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a b s t r a c t   
 

Two new nanoscale cobalt(II) coordination compounds, (adH)3[Co(Hpzdc)(pzdc)2].6H2O (1) and [Co 

(pzdc)2(H2O)2]n (2) (where H2pzdc is 2,3-pyrazinedicarboxylic acid and ad is adenine), were synthesized 

using a sonochemical process and characterized via scanning electron microscopy (SEM), X-ray powder 

diffraction (XRPD) and FT-IR spectroscopy. The structural characterization of 1 through single crystal 

X-ray diffraction revealed that it consists of a 0D coordination compound in which Co(II) ion is six-coor- 

dinated by two pzdc2- and one pzdcH- ligands. Compound 2 however, is a 1D coordination polymer (CP) 

and was found to be a perfect precursor for Co3O4 nanoparticles. Changes in the morphology and size of 

the nanoparticles have been induced by altering the  calcination  temperature  in the  range  of 400  to  

850 °C. Furthermore, the magnetic behavior of 2 was studied and compared with its single crystal 

counterpart. 

 

 
1. Introduction 

 
The design and synthesis of cobalt-based coordination com- 

pounds has attracted researchers’ attention due to the diversity 

of their structural types, architectures, topologies, as well as 

important properties resulting in great potential applications such 

as biomarker, catalyst, super-capacitor, chemosensor and single 

molecular magnets [1–6]. By scaling down the size of coordination 

compounds to the nanoscale, these compounds will further benefit 

from certain attributes associated with nanomaterials e.g. high sur- 

face to volume ratio, leading to the introduction of a unique set of 

advantages that can expand the breadth of their applications [7,8]. 

Among the available methods to synthesize nanoscale coordi- 

nation compounds, sonochemical synthesis provides an efficient, 

low-cost, facile and versatile synthesis tool. It is purely based upon 

the effects of the mechanical energy transferred through the med- 

ium, including the formation, growth, and implosive collapse of 

bubbles (acoustic cavitation) in a liquid. Upon the collapsing of 

bubbles, huge amounts of heat are released and extraordinary con- 

ditions (extremely high temperatures and pressures) are estab- 

lished for less than a nanosecond which in turn allows for  the 

synthesis of a wide variety of nano-sized materials [9,10]. 
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Following our prior work on the synthesis, structural analysis 

and applications of nanocrystalline CPs [11–13], here we report 

two new nanosized cobalt-based coordination compound (adH)3[- 

Co(Hpzdc)(pzdc)2].6H2O (1) and [Co(pzdc)2(H2O)2]n (2). The 

approach we have used is based on the proton transfer (PT) process 

between a carboxylic acid with an amine, which leads to the pro- 

duction of a self-associating ion pair system that reacts with metal 

ion and results in a coordination compound. Compound 1 and 2 are 

two different products resulting from the same metal ion and PT 

system but differing initial molar ratios. The acid used in the 

preparation of these compounds is 2,3-pyrazinedicarboxylic acid 

which has been employed widely due to its multiple coordination 

modes and the steric hindrance between the carboxylate groups 

which helps to increase the dimensionality of the assembled cova- 

lent networks with interesting properties [14,15]. 

Adenine as a member of nucleobases family is attractive. It is 

capable of coordination through multiple positions, establishes 

p-p stacking owing to  its planarity  and  p-conjugated structure, 

and presents many edges capable of establishing 

complementaryH-bonding interactions that provide reliable 

synthons. These non- covalent interactions stabilize network 

solids that are useful advanced materials [16]. The 

biocompatibility of these ligands also provides a stimulus for 

assessing novel biological applications. Pro- tonated nucleobases 

play a crucial role in nucleic acid chemistry, 
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for instance in acid-base catalysis, and they are present in many 

biochemical processes e.g. enzymatic reactions [17]. 

Compound 2 was also found to be a low-cost precursor for 

Co3O4 nanoparticles and interesting morphologies were obtained 

upon altering the conversion temperature. Among the useful 

nanoscale metal oxides, nanoscale Co3O4 is an important antiferro- 

magnetic p-type semi-conductor with a spinel crystal structure 

taken from a cubic close packing array of oxide ions. It is widely 

used in various fields of application such as catalysis, medicine, 

electrochromic devices, gas sensors, magnetism, and lithium-ion 

batteries [18,19]. 

We also studied the magnetic properties of 2 and compared the 

result with its single crystal analogue (20 ). 

 

 

 
2. Experimental 

 
2.1. Materials and physical techniques 

 
All chemicals for the synthesis of the compound were obtained 

in grade commercial samples. Ultrasonic syntheses and reactions 

were carried out on a SONIC 3MX, (maximum 160 W at 37 kHz). 

Elemental analysis (C, H and N) was performed using Vario-EL-III 

elemental analyzer. FTIR spectra were recorded with a Nicolet 

Protégé 460 spectrometer using the KBr disk technique. Scanning 

Electron Microscopy (SEM) was performed on a KYKY EM-3200. 

The simulated XRD powder pattern based on single crystal data  

was prepared using the Mercury software. PXRD patterns were col- 

lected in a PANalytical X’Pert Pro diffractometer via glinting copper 

radiation (Cu Ka = 1.5418 Å) with an X’Celerator detector that  was 

operated at 40 mA and 45 kV. Obtained profiles were received in 

the 5° < 2h < 50° range with a step size of 0.012. Magnetic measure- 

ments were done on crushed polycrystalline, vacuum dried sam- 

ples using a SQUID magnetometer equipped with a 5 T magnet, 

and diamagnetic corrections were applied using Pascal’s constants 

(Done at the Servei de Mesures Magnètiques of CCiT -UB). Single 

crystal X-ray data  was collected at  298 K  for the compounds on  a 

Bruker CCD diffractometer using monochromatized MoKa radia- 

tion (k = 0.71073 Å). The data was corrected for absorption using 

empirical methods (SADABS) based upon symmetry-equivalent 

reflections combined with measurements at different azimuthal 

angles [20,21]. To solve the structures, direct methods using 

SHELXS-97 were applied that determined the positions of almost 

all non-hydrogen atoms [22]. The materials were purified using 

SHELXL with the anisotropic thermal displacement parameters. 

The hydrogen atoms of the aromatic ring were refined with the rid- 

ing  model.  The  data  of  compound 10   were deposited  in  the  Cam- 

bridge crystallographic data center with deposition number CCDC 

1843011. The detailed crystallographic data and structure refine- 

ment parameters are summarized in Table 1. 

 

 

 
2.2. Synthesis of (adH)3[Co(Hpzdc)(pzdc)2].6H2O (1) 

 
To prepare 1, an aqueous solution of pzdcH2 (25 ml, 0.04 M) and 

adenine (25 ml, 0.04 M) was placed in an ultrasonic bath and irra- 

diated with a power of 160 W at 60 °C. Into this aqueous solution, a 

solution of cobalt (II) acetate (25 ml, 0.02 M) was added in a drop- 

wise manner. The obtained precipitates were filtered off, washed 

with water and then dried in air (yield 53%), m.p. 210 °C. Anal. calc. 

for C33H35CoN21O18: C, 36.76; H, 3.29; N, 27.35. Found: C, 36.72; H, 

3.29; N, 27.33%. IR (cm-1) selected bands: 679 (s), 756 (s), 940 (s), 

1083 (s), 1324 (s), 1486 (s), 1612(s), 3017 (br) and 3500 (br).  

Table 1 

Crystal data and refinement details for compound 10 . 
 

 

Empirical formula C33H35CoN21O18 

Formula weight 1072.71 

Temperature 298(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 
 

 

Space group P1 

Unit cell dimensions a = 8.2031(16) Å 

b = 16.165(3) Å  

c = 17.153(3) Å 

a = 99.12(3)° 

b  = 94.66(3)° 

c = 102.75(3)° 

Volume 2174.4(7) Å3 

Z 2 

Density (calculated) 1.638 Mg m-3 

Absorption coefficient 0.497 mm-1 

F(0 0 0) 1102 

Theta range for data collection 1.21 to 27.88° 

Index ranges -10 s h s 10 

-21 s k s 21 

-22 s l s 22 

Reflections collected 22,192 

Independent reflections 9635 [R(int) = 0.0618] 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9247 and 0.8899 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9635 / 0 / 663 

Goodness-of-fit on F2 1.079 

Final R indices [I > 2sigma(I)] R1 = 0.0743, wR2 = 0.1605 

R  indices (all data) R1 = 0.1104, wR2 = 0.1830 
 

 

 

 

2.3. Synthesis of (adH)3[Co(Hpzdc)(pzdc)2].6H2O single crystals (10 ) 

 
A solution of pzdcH2 (0.033 g, 0.2 mmol) and adenine (0.027 g,  

0.2 mmol) in water (5 ml) was refluxed for one hour. A solution of 

Co(NO3)2 6H2O (0.03 g, 0.1 mmol) in 2 ml water was added to this 

solution and refluxed for an additional 2 h. The resulting solution 

was then filtered and left to sit at room temperature. Single crys- 

tals suitable for X-ray crystallography were obtained by slow evap- 

oration of the solvent, after one week (yield 62%), m.p. 212 °C. Anal. 

calc. for C33H35CoN21O18: C, 36.81; H, 3.30; N, 27.40. Found: C, 

36.75;  H,  3.30;  N,  27.35%.  IR  (cm-1):  644  (s),  939  (s),  1063  (s), 

1116 (s), 1341 (s), 1424 (s), 1564 (s), 1612 (s),  3327  (br) and  

3500 (br). 

 
2.4. Synthesis of {[Co(pzdc)2(H2O)2].H2O}n (2) 

 
Compound 2 was initially synthesized in the presence of ade- 

nine  but  after  obtaining  its  single  crystals  (20 ,  section  2.6)  in  the 

absence of adenine, the following method was developed. 

To prepare 2, an aqueous solution of pzdcH2 ligand (20 ml, 

0.015 M) was placed in an ultrasonic bath and irradiated with a 

power of 160 W at 55 °C. Into this aqueous solution, a solution of 

cobalt(II) acetate (20 ml, 0.015 M) was added in a dropwise man- 

ner. The obtained precipitates were filtered off, washed with water 

and then dried in air (yield 57%), m.p. > 303 °C. Anal. calc. for C6- 

H10CoN2O8: C, 24.22; H, 3.37; N, 9.40. Found: C, 24.16; H, 3.37; 

N, 9.28%. IR (cm-1): 752 (s), 789 (s), 1044 (s), 1170 (s), 1218 (m), 

1377 (s), 1435 (s), 1632 (s) and 3386 (br). 

 
2.5. Synthesis of {[Co(pzdc)2(H2O)2].H2O}n single crystals (20 ) (a) 

 
A solution of pzdcH2 (0.016 g, 0.1 mmol) and adenine (0.013 g, 

0.1 mmol) in 5 ml of water was refluxed for one hour. A solution of 

Co(NO3)2 6H2O (0.03 g, 0.1 mmol) in 2 ml of water was added to 

this solution and refluxed for an additional 2 h. The prepared 

solution was filtered and left to sit at room temperature. Upon 

slow 
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evaporation of the solvent, single crystals suitable for X-ray crys- 

tallography were obtained after 3 days (yield 51%), m.p. ˃ 300 °C. 

Anal. calc. for C6H10CoN2O8: C, 24.26; H, 3.39; N, 9.43. Found: C, 

24.21; H, 3.39; N, 9.31%. IR (cm-1): 686 (s), 745 (s), 886 (s), 1045 

(s), 1120 (s), 1377 (s), 1430 (s), 1595 (s), 1632 (s) and 3375 (br).  

 
2.6. Synthesis of {[Co(pzdc)2(H2O)2].H2O}n single crystals (20 ) (b) 

 
The method used here is exactly the same as procedure a (sec- 

tion 2.5.) except that in this case adenine has not been used. (yield 

55%), m.p. ˃  300 °C. Anal. calc. for C6H10CoN2O8: C, 24.26; H, 3.39; 

N, 9.43. Found: C, 24.21; H, 3.39; N, 9.31%. IR (cm-1): 686 (s), 745 

(s), 886 (s), 1045 (s), 1121 (s), 1377 (s), 1429 (s), 1592 (s), 1632  (s) 

and 3375 (br). 

 
2.7. Preparation of cobalt oxide (Co3O4) nanoparticles 

 
Nanoparticles of cobalt oxide were produced via thermal con- 

version  of  2  at  different  temperatures  of  400,  600,  800, and 

850 °C in a static atmosphere of air for 5 h (yield 76, 75, 72, 68% 

for 400, 600, 800, 850 °C, respectively). 

 
3. Results and discussion 

 
Nanoscale aggregates of 1 and 2 were synthesized utilizing the 

ultrasonic technique (Scheme 1s) and their size and morphology 

were examined by scanning electron microscopy (SEM), which 

revealed   mainly   nano-sized,    ball    like    morphologies  

(Fig. 1 and 1s). However, a full characterization of 1 and 2 required 

synthesis of their single crystals (10  and 20 , respectively) which is 

discussed in the following section. 

 
3.1. Crystal structures of compound 10  and 20

 

 
Orange block-shaped single crystals of compound 10  were pre- 

pared using an ad:H2pydz:Co stoichiometry of 2:2:1. X-ray crystal- 

lography revealed that the reaction of adenine and 2,3- 

pyrazinedicarboxylic acid with  cobalt(II)  nitrate  hexahydrate  leads 

to the formation of a new 0D coordination compound of (adH)3[Co 

(Hpzdc)(pzdc)2].6H2O (10 ). The asymmetric unit of 10  contains one 

Co(II) ion coordinated by two pzdc2- and one pzdcH- ligands, three 

protonated adenine species (adH)+ and six uncoordinated water 

molecules. The cobalt(II) ion which is hexa-coordinated by three 

nitrogen atoms (N1, N3, and N5) and three oxygen atoms (O1, 

O5, and O9) from two pzdc2- and one pzdcH- ligands, exhibits a dis- 

torted octahedral geometry (Table 1s). The coordination environ- 

ment of Co(II) ion with the atom numbering scheme is illustrated 

in Fig. 2. 

It  is  noteworthy  that,  in  compound  10 ,  adenine  molecules  are 

present in the form of protonated 1H,9H-adeninium  cations.  Ade- 

nine offers five available proton attachment sites with the basicity 

order of N9 > N1 > N7 > N3 N10 (Scheme 2s) and the protonated 

1H,9H-adeninium form is in agreement with the relative basicity of 

the N-rich nucleobase. These cations are responsible for charge bal- 

ance of the 3D network. 

There  are  relatively  strong  hydrogen  bonds  in  compound  10 

with the D-- -A interaction distance ranging from 2.653(5) Å to 

3.444(10) Å (Table 2s). Stacking interactions such as the p p 
interactions between pzdc rings with a distance of 3.480 Å,  

(Fig. 2s), the NH-- -p  interactions between adenine rings with dis- 

tances  of  3.387,  3.839  and  3.628  Å  and  the  p   p interactions 

between adenine rings with a distance of 3.864 Å (Fig. 3s) have 

an important role in the self-assembly and molecular recognition 

process. The packing diagram of compound 10  is shown in Fig. 4s. 

Orange block-shaped crystals of compound 20  were initially pre- 

pared using an ad:H2pydz:Co stoichiometry of 1:1:1 over a period 

of three days. X-ray crystallography revealed that using the above 

molar ratio resulted in the formation of a 1D coordination polymer 

{[Co(pzdc)2(H2O)2].H2O}n (20 ) where adenine did not appear in the 

crystal structure. A search in the Cambridge Structural Database 

revealed that this coordination polymer (CP) has already been syn- 

thesized using two other alternatives to adenine; the first approach 

used 2-aminopyrazine, that extended the synthesis period to three 

months [23] and the second approach used NaOH [24]. Since ade- 

nine was not present in the crystal structure (neither  2-aminopy-  

razine in the previous research), a blank reaction,  without  the  

presence of adenine or any other bases, was carried out and inter- 

estingly the one-dimensional CP 20  was obtained. The latter proce- 

dure is less expensive in comparison with the other two methods, 

therefore,  CP  20   could  be  considered  as  a  candidate  precursor  for 

the fabrication of cobalt oxide nanoparticles. 

The asymmetric unit of 20  contains one Co(II) cation, one half of 

the pzdc2- ligand, one coordinated and one uncoordinated water 

molecule (Fig. 5s). The distorted octahedral environment around 

each Co(II) ion is occupied by two pzdc2- ligands and two water 

molecules in the axial positions. Each pzdc2- ligand bridges two 

 
 

 
 

Fig. 1. SEM photographs of (a) compound 1 and (b) compound 2, prepared by sonochemical method. 
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Fig. 2.  The coordination environment of Co(II) cation in compound 10 . (Due to clarity, water molecules were omitted). 

 

cobalt ions and is coordinated to each one of them in a bidentate 

fashion through the nitrogen of the pyrazine ring and a carboxylate 

oxygen atom (Fig. 6s). The 1D polymeric chains are then connected 

to each other by uncoordinated water molecules through strong 

hydrogen bonds and build up a 3D architecture (Fig. 7s  and 

Table 3s). 

 

3.2. Characterization of 1 and 2 

 
Fig. 3 illustrates the XRPD pattern of the typical sample of 1 pre- 

pared by the ultrasonic method in comparison with the simulated 

XRPD  pattern  from  single  crystal  X-ray  data  of  10 .  XRPD  pattern 

clearly confirms the presence of only one crystalline phase in the 

sample prepared using the ultrasonic method. Acceptable matches 

are observed for the patterns, indicating that the nanoscale aggre- 

gates of 1 has an identical structure to that of the single crystals of 

10 . 

Similarly, the XRPD pattern of the typical sample of  2 prepared  

by the ultrasonic method matches very well with the simulated XRPD 

pattern from single crystal X-ray data of 20  (Fig. 4). This con- firms 

an identical structure for CP 2 obtained by the ultrasonic method to 

that of CP 20  determined by single crystal diffraction. 

In both 1 and 2, the IR spectra of the product produced by the 

sonochemical method and that of the single  crystals produced by 

the reflux method matches well (Figs. 8s and 9s are for 1 and 2, 

respectively). As can be seen from Fig. 8s, the broad bands in the 

2900–3500  cm-1  region  indicate the OAH stretching  vibration of 

water molecules and carboxylic acid groups. Strong absorption 

bands in the 1753 and 1357 cm-1 correspond to asymmetric and 

symmetric  stretching  carboxylate  groups  (COO–).  The difference 

between  the  asymmetric  and  symmetric  stretches  is  Dv1   =  (vas   - 

vsym) = 396 cm-1 confirming that these groups are not coordinated 

to the metal ion [25]. Those carboxylate groups that are coordinated 

to the metal ion, have shifted slightly to the lower frequencies and 

 
 

 
 

Fig. 3.  XRD patterns of (a) simulated pattern based on single crystal X-ray data of compound 10 , (b) nanoscale aggregate of compound 1 prepared by sonochemical method. 
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Fig. 4.  XRD patterns of (a) simulated pattern based on single crystal X-ray data of compound 20 , (b) nanoscale aggregate of compound 2 prepared by sonochemical method. 

 

appear in 1612 and 1341 cm-1. In this case the Dv2  is 271 cm-1, 

showing a decrease in comparison with Dv1  and suggesting a mon- 
odentate binding of the carboxylate group to the cobalt(II) ion [26]. 

The  peak  in  the  3375  cm-1  confirms  the  presence  of  the  amine 

group of the protonated adenine. 

The spectra of compound 2 in Fig. 9s shows that the coordina- 

tion of carboxylate groups to the Co(II) ions shifts the bands to 

lower   frequencies   of   1632   and   1377   cm-1.   A   difference   of 

Dv2  = 255 cm-1 indicates that the carboxylate groups are coordi- 

nated to the cobalt (II) center in a monodentate fashion. 

 
3.3. Magnetic properties 

 
In order to investigate the effect of particle size on the magnetic 

behavior of CP 2, its magnetic property was assessed and compared 

with the previously reported values for its single crystal counter - 

part (CP 20 ) [24]. DC magnetic susceptibility was measured for CP 2 

in the temperature range of 2–300 K and in a constant tempera- ture 

of 2 K as a function of field. 

The thermal dependence of vT for CP 2 is shown in Fig. 5. The 

vT value of 2.7 emu/K mol at 300 K for CP 2 is in agreement with 

the reported value for a Co(II) in a distorted octahedral coordina- 

tion environment having strong spin–orbit coupling. There are sev- 

eral exchange pathways between coupled Co(II) ions via the 

pyrazine ring and via the carboxylato ligands. Also, the weak ferro- 

magnetism observed at 495 Oe below 30 K might be caused by 

canting of the spins that are antiferromagnetically coupled. Since 

the Co(II) is hexa-coordinated in CP 2, it displays strong spin–orbit 

coupling and an effective spin of 1/2 at 2 K, with an effective g 

value of 4.33 (Fig. 6). When spin–orbit coupling is switched on, 

the ground state further has been split by zero-field and Kramers 

effects. Each Co(II) lies on the inversion center and the other cobalt 

ions in the chain are generated by a two-fold axis, thus the mag- 

netic moments in the unit cell are not related by an inversion cen- 

ter, and therefore a build-up of spin due to spin canting is possible. 

 
3.4. Metal oxide nanoparticles 

 
Nanoparticles of Co3O4 have been prepared by thermal decom- 

position of CP 2 (prepared by the ultrasonic method) at different 

calcination temperatures of 400, 600, 800 and 850 °C. In Fig. 7, 

the XRPD patterns of the synthesized Co3O4 nanoparticles via the 

calcination process at different temperatures confirm the  forma- 

tion of Co3O4, as matches well with  the  standard  pattern  of  

Co3O4 (JCPDS card No. 98–001-0241). The reflection peaks in all 

cases are strong and sharp and confirm a single pure phase. The 

SEM images of the metal oxide obtained from the direct calcination 

of CP 2 at different calcination temperatures illustrated the forma- 

tion of nanoscale Co3O4. Interestingly as shown in Fig. 8, the mor- 

phology of the Co3O4 products are quite temperature dependent i.e. 

calcination at 400 °C resulted in nano-belt morphology with a 50– 

90 nm size distribution (Fig. 8a) while Co3O4 nanoparticles pre- 

pared at 600 °C, appear as nano-rods with slight decrease in the  

size of particles from 30 to 80 nm (Fig. 8b). Fig. 8c shows selforga- 

nization of nano-rods into cauliflower-like morphology at 800 °C. 

With further increase in calcination temperature (850 °C), the cau- 

liflower-like nanoparticles of Co3O4 disappears and a new ginger- 

like morphology with a 30–80 nm size distribution were formed 

(Fig. 8d). 

 
4. Conclusions 

 
Using an ultrasonic synthesis technique and by applying differ- 

ent molar ratios of PT to metal ions, two new nanoscale coordina- 

tion compound (adH)3[Co(Hpzdc)(pzdc)2].6H2O (1) and {[Co 

(pzdc)2(H2O)2].H2O}n (2) have been synthesized and fully charac- 

terized. Compound 2 is a coordination polymer (CP) and is proved 

to be a suitable precursor for Co3O4 nanoparticles, to which it con- 

verts upon calcination at different temperatures ranging between 

400 and 850 °C under atmospheric air. It is interesting that crys- 

talline size and morphology of nanoscale Co3O4 are significantly 

influenced by calcination temperatures causing various nano-belt, 

nano-rod, cauliflower-like and ginger-like morphologies. 

Moreover, a new synthesis procedure for CP 2 and its single 

crystal counterpart has been reported which makes it a relatively 

low-cost and readily available precursor for Co3O4 nanoparticles. 

Considering the structure of CP 2 as a 1D coordination polymer, 

the thermal dependency of magnetic susceptibility measurements 

indicates a strong spin–orbit contribution with the zero-field split- 

ting effect of the high-spin Co(II) ions. It was also found that reduc- 

tion of the particle size of CP 2 does not improve its magnetic 

properties. 
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Fig. 5. vT vs. T plot for nanoscale aggregate of compound 2 at 495 Oe below 30 K and T between 2 and 300 K. 

 

 

 
 

 
Fig. 6. Magnetization vs. field plot for nanoscale aggregate of compound 2 at 2 K. 
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Fig. 7. XRD pattern of Co3O4 nanoparticles prepared from CP 2 at different calcination temperatures. 

 
 

 
Fig. 8. SEM image of the Co3O4 nanoparticles prepared from CP 2 at different calcination temperatures (a) 400 °C, (b) 600 °C, (c) 800 °C, and (d) 850 °C. 
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