II)-bpdc2- two-

dimensional network (figure 5.48). Moreover, two Co(II) dimers from the (Co2)6(bpdc)6 rectangle 

structure are coordinated to two different Co(II)-bpdc2- 2D networks by four bpdc2- ligands to produce a 

single Co(II)-bpdc2- three-dimensional open network (figure 5.48). The resulted Co(II)-bpdc2- three-

dimensional network shows (Co2)4(bpdc)4 square channels along b and c axes. (Co2)4(bpdc)4 rhombic 

channels along a and b axes and (Co2)6(bpdc)6 rectangle channels along c and between a and b axes. There 

are two Co(II)-bpdc2- 3D networks in the overall crystal lattice and L3 ligand molecules are connecting 

between them. 

L3 ligand behaves as a bi-dentate ligand to two different Co(II) ions from two different Co(II)-

bpdc2- 3D networks (Co1-L3-Co11= 17.560 Å) and shows torsion angles of 98.201 ° between 

dimethylphenyl and 4-pyridyl rings to produce L3 bent S-shape and a single three-dimensional network. 

22H2O MOF crystal structure shows one dimensional open network channels occupied by H2-bpdc 

molecules resulted from the MOF decomposition in water (figure 5.49). H2-bpdc molecules were refined 

at half occupancy and show π-π stacking interaction with the ordered bpdc2- coordinated molecules (ring 

centroid separation= 3.61 Å). Selected bond lengths, angles and torsion angles for compound 22H2O are 

listed in tables 5.26 and 5.27. Calculated powder XRD patterns for compounds 22, 22a, 22EtOH and 22H2O 

are consistent with each other and show a good match with compound 22 dried powder XRD pattern 

(figure 5.50). 
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Figure 5.47: Compound 22H2O asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. 

 

  

 

Figure 5.48: (a) Co2(bpdc)4(L3)2 structure that shows torsion angles of -146.360, -179.495 or -175.261 ° 

for bpdc2- molecules and 98.201 ° for L3 ligand molecules. (b) Co(II)-bpdc2- 2D network that shows 

30.565 × 15.265 Å sides and 34.166 Å diagonal between Co(II) dimers. (c) Co(II)-bpdc2- 3D network. 

30.565 Å 
15.268 Å 

34.166 Å 

a b 

c 
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 Figure 5.49: Compound 22H2O one-dimensional open network that occupied by H2-bpdc molecules (π-

π interactions= 3.61 Å). 

 
Figure 5.50: (a) Calculated powder XRD pattern for compound 22. (b) Calculated powder XRD pattern 

for compound 22a. (c) Calculated powder XRD pattern for compound 22EtOH. (d) Calculated powder 

XRD pattern for compound 22H2O. (e) Powder XRD pattern for compound 22a. 
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Table 5.26: Selected bond lengths (Å) and angles (°) for compound 22H2O. 

Co1-Co11 2.6754(10) O3-Co1-O1 90.55(12) 

Co1-O1 2.020(3) O3-Co1-O2 87.64(13) 

Co1-O2 2.035(3) O4-Co1-O1 91.05(12) 

Co1-O3 2.043(3) O4-Co1-O2 87.87(12) 

Co1-O4 2.033(3) O4-Co1-O3 166.69(14) 

Co1-N1 2.056(4) N1-Co1-O1 93.68(12) 

O1-C11 1.268(4) N1-Co1-O2 99.16(12) 

O2-C20 1.248(4) N1-Co1-O3 94.91(13) 

O3-C21 1.257(5) N1-Co1-O4 98.17(14) 

O4-C21 1.251(5) C11-O1-Co1 123.0(3) 

N1-C1 1.346(5) C20-O2-Co11 122.3(3) 

N1-C5 1.346(5) C21-O3-Co1 127.1(3) 

N2-C6 1.448(6) C21-O4-Co11 118.2(3) 

N2-C7 1.405(5) C1-N1-Co1 120.4(3) 

O2-Co1-O1 167.13(14) C5-N1-Co1 121.5(3) 

Table 5.27: Selected torsion angles (°) for compound 22H2O.   

C7-N2-C6-N3 98.201 N1-Co1-O1-C11 175.657 

C1-N1-Co1-O2 -13.973 N1-Co1-O4-C12 170.252 

C1-N1-Co1-O4 -103.117 N1-Co1-O2-C20 163.379 

C1-N1-Co1-O1 165.294 C14-C15-C16-C17 -146.360 

C1-N1-Co1-O3 74.425 C24b-C25-C251-C24a -179.495 

N1-Co1-O3-C21 168.992 C26a-C25-C251-C26b -175.261 

5.5.3 Thermogravimetric Analysis 

5.5.3.1 Thermogravimetric analysis of compound 20 

Thermal gravimetric analysis (TAG) trace for compound 20 as-synthesised in DMF at a fixed 

average of heating 5 °C per minute showed three weight losses. The first weight loss was equal to 33 % 

of the sample weight and occurred between 0-70 °C due to release of water guest molecules. The second 

weight loss was equal to 15 % of the sample weight and occurred from 71 to 202 °C due to release of 

DMF solvent molecules. Then, compound 20 was thermally stable from 203 to 380 °C. The third weight 

loss was equal to 21 % of the sample weight and happened between 385-465 °C due to decomposition of 

compound 20 (figure 5. 51). However, compound 20 resultant crystals as-synthesised in DMF showed a 

high uptake of  water and DMF guest molecules up to 48 % of the sample weight. Compound 20 dried 

crystals TGA trace showed two weight losses, the first weight loss was equal to 13 % of the sample weight 

and occurred between 75-140 °C due to release of water and DMF guest molecules. Then, the activated 
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MOF was thermally stable from 145 to 372 °C. The second weight loss was equal to 40 % weight of the 

sample and occurred between 385-469 °C due to decomposition of activated MOFs (figure 5.51). 

 
Figure 5.51: (red) TGA trace of compound 20 as-synthesised in DMF. (blue) TGA trace of activated 

compound 20. 

5.5.3.2 Thermogravimetric analysis of compound 22 

Thermal gravimetric analysis trace for compound 22 as-synthesised in a mixture of DMSO and 

DMF at a fixed average of heating 5 °C per minute showed four weight losses. The first weight loss was 

equal to 42 % of the sample weight and occurred between 0-87 °C due to release of water guest molecules. 

The second weight loss was equal to 11 % of the sample weight and occurred between 88-218 °C due to 

release of DMF and DMSO solvent molecules. Then, compound 22 was thermally stable from 226 to 

357 °C. The third weight loss was equal to 13 % of the sample weight and occurred between 358-401 °C 

due to L3 ligand molecules decomposition. The final weight loss was equal to 17 % of the sample weight 

and happened from 405 to 497 °C due to Co(II)-bpdc2- 3D network decomposition (figure 5.52). 

Compound 22 TGA trace in a mixture of DMSO and DMF shows high solvents uptake up to 53 % of the 

sample weight that may due to L3 ligand amines hydrogen bond interaction with guest molecules and the 

significant open one-dimensional channels. Compound 22a was thermally stable from 0 to 347 °C and 

showed only 6 % weight loss of the sample weight. Then compound 22a showed two weight losses. The 

first weight loss was equal to 23 % of the sample weight and occurred between 358-394 °C due to L3 

ligand molecules decomposition. The second weight loss was equal to 38 % weight of the sample and 

happened between 396-494 °C due to Co(II)-bpdc2- 3D network decomposition (figure 5. 52). 
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Figure 5.52: (blue) Thermal gravimetric analysis trace of compound 22 as-synthesised. (red) TGA trace 

of compound 22a . 

5.5.4 Gas sorption studies 

Compounds 20 and 22 resultant crystals were washed with acetone for a few days and dried under 

vacuum for two days to produce compounds 20 and 22 activated crystals. The activated crystals were 

heated at 100 °C for 900 minutes to remove any possible guest molecules and evacuated for 180 minutes 

on the sample port prior to the gas measurement starting. Compounds 20 and 22 are porous with 

Brunauer–Emmett–Teller (BET) and Langmuir surface areas equal to 378.093 and 428.776 m2 ̸ g for 

compound 20 or 502.300 and 569.198 m2 ̸ g for compound 22 through N2 sorption. Compound 20 showed 

gas uptake equal to 4.778, 4.061, 1.391 or 0.297 mmol  ̸ g for N2, H2, CO2 or CH4 at 77 or 298 K (figure 

5.53). On the other hand, compound 22 showed gas uptake equal to 6.255, 5.227, 1.002 or 0.203 mmol ̸g 

for N2, H2, CO2 or CH4 at 77 or 298 K (figure 5.54). However, hydrogen uptake for compounds 20 and 

22 are equal to 20.30 or 26.1 % of H2 uptake for NU-100 MOF which is one of the leading MOF H2 

absorbers [20]. 

Compounds 20 and 22 have pendant amine groups capable of forming hydrogen bond 

interactions. Both materials showed ethanol uptake equal to 97.16 or 91.36 cm3 ̸ g with relative pressure 

equal to 0.9 at 289 K (figure 5.55). These are relatively high uptakes of ethanol for a metal-organic 

framework or a coordination polymer [106-109]. Moreover, compound 22 shows a simple isotherm but 

the sorption profile for compound 20 shows a stepped hysteresis that due to structural changes during the 
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guest uptake as we investigated this behaviour by single crystal determination before in sections 5.5.1.8, 

5.5.1.9 and 5.5.2.3. 

 

Figure 5.53: Gas sorption properties of activated compound 20.  

 
Figure 5.54: Gas sorption properties of activated compound 22. 
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Figure 5.55: Ethanol isotherms of Compounds 20 and 22 at 298 K. 

5.5.5 Crystal structure of ([Co(L3)0.5(naph)])n MOF 

Solvothermal reaction of L3 ligand, naphthalene-2,6-dicarboxylic acid (H2-naph) and 

Co(NO3)2.6H2O in DMF at 115 °C for 24 hours produced ([Co(L3)0.5(naph)](H2O).n(DMF))n MOF (23). 

Compound 23 resultant crystals were washed by acetone for one week and dried under vacuum for two 

days to produce ([Co2(L3)(naph)2].H2O)n MOF (23)H2O. Immersion of compound (23)H2O activated 

crystals in ethanol or water for one week produced a very poor diffracting crystals or an amorphous 

material unsuitable for single X-ray or powder XRD analysis. Powder XRD analysis for activated 

compound 23H2O shows a good match with compound 23 and 23H2O calculated powder XRD patterns. 

Moreover, activated compound 23H2O shows low nitrogen and hydrogen gases uptake of 0.692 or 0.538 

mmol ̸ g and BET surface area equal to 12.261 m2 ̸ g. 

5.5.5.1 Crystal structure of ([Co(L3)0.5(naph)].(H2O).n(DMF))n MOF (23) 

Compound 23 crystal structure was solved in triclinic space group P1̅ and shows one Co(II) ion 

on a general position, half of L3 ligand molecule, two halves of naphthalene-2,6-dicarboxylate molecules 

and one disordered water molecule per asymmetric unit (figure 5.56). Co(II) ion is coordinated to four 

oxygen atoms from four different naph2- molecules along the equatorial axes and shows four coordination 

bond lengths of 2.109(4), 2.021(4), 2.024(4) and 2.033(4) Å for Co1-O1, Co1-O2, Co1-O3 and Co1-O4. 

Co(II) ion is also coordinated to one L3 ligand molecule along the axial axis (Co1-N1= 2.057(4) Å) to 

Compound 22 

Compound 20 
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produce Co(II) distorted square pyramid coordination centre (figure 5.57). Coordinated naph2- molecules 

behave as tetradentate ligands to four different Co(II) ions and shows four different M-O bond lengths. 

Four naph2- molecules are coordinated to one Co(II) dimer (Co1-Co11= 2.7522(14) Å) to produce 

Co2(naph)4 paddlewheel structure (figure 5.57). Four Co(II) dimers and four naph2- molecules are 

coordinated to produce (Co2)4(naph)4 square unit that shows 12.929 × 13.099 Å between naph2- 

molecules and 19.840 × 16.848 Å diagonals between Co(II) dimers (figure 5.57). (Co2)4(naph)4 square 

unit is expanding to produce Co(II)-naph2- two-dimensional network that has 44 network topology (figure 

4.57).  

L3 ligand behaves as a bidentate ligand by nitrogen atoms of 4-pyridyl rings to two different 

Co(II) ions from two different Co(II)-naph2- 2D networks (Co1-L3-Co11= 19.717 Å) and shows torsion 

angle of -178.961 Å between dimethylphenyl and 4-pyridyl rings. Eight Co(II) dimers, eight naph2- 

molecules and four L3 ligand molecules are coordinated to produce (Co2)8(L3)4(naph)8 tetragonal 

structure that shows 12.929 and 13.099 Å between L3 ligand molecules (figure 5.57). The resultant 

tetragonal structure is expanding to form a three-dimensional open network that shows (Co2)4(L3)2(naph)2 

rectangle channels along a and b axes, (Co2)4(L3)2(naph)2 rectangle channels along c axis and between a-

b axes, (Co2)4(naph)4 square channels along b and c axes. The resulted 3D open network is 

interpenetrating with two 3D networks to produce the three-fold interpenetrating MOF structure (figure 

5.58). Moreover, the resulted 3D MOF shows one-dimensional open channels occupied by water guest 

molecules (figure 5.58). Selected bond lengths angles and torsion angles for compound 23 are listed in 

tables 5.28 and 5.29. 

 
Figure 5.56: Compound 23 asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. 
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Figure 5.57: (a) Compound 23 paddlewheel structure that shows torsion angle of -178.961 ° for L3 

ligand molecules and 2.7522(14) Å distance between Co1 and Co11. (b) Co(II)-naph2- 2D network that 

shows 12.929 × 13.099 Å between naph2- molecules and 19.840 × 16.848 Å diagonals between Co(II) 

dimers. (c) (Co2)8(L3)4(naph)8 Tetragonal structure that shows 12.929 or 13.099 Å between L3 ligand 

molecules and 19.717 Å between Co(II) dimers. 

Table 5.28: Selected bond lengths (Å) and angles angles (°) for compound 23. 

Co1-Co11 2.752(14) N1-C1 1.332(7) N1-Co1-O1 92.99(17) 

Co1-O1 2.109(4) N1-C5 1.340(7) N1-Co1-O2 101.30(18) 

Co1-O2 2.021(4) N2-C6 1.416(8) N1-Co1-O3 98.94(16) 

Co1-O3 2.024(4) N2-C7 1.407(7) N1-Co1-O4 94.52(16) 

Co1-O4 2.033(4) O2-Co1-O1 165.45(17) C11-O1-Co1 140.6(4) 

Co1-N1 2.057(4) O3-Co1-O1 86.98(16) C11-O2-Co11 108.4(4) 

O1-C11 1.256(7) O3-Co1-O2 93.44(17) C17-O3-Co1 120.2(3) 

O2-C11 1.256(7) O4-Co1-O1 87.18(16) C17-O4-Co11 128.5(3) 

O3-C17 1.260(7) O4-Co1-O2 88.94(17) C1-N1-Co1 121.9(4) 

O4-C17 1.262(7) O4-Co1-O3 165.59(16) C5-N1-Co1 120.2(4) 
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Figure 5.58: (a-c) Compound 23 three-fold interpenetrating network, water and hydrogen atoms were 

removed for clarity. (d) Water molecules occupy the resulted one-dimensional channels.  

Table 5.29: Selected torsion angles (°) for compound 23. 

N1-Co1-O3-C17 162.051 

N1-Co1-O1-C11 -178.588 

N1-Co1-O4-C17 -160.090 

N1-Co1-O2-C11 -170.877 

C1-N1-Co1-O1 29.846 

C1-N1-Co1-O3 -57.562 

C1-N1-Co1-O4 117.253 

C1-N1-Co1-O2 -152.923 

C5-N1-Co1-O1 -151.365 

C5-N1-Co1-O3 121.227 

C5-N1-Co1-O4 25.866 

C5-N1-Co1-O2 -63.958 

C7-N2-C6-C3 -178.961 
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5.5.5.2 Crystal structure of ([Co(L3)0.5(naph)].H2O)n MOF 23H2O 

Compound 23 as-synthesised crystals were immersion in acetone for one week and dried under 

vacuum for two days to produce compound 23H2O. Compound 23H2O crystal structure is isostructural with 

compound 23 and shows one Co(II) ion on general position, half of L3 ligand molecule, two halves of 

naph2- molecules and one disordered water molecule per asymmetric unit (figure 5.59). Co(II) ion has 

similar coordination environment in comparison with compound 23 and shows coordination bond lengths 

of 2.020(6), 2.111(6), 2.016(5), 2.035(5) and 2.059(6) Å for Co1-O1, Co1-O2, Co1-O3, Co1-O4 and 

Co1-N1. Four naph2- molecules are coordinated to Co(II) dimer (Co1-Co11= 2.752 Å) to produce 

Co2(naph)4 paddlewheel structure. Like compound 23, compound 23H2O forms (Co2)4(naph)4 square unit 

that has 12.940 × 13.093 Å sides and 16.819 × 19.870 Å diagonal between Co(II) dimers and expanding 

to produce Co(II)-naph2- 2D network. L3 ligand behaves as a bidentate ligand and connecting between 

two Co(II)-naph2- 2D networks (Co1-L3-Co2= 19.714 Å) to produce a three-dimensional open network. 

The resulted 3D network is interpenetrating with two other 3D networks to produce a three-fold 

interpenetrating MOF structure with water molecules occupied the resulted one-dimensional channels 

(figure 5.59). Selected bond lengths, angles and torsion angles for compound 23H2O are listed in tables 

5.30 and 5.31. 

Powder XRD analysis for compound 23H2O shows a good match with compounds 23 and 23H2O 

calculated powder XRD patterns which indicates phase purity and materials stability (figure 5.60). 

Thermal gravimetric analysis (TGA) for compound 23 at a fixed average of heating 5 °C per minute 

showed three weight losses. The first weight loss was equal to 48 % of the sample weight and occurred 

between 0-100 °C due to release of water guest molecules. The second weight loss was equal to 7 % of 

the sample weight and happened from 100 to 225 °C due to release of DMF solvent molecules. Then, the 

new MOF was thermally stable from 200 to 425 °C. The third weight loss was equal to 25 % of the sample 

weight and occurred between 410-475 °C due to decomposition of compound 23 (figure 5.61). 

Compound 23H2O TGA trace showed two weight losses, the first weight loss was equal to 15 % of the 

sample weight and occurred between 150-211 °C due to guest molecules release. Then, the new MOF 

was thermally stable from 200 to 410 °C. The second weight loss was equal to 50 % weight of the sample 

and occurred from 410 to 465 °C due to the MOF decomposition (figure 5.61). 

Compound 23H2O resultant crystals were heated at 100 °C and held to 900 minutes to remove any 

possible guest molecules. Then, evacuated for 180 minutes on the sample port prior to the gas 

measurement starting. Compound 23 dried crystals showed low nitrogen (0.692 mmol ̸ g) and hydrogen 

(0.538 mmol ̸ g) gases uptake at 77 K. Moreover, according to nitrogen gas sorption experiment 

compound 23 dried sample shows Brunauer–Emmett–Teller surface area equal to 12.2611 m2/ g (figure 

5.62). 
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Figure 5.59: (a) Compound 23H2O asymmetric unit of the crystal structure, ellipsoids shown at 50 % 

probability levels. (b) Three-fold MOF structure with water molecules occupy the one-dimensional 

channels. 

Table 5.30: Selected torsion angles (°) for compound 23H2O. 

N1-Co1-O1-C11 170.8 C1-N1-Co1-O4 63.9 

N1-Co1-O2-C11 179.0 C5-N1-Co1-O1 153.0 

N1-Co1-O3-C17 -162.5 C5-N1-Co1-O2 -29.8 

N1-Co1-O4-C17 160.2 C5-N1-Co1-O3 57.6 

C1-N1-Co1-O1 -25.8 C5-N1-Co1-O4 -117.3 

C1-N1-Co1-O2 151.3 C3-C6-N2-C7 178.9 

C1-N1-Co1-O3 57.6   

 

 

 

 

a 

b 
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Table 5.31: Selected bond lengths (Å) and angles (°) for compound 23H2O. 

Co1-O1 2.020(6) O4-Co1-O3 165.5(2) 

Co1-O2 2.111(6) N1-Co1-O1 101.1(2) 

Co1-O3 2.016(5) N1-Co1-O2 93.0(2) 

Co1-O4 2.034(5) N1-Co1-O3 99.1(2) 

Co1-N1 2.059(6) N1-Co1-O4 94.4(2) 

O1-C11 1.260(9) C11-O1-Co1 108.7(5) 

O2-C11 1.258(10) C11-O2-Co1 140.3(5) 

O3-C17 1.268(9) C17-O3-Co1 120.8(5) 

O4-C17 1.263(10) C17-O4-Co1 128.9(5) 

N1-C1 1.330(10) C1-N1-Co1 120.7(5) 

N1-C5 1.342(10) C5-N1-Co1 121.6(5) 

N2-C6 1.415(11) C5-N1-C1 117.7(6) 

N2-C7 1.418(10) C7-N2-C6 118.4(7) 

O2-Co1-O1 165.6(2) C2-C1-N1 123.2(7) 

O3-Co1-O1 93.5(2) C4-C5-N1 123.3(7) 

O3-Co1-O2 87.0(2) C3-C6-N2 112.6(7) 

O4-Co1-O1 88.9(2) C8-C7-N2 121.8(7) 

O4-Co1-O2 87.2(2) C9-C7-N2 118.6(7) 

 

 
Figure 5.60: (a) Calculated powder XRD pattern for compound 23 as-synthesised in DMF. (b) 

Calculated powder XRD pattern for compound 23H2O, (c) Powder XRD pattern for compound 23H2O. 

a 

b 

c 

2θ / deg 
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 Figure 5.61: (blue) Thermal gravimetric analysis trace of compound 23 as-synthesised in DMF. 

(red) Thermal gravimetric analysis trace of compound 23H2O dried sample. 

 

Figure 5.62: Nitrogen (blue) and hydrogen (red) gases isotherms sorption properties at 77 K for 

activated compound 23. 
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Table 5.32: Crystallographic data of compounds α-20(L), β-20(S) and γ-20(L). 

Identification code α-20(L) β-20(S) γ-20(L) 

Empirical Formula C36H30Co2N4O8 C42H44Co2N6O10 C39H39Co2N5O10 

Formula weight 764.50 910.69 857.61 

Temperature/K 120.0(2) 120.00(10) 150.00(10) 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P1̅ P21/c P2/n 

a/Å 10.9168(4) 18.6020(6) 19.4426(7) 

b/Å 10.9505(4) 14.7768(4) 10.9351(4) 

c/Å 20.5461(9) 15.9831(5) 21.3976(7) 

α/° 90.147(3) 90 90 

β/° 96.942(3) 101.524(3) 91.615(3) 

γ/° 93.306(3) 90 90 

Volume/Å3 2433.99(17) 4304.8(2) 4547.5(3) 

Z 2 4 4 

ρcalcg/cm3 1.043 1.405 1.250 

μ/mm-1 5.684 0.834 0.784 

F(000) 784.0 1888.0 1768.0 

Crystal size/mm3 0.25 × 0.12 × 0.09 0.53 × 0.32 × 0.26 0.38 × 0.25 × 0.137 

Radiation Cu Kα (λ = 1.54184) Mo Kα (λ = 0.71073) Mo Kα (λ = 0.71073) 

2Θ range for data 

collection/° 
8.088 to 148.034 6.658 to 59.292 6.52 to 49.998 

Index ranges 
-13 ≤ h ≤ 13, -11 ≤ k ≤ 

13, -25 ≤ l ≤ 24 

-25 ≤ h ≤ 24, -20 ≤ k 

≤ 18, -16 ≤ l ≤ 21 

-23 ≤ h ≤ 19, -13 ≤ k 

≤ 12, -25 ≤ l ≤ 25 

Reflections collected 18373 28170 25113 

Independent reflections 
9177 [Rint = 0.0408, 

Rsigma = 0.0559] 

10480 [Rint = 0.0351, 

Rsigma = 0.0515] 

7990 [Rint = 0.0363, 

Rsigma = 0.0425] 

Data/restraints/parameters 9177/3/445 10480/0/547 7990/0/443 

Goodness-of-fit on F2 1.444 1.028 1.106 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.1203, wR2 = 

0.3526 

R1 = 0.0446, wR2 = 

0.0895 

R1 = 0.0942, wR2 = 

0.2660 

Final R indexes [all data] 
R1 = 0.1438, wR2 = 

0.3722 

R1 = 0.0646, wR2 = 

0.0984 

R1 = 0.1074, wR2 = 

0.2756 

Largest diff. peak/hole / e 

Å-3 
1.64/-0.78 1.08/-0.50 1.61/-0.70 
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Table 5.33: Crystallographic data of compounds δ-20(L), 21 and β-20(S)ace.    

Identification code δ-20(L) 21 β-20(S)ace 

Empirical Formula C36H30Co2N4O8 C56H53Co2N8O9 C40.5H39.5Co2N4.5O9.5 

Formula weight 764.53 1099.92 859.12 

Temperature/K 150.00(10) 100.15 173.15 

Crystal system Tetragonal Monoclinic Monoclinic 

Space group P4322 C2/c P21/c 

a/Å 10.9831(3) 26.6119(4) 18.4764(5) 

b/Å 10.9831(3) 29.6356(4) 14.7048(3) 

c/Å 42.6078(16) 14.9189(2) 16.0370(4) 

α/° 90 90 90 

β/° 90 111.5000(10) 101.241(3) 

γ/° 90 90 90 

Volume/Å3 5139.7(3) 10947.2(3) 4273.53(19) 

Z 4 8 4 

ρcalcg/cm3 0.9879 1.335 1.335 

μ/mm-1 0.684 0.618 0.834 

F(000) 1571.5 4568.0 1776.0 

Crystal size/mm3 0.41 × 0.25 × 0.26 0.09 × 0.01 × 0.005 0.7 × 0.24 × 0.21 

Radiation 
Mo Kα (λ = 

0.71073) 

synchrotron (λ = 

0.6889) 

Mo Kα (λ = 

0.71073) 

2Θ range for data 

collection/° 
6.5 to 59.3 3.188 to 72.002 6.69 to 59.416 

Index ranges 
-14 ≤ h ≤ 12, -15 ≤ 

k ≤ 10, -59 ≤ l ≤ 37 

-44 ≤ h ≤ 43, -48 ≤ k ≤ 

48, -24 ≤ l ≤ 24 

-17 ≤ h ≤ 25, -17 ≤ k 

≤ 20, -20 ≤ l ≤ 22 

Reflections collected 15901 118396 29162 

Independent reflections 
6108 [Rint = 0.0594, 

Rsigma = 0.0860] 

26414 [Rint = 0.0852, 

Rsigma = 0.1001] 

10401 [Rint = 0.0342, 

Rsigma = 0.0498] 

Data/restraints/parameters 6108/27/225 26414/4/661 10401/0/514 

Goodness-of-fit on F2 0.979 1.025 1.053 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0571, wR2 = 

0.1470 

R1 = 0.0711, wR2 = 

0.2108 

R1 = 0.0630, wR2 = 

0.1640 

Final R indexes [all data] 
R1 = 0.0762, wR2 = 

0.1573 

R1 = 0.1423, wR2 = 

0.2399 

R1 = 0.0881, wR2 = 

0.1784 

Largest diff. peak/hole / e 

Å-3 
0.47/-0.55 1.54/-0.96 1.92/-0.47 
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Table 5.34: Crystallographic data of compounds ε-20(L), γ-20(L)EtOH and ζ-20(S)EtOH.  

Identification code ε-20(L) γ-20(L)EtOH ζ-20(S)EtOH 

Empirical Formula C18H15CoN2O4 C36H30Co2N4O8 C21H24CoN2O5.5 

Formula weight 382.26 764.50 451.35 

Temperature/K 119.98(14) 100.15 100(1) 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P1̅ P2/n P21/n 

a/Å 9.634(5) 19.4488(4) 11.0172(5) 

b/Å 10.822(5) 10.9238(9) 15.2551(5) 

c/Å 10.943(4) 21.4481(9) 13.6887(8) 

α/° 87.59(3) 90 90 

β/° 69.58(4) 91.636(3) 101.478(4) 

γ/° 87.10(4) 90 90 

Volume/Å3 1067.5(9) 4554.9(4) 2254.63(19) 

Z 2 4 4 

ρcalcg/cm3 1.1892 1.115 1.330 

μ/mm-1 6.481 0.714 0.790 

F(000) 388.4 1568.0 940.0 

Crystal size/mm3 0.25 × 0.22 × 0.15 0.03 × 0.015 × 0.005 0.13 × 0.11 × 0.06 

Radiation Cu Kα (λ = 1.54184) 
synchrotron (λ = 

0.6889) 

synchrotron (λ = 

0.6889) 

2Θ range for data 

collection/° 
9.8 to 100 3.614 to 40.438 3.918 to 72.018 

Index ranges 
-10 ≤ h ≤ 11, -13 ≤ k 

≤ 7, -12 ≤ l ≤ 13 

-19 ≤ h ≤ 19, -10 ≤ k 

≤ 10, -21 ≤ l ≤ 21 

-18 ≤ h ≤ 18, -25 ≤ k 

≤ 25, -22 ≤ l ≤ 23 

Reflections collected 3770 33621 46540 

Independent reflections 
1641 [Rint = 0.0863, 

Rsigma = 0.0832] 

4794 [Rint = 0.1741, 

Rsigma = 0.0774] 

10868 [Rint = 0.1094, 

Rsigma = 0.0771] 

Data/restraints/parameters 1641/3/94 4794/448/456 10868/0/294 

Goodness-of-fit on F2 2.266 1.806 1.106 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.2188, wR2 = 

0.5333 

R1 = 0.1776, wR2 = 

0.4472 

R1 = 0.0977, wR2 = 

0.2949 

Final R indexes [all data] 
R1 = 0.2506, wR2 = 

0.5574 

R1 = 0.1865, wR2 = 

0.4569 

R1 = 0.1288, wR2 = 

0.3244 

Largest diff. peak/hole / e 

Å-3 
2.30/-1.09 3.18/-1.01 3.82/-0.48 
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Table 5.35: Crystallographic data of compounds L3.2H2O, 22 and 22a.  

Identification code L3.2H2O 22 22a 

Empirical Formula C20H26N4O2 C48H38Co2N4O8 C48H38Co2N4O8 

Formula weight 354.46 916.68 916.68 

Temperature/K 100.15 120.0(2) 100.15(1) 

Crystal system Monoclinic Orthorhombic Orthorhombic 

Space group P21/c Ccce Ccce 

a/Å 7.00330(10) 13.5858(2) 13.7228(3) 

b/Å 27.2227(3) 27.1868(3) 27.2586(2) 

c/Å 4.90870(10) 30.4870(4) 30.5782(3) 

α/° 90 90 90 

β/° 102.5150(10) 90 90 

γ/° 90 90 90 

Volume/Å3 913.60(3) 11260.5(3) 11438.2(3) 

Z 2 8 8 

ρcalcg/cm3 1.2884 1.081 1.065 

μ/mm-1 0.080 4.992 0.621 

F(000) 380.1 3776.0 3776.0 

Crystal size/mm3 0.08 × 0.04 × 0.023 0.24 × 0.12 × 0.09 0.175 × 0.065 × 0.03 

Radiation 
synchrotron (λ = 

0.6889) 

Cu Kα (λ = 

1.54184) 

synchrotron (λ = 

0.6889) 

2Θ range for data 

collection/° 
2.9 to 71.72 7.832 to 147.52 2.582 to 49.998 

Index ranges 
-11 ≤ h ≤ 11, -45 ≤ k 

≤ 44, -7 ≤ l ≤ 8 

-16 ≤ h ≤ 16, -33 ≤ 

k ≤ 22, -37 ≤ l ≤ 36 

-16 ≤ h ≤ 16, -33 ≤ k 

≤ 33, -37 ≤ l ≤ 37 

Reflections collected 19323 13937 68928 

Independent reflections 
4415 [Rint = 0.0517, 

Rsigma = 0.0380] 

5553 [Rint = 0.0254, 

Rsigma = 0.0262] 

5546 [Rint = 0.2081, 

Rsigma = 0.0765] 

Data/restraints/parameters 4415/0/127 5553/0/280 5546/0/280 

Goodness-of-fit on F2 1.037 1.365 1.092 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0426, wR2 = 

0.1285 

R1 = 0.0858, wR2 = 

0.2967 

R1 = 0.0909, wR2 = 

0.2465 

Final R indexes [all data] 
R1 = 0.0516, wR2 = 

0.1341 

R1 = 0.0925, wR2 = 

0.3095 

R1 = 0.0981, wR2 = 

0.2538 

Largest diff. peak/hole / e 

Å-3 
0.59/-0.63 1.46/-0.53 1.77/-0.65 
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Table 5.36: Crystallographic data of compounds 22EtOH and 22H2O.  

Identification code 22EtOH 22H2O 

Empirical Formula C51H45.5Co2N4O9.5 C55H43Co2N4O10 

Formula weight 984.81 1036.83 

Temperature/K 100(1) 100.15 

Crystal system Orthorhombic Orthorhombic 

Space group Ccce Ccce 

a/Å 13.5202(2) 13.8627(2) 

b/Å 27.3301(3) 27.2087(3) 

c/Å 30.5099(3) 30.5649(5) 

α/° 90 90 

β/° 90 90 

γ/° 90 90 

Volume/Å3 11273.7(2) 11528.7(3) 

Z 8 8 

ρcalcg/cm3 1.1580 1.1946 

μ/mm-1 0.592 0.583 

F(000) 4065.6 4273.7 

Crystal size/mm3 0.2 × 0.15 × 0.06 0.23 × 0.08 × 0.04 

Radiation synchrotron (λ = 0.6889) synchrotron (λ = 0.6889) 

2Θ range for data 

collection/° 
2.88 to 71.8 2.58 to 71.8 

Index ranges 
-22 ≤ h ≤ 21, -45 ≤ k ≤ 44, -

50 ≤ l ≤ 51 

-23 ≤ h ≤ 23, -46 ≤ k ≤ 46, -

51 ≤ l ≤ 49 

Reflections collected 114536 117849 

Independent reflections 
14032 [Rint = 0.0864, 

Rsigma = 0.0468] 

14241 [Rint = 0.0746, Rsigma = 

0.0475] 

Data/restraints/parameters 14032/0/294 14241/0/316 

Goodness-of-fit on F2 1.080 1.720 

Final R indexes [I>=2σ (I)] R1 = 0.0849, wR2 = 0.2812 R1 = 0.1575, wR2 = 0.4557 

Final R indexes [all data] R1 = 0.1065, wR2 = 0.2988 R1 = 0.1935, wR2 = 0.4752 

Largest diff. peak/hole / e 

Å-3 
1.30/-0.88 6.25/-1.28 
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Table 5.37: Crystallographic data of compounds 23 and 23H2O.  

Identification code 23 23H2O 

Empirical Formula C22H19CoN2O5 C22H19CoN2O5 

Formula weight 450 450 

Temperature/K 150.01(10) 150.01(10) 

Crystal system Triclinic Triclinic 

Space group P1̅ P1̅ 

a/Å 9.5946(4) 9.5882(5) 

b/Å 9.7889(4) 9.7942(5) 

c/Å 13.0988(5) 13.0926(6) 

α/° 71.500(3) 71.441(4) 

β/° 83.948(3) 84.137(4) 

γ/° 83.667(3) 83.758(4) 

Volume/Å3 1156.31(8) 1155.68(10) 

Z 2 2 

ρcalcg/cm3 1.2875 1.2882 

μ/mm-1 6.098 6.102 

F(000) 456.7 456.7 

Crystal size/mm3 0.177 × 0.257 × 0.313 0.134 × 0.185 × 0.388 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data 

collection/° 
9.56 to 148.08 9.3 to 147.82 

Index ranges 
-11 ≤ h ≤ 10, -12 ≤ k ≤ 

12, -16 ≤ l ≤ 15 

-10 ≤ h ≤ 11, -12 ≤ k ≤ 

12, -16 ≤ l ≤ 16 

Reflections collected 12715 12746 

Independent reflections 
4442 [Rint = 0.0418, 

Rsigma = 0.0335] 

4437 [Rint = 0.0517, 

Rsigma = 0.0465] 

Data/restraints/parameters 4442/0/272 4437/0/272 

Goodness-of-fit on F2 0.985 1.032 

Final R indexes [I>=2σ (I)] 
R1 = 0.0849, wR2 = 

0.2648 

R1 = 0.1053, wR2 = 

0.3247 

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

0.2674 

R1 = 0.1109, wR2 = 

0.3301 

Largest diff. peak/hole / e Å-

3 
3.26/-0.55 2.94/-0.75 
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5.6 Conclusion 

 In conclusion, simple ligands were utilised to produce novel MOF materials known as 

compounds 20, 21, 22 and 23. Compounds 20, 22 and 23 showed common structural transformations 

after desolvation or solvation for example, rings rotation, changes in torsion angles, changes in 

coordination bond lengths and angles. The conformational flexibility of L3 ligand in compound 20 

produced four different phases consisting of two-fold interpenetrating 3D networks with one-dimensional 

or two-dimensional open network channels. All phases of compound 20 showed significant accessible 

void spaces between 34-39 % of the unit cell overall volume. Dimethylphenyl and 4-pyridyl rings rotation 

and torsion angles lead to more accessibility of  L3 ligand secondary amines with potential for hydrogen 

bonding interactions. This, in addition to conformational flipping of L3 ligand in S-shape phases may 

account for complex isotherm ethanol sorption. Compound 21 shows two-fold interpenetrating 3D 

network MOF structure with no significant void spaces or open network channels suitable for guest 

molecules exchange. Compound 22 has a single MOF network that is self-catenating consisting of two 

Co(II)-bpdc2- interpenetrating 3D networks and L3 ligand molecules connecting between them to produce 

a single three-dimensional MOF structure that has one-dimensional open channels. Compound 22 shows 

no significant changes after desolvation or solvation with ethanol. This due to the additional rigidity of  

the single 3D network structure in comparison with compound 20 two-fold interpenetrating networks. 

Moreover, compound 22 showed partial decomposition in water after one week where digested H2-bpdc 

molecules could be located in the MOF channels. Compound 23 has a three-fold interpenetrating network 

structure with one-dimensional open channels occupied by guest molecules. However, compound 23 is 

not stable after solvation with water or ethanol and showed  low uptake of H2 and N2 gases. 
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