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ABSTRACT: Nano-structures  of  Cobalt  Metal-Organic  Complex  (Co-MOC),
[Co(NCS)2(L)(H20)2.3(L)] {1} (L=2,5-dimethyl pyrazine), have been synthesized under different
experimental conditions. Micrometric crystals (bulk) or nano-sized materials have been obtained
depending on using the branch tube method or sonochemical irradiation. All materials have been
characterized by Scanning Electron Microscopy (SEM), Powder X-Ray Diffraction (PXRD), FT-IR
spectroscopy, and elemental analyses. Single crystal X-ray analyses on 1 display that Co?* ions are
6-coordinated and 0D coordination complex and two organic ligands (L) are not coordinated
to Co(ll) in the crystal lattice. Moreover, the impacts of the following parameters were investigated:
ultrasonic power, reaction temperature, and reactant concentrations on structural and morphological
features of the obtained materials. In the following step, the size of the nanomaterials was investigated
based on SEM images. Finally, the intermolecular interaction of molecular crystals of 1 was also
studied by Hirshfeld surface analysis.
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INTRODUCTION

In recent decades, one of the major scientific concerns
has been designing and fabricating novel self-assembled
supramolecular metal-organic coordination complexes
(MOC) with fascinating structures and topologies. In this
respect, enormous efforts have been focused on the design
of coordination complexes with various metal and organic
ligands leading to emerging a large variety of MOCs with
various potential applications such as adsorption, catalysis,
magnetism, luminescence, nonlinear optics, and molecular
sensing [1-15].

Within the structure of this type of material, various
types of strong and weak chemical interactions play roles
in complex structure assembling. For example, connecting
metal ions to organic linkers via a strong coordination
bond and weak interactions such as hydrogen bonding and
n—r stacking [16-18]. Therefore, the choice of appropriate
organic ligands is a key factor to adjust the final structures
of complexes [19-21]. Also, cobalt as an abundant earth - 3d
metal is a suitable choice to construct MOCs due to its
availability, lower cost, and low toxicity [22]. To achieve
MOCs, several different techniques have been developed
including a) slow diffusion b) evaporation, c)
precipitation/recrystallization d) hydrothermal, and e)
sonochemical method [23]. Also, in recent years, a vast
diversity of nano-shaped MOCs has been produced using
various techniques, such as precipitation, microemulsion,
solvothermal techniques, microwave-assisted as well as
sonochemical methods [24,25]. The sonochemical method
is promising regarding its advantages over other methods
such as requiring low reaction times, temperature, and
pressures and more importantly, it’s a more useful method
to produce nanoscale particles and now it’s been proven to
be a powerful method to produce nano-sized metal-organic
complexes [26-33]. The sonochemical technique by
applying high-energy sound waves can start a process
through bubbles that are produced and collapsed in an
aqueous medium [34], therefore, a variety of reactions can
be initiated using this technique [35-37].

However, sonochemical methods have been adopted for
the preparation of nanomaterials, and the application of the
ultrasonic method for the construction of MOCs receives
relatively limited attention. Until now, some examples of
(adH)3[Co(Hpzdc)(pzdc),].6H.0 and [Co(pzdc)2(H20)2]a
(where Hzpzdc is 2,3-pyrazinedicarboxylic acid and ad is
adenine) [38], {[Co(L2)(mip)]-0-.5H,0},, L.=1,6-
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bis(benzimidazole)hexane, H.mip = 5-methylisophthalic
acid) [39], [Co(Hbibp)(nbta)]l, , (bibp =4,4"-bis(1-
imidazolyl)biphenyl, Hsnbta = 5-nitro-1,2,3-benzenet-
ricarboxylic acid) [40], [Co(NH3)6]Cl3-2H,0,
[Co(en)s]Cl3-3H,0  (en-ethylenediamine), [Co(dien),]
Cl3-3.5H,0 (dien-diethylenetriamine) [41], [Co(dipic)
(2,2"-bipyridine) (H20)]3 x 10H,0, where dipic>” = pyridine-
2,6-dicarboxylato [42], [Coz(ppda) (4-bpdh)z(NOs).]a
(where, ppda = p-phenylenediacrylic acid, 4-bpdh = 2,5-
bis(4-pyridyl)-3,4-diaza-2,4-hexadiene) [43], rare 0D
Co(Il) coordination complex with different ligand are
reported. One, two and three-dimensional coordination
polymer compounds have been synthesized more than
zero-dimensional, and the design and synthesis of these
types of zero-dimensional compounds should be more
accurate. The study on morphology control in different
conditions and the synthesis of nano-cobalt(ll) complexes
of these compounds has been done less. This current
research tried to investigate these structures which have
been less considered. However, the synthesis of cobalt-
based OD coordination complexes still represents a challenge.
Herein, the synthesis of a novel MOC was reported.
The impacts of sonochemical-related parameters including
irradiation power, reaction temperature, and reactant
concentration were assessed to reach desirable particle
features. The characterizing instruments including SEM
and PXRD were used to investigate the products.

Herein, we report the synthesis of a novel nanoscale 0D
Co(Il) coordination complex with the ultrasounds method.
We will demonstrate that this is a robust process
independent of experimental parameters such as
irradiation power, reaction temperature, and reactant
concentration. Moreover, crystals suitable for X-ray
diffraction of the same complex have been obtained by the
branched tube method and successfully compared with
the X-ray diffraction of sonochemical samples. Finally,
the interaction between molecules in crystal packing of 1
was discussed by Hirshfeld surface analysis.

EXPERIMENTAL SECTION
Materials and instruments

All used to-start materials were obtained from Sigma-
Aldrich  without  further  purification. FT-IR
spectrophotometer was used for recording IRTracer-100
FT-IR (Shimadzu). Elemental analyses were recorded
using the FlashEA 1112 series (model: Thermo Finnigan).
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Table 1: Crystal data and structure refinements for compound 1

4 Formula C26H35CoN100,S; )
MW /g-mol™ 643.70
Crystal system triclinic
Space group P~
alA 7.5112 (5)
b /A 10.2924 (7)
c/A 11.0063 (7)
ol 92.666 (5)
BI° 107.268 (5)
y /e 98.151 (5)
V /A3 800.78 (9)
TIK 293
z 1
Dcalc /Mg-m? 1.335
u mm™ 0.706
Omax /° 28.00
Refl. collected 12537
Unique reflections 3820
Rint 0.0334
Refl. [Fo >4c(Fo)] 3504
Parameters 191
R1 [Fo >4o(F0)] 0.0315
WR, 0.0829
GOF 1.061
Apmaximin 16-A3 0.294 /-0.235
\_ CCDC No. 1543637 )

XRD measurements were conducted by Philips
(model: PW1730). SEM images were obtained using
Perseus Edu. Ultrasonic irradiation was applied by an
Ultrasonic processor (Hielscher, up200H). The melting
points were measured by electrothermal 9100 apparatus.
Single-crystal X-ray diffraction analyses of 1 were
performed using (EMMA) Enhanced Mini-Materials
Analyser). SADABS program reduced the data and
corrected semiempirical absorption [44]. SIR97 program
was utilized to solve the structure [45] and refining was
accomplished using the full-matrix least-squares method
on F2 utilizing the SHELXL-2016/6 program [46] with the
aid of the WinGX program [47]. PLATON program was
utilized to perform molecular graphics [48]. Hirshfeld
surface analysis was performed using CrystalExplorerl?7
software [49]. Mercury software was operated to obtain
simulated XRD patterns based on single crystal data [50].
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Branched-tube synthesis of 1 as a single crystal

Briefly, 0.6 mmol Co(NCS), and 7.2 mmol 2,5-
dimethyl pyrazine (L) were mixed in water under 30 min
stirring at room temperature followed by the insertion of
Cu(NO3)2.6H20 (295 mg, 2 mmol) and, then, the final
mixture was placed in a branched tube. Next, the sealed
setup went under 60 °C heating for a week, as well as, then,
the temperature was slowly decreased to ambient
temperature leading to the production of black crystals of 1.
The SCXRD analysis of 1 was carried out after filtration
and air-drying of the crystals at room temperature. Yield:
54%. CzeH3eCON100282: calcd. C= 48.51, H :5.59,
N =21.76, S =9.96%); found C =45.84, H =5.46, N =20.31,
S =9.34%. IR (selected bands for 1; in cm™): 3365(b),
3151(b), 2089(w), 1630(s), 1593(s), 1565(s) [51].

Ultrasound synthesis of 1 as powder

To achieve 1 as powder, the ultrasonic probe was put
into Co(NCS), (10 mL, 0.1 M) while 2,5-dimethyl
pyrazine (10 mL, 0.1 M) was drop-wisely added and
repeated 4 times to study the effects of irradiation power,
reactions temperature, and reactant concentration, as seen
the table 3. After filtering off, washing, and drying,
analytical calculations were for C2sH3sC0oN3100,S;: Yield:
62%. calcd. C= 48.51, H =5.59, N =21.76, S =9.96%;
found C =45.80, H =5.32, N =20.55, S =9.64%. IR
(selected bands for 1; in cm™): 3365(b), 3151(b), 2089(w),
1630(s), 1593(s), 1565(s).

RESULTS AND DISCUSSION

The reaction between the organic nitrogen-donor and
oxygen donor-based 2,5-dimethyl pyrazine (L) and
Co(NCS), yielded crystalline material formulated as a new
0D coordination complex [Co(NCS),(L)(H20)2.3(L)] (1).
Nano-structures of complex 1 were obtained in an aqueous
solution by ultrasonic irradiation, while single crystals of
complex 1, suitable for X-ray crystallography, were
prepared by a heat gradient applied to an aqueous solution
of the reagents (the ‘‘branched tube method’’). Generally,
the yield percentage of product 1 in the sonochemical
method is higher than in the branch tube method. The most
important reason can be related to the ultrasonic force
as well as the heat produced by bursting the bubble in this
method. This driving force will be a significant factor
in increasing the yield percentage of 1. But in the branched
branch tube method, there is no such driving force.
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Fig. 2: Crystal packing along the [0-10] for 1

SCXRD output of 1 confirmed triclinic P1~space group.
Additional crystallographic details are listed in Tables 1
and 2. Complex 1: Two O atoms and four N atoms in
octahedral coordination of O.N4 are coordinated to Co
atoms (Fig. 1). One Co?* coordinated to one 2,5-dimethy!l
pyrazine ligand (L), -NCS, one water molecule, and some
parts of two others L are included in the asymmetric unit.
However, two L ligands are present inside the crystal and
aren’t coordinated with Co?* ions (Fig. S1). L is
coordinated to Co?* ion via through N atom of aromatic
ring with (Co(1)-N(2) distance of 2.367 A. In addition,
two water molecules via Co-O bond are coordinated with
Co-O distance of 2.059 A (Table S1 and Fig. S2).
Moreover, hydrogen bonding takes place among H of H,O
molecule, metal ions, and N (20) from L. Furthermore, two
aromatic rings are distanced at 5.347 A (Figs. S5 and S6).
0D coordination complexes of 1 are bridged through
intramolecular interaction and the structure is extended via
van der Waals and hydrogen bond interactions on 3D
crystal packing (Fig. S5). Further, the crystal of 1 grows
along the [0-10] directions (Fig. 2).

To compare the obtained materials produced via both
methods, FT-IR spectra of 1 were provided in Fig. 3. It should
be noted that to obtain FT-IR spectrum, elemental analysis,
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Fig. 3: The IR spectra of, 1-1 obtained by ultra-sonication
(red line), 1- 2 (blue line), 1-3 (green line), 1-4 (pink line),
1-5 (brown line) as well as (simulated from SCXRD data of 1
(light blue line)

and PXRD, the 1-4 from ultrasonic samples were chosen
since it has the smallest size among them. The stretching band
of O-H from the H,O molecule which is coordinated to Co
atoms was located at 3365 cm*. Aromatic C-H stretching
bands occurred near 3151 cm*. The absorption bands 2100 cm™
resulted from the -NCS group and absorption bands around
1454 ¢! related to CH3 bending. The absorption bands with
variable intensity in the frequency range 1400-1600 cm'?
correspond to ring vibrations of the pyrazine moiety of the
ligand 2,5-dimethyl pyrazine. However, the stretching band
assignment of the Co-O bond and Co-N bond stretching
modes are coupling around 500 to 600 cm™. It can be
suggested that both synthesizing procedures resulted
in materials with inseparable elemental analysis and FT-IR
data [52].

The simulated PXRD patterns of 1 generated using
SCXRD data and the PXRD patterns of 1-1 to 1-4 samples
produced through the process explained in the 2.3 section
were compared in Fig. 4. As can be seen, their patterns
are similar at the exact location of the 26 diffractions
confirming that the ultrasound-fabricated samples possess
the same structure as a single crystal of 1.

Morphology and structure

Critical parameters that affect the morphology of 1 are
ultrasonic power, the concentration of reactants, and
the temperature of the reaction. The applied setting
to produce sonicated samples were listed in Table 2. SEM
images of sonicated samples (1-1 to 1-4), as shown
in Fig. 5, examined their morphologies. It can be seen 1-1
and 1-3 samples have a micro-sized and uniform mixed
morphology and 1-2, as well as 1-4 sample, have nano-sized
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Table 2: Effects of ultrasonic power, concentration, time, and temperature on the morphology of 1

/ Entry T (°C)? t (min)P Concentration (M)° Sonication power (W) Morphology (Mainly) \
1-1 50 60 0.1 0 Mixed
1-2 50 60 0.1 60 Mixed
1-3 50 60 0.5 60 Mixed

\ 1-4 70 60 0.1 60 Flakes j

3 Reaction temperature, ® Reaction time, ¢Concentration of reactants.
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Fig.4: Powder XRD patterns of nano-sized 1-1 obtained by
ultra-sonication (black line), 1- 2 (green line), 1-3 (pink line),
1-4 (bright blue), 1-5 (dark blue line) as well as (simulated from
single-crystal X-Ray data of 1 (red line)

flakes. In Table 3 and Fig. 5, sample 1-1 was surveyed
without power ultrasound and the other samples were
studied under a variety of power ultrasound, concentration
as well as temperature. To find out the role of power
ultrasound irradiation on the character of the product,
reactions were performed under completely different
power ultrasound irradiation. In samples 1-1, the reaction
was studied without power ultrasound. Results show that
the size of particles sample 1-1 (Fig. 5b) is larger than 1—
2 (Fig. 5a). Results show low power ultrasound irradiation
decreased agglomeration and thus led to decreased particle
size. Comparison between samples 1-2 and 1-3 shows
an increase in nanoparticle size. Thus, the size particles
of samples 1-3 are larger than 1-2 (Fig. 5b, c). Higher
temperature (70 °C) results in an increased supersaturation
of growth species in the solution, and thus particle size of
samples 1-4 is larger than the particle size of samples 1-2
(Fig. 5b, d). The corresponding particle size distribution
histogram of complex 1 nanoparticles has been shown in
Fig. 5. It was found that the morphology of as-prepared,
1-1, 1-2, and 1-3 mixed morphology were not dependent
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on the reaction temperature, otherwise, 1-4 relied on the
reaction temperature. According to obtained results, less
agglomeration has occurred in samples 1-2 with controlled
parameters as follows: irradiation power: 60 W, time:
60 min, concentration: 0.1 M, temperature: 50 °C (Table 2;
Fig. 5b). Noteworthy, mixed morphology as 3D of the particles
can be altered into small flaked as 2D by applying
ultrasonic irradiation.

Hirshfeld surface analysis (HSA)

The Hirshfeld surface analyses of 1 have been done
on its asymmetric unit. The views of the Hirshfeld surface
mapped over dnom (-0.5713 to 1.3535 A), shape index
(-1.000 to 1.000A), and curvedness (-4.0000 to 0.4000)
have been shown in Fig. 6.

The most prominent red spots on the dnom surface of 1
are due to Co-N and Co-O bonds. In addition to, distinct
blue spots around the aromatic ring of ligand are attributed
to van der Waals interactions. Also, The C...H/H...C close
contacts appear as very pale red spots or white areas. These
contacts which are attributed to C-H...n interactions are
visible as hollow orange areas (m...H) and bulging blue
areas (H...m) on the shape index surface (Figs. 6 and 7).

The two-dimensional fingerprint plots of the sum of the
contacts contributing to the Hirshfeld surface have been
shown in Fig. 8, represented in normal mode.
Complementary regions are visible in the fingerprint plots
where one molecule acts as a donor (de > di) and the other
as an acceptor (de < di). The highest share of the total
Hirshfeld surface is related to H...H/H...H close contacts
with 42.6%. The opposite relationship was exhibited for
N---H/H---N interactions, which accounted for 18.9%.
Furthermore, the extents of C---H/H---C and S---H/H---S
interactions covered 16.4% and 12.9% of complex 1.
The most significant evidence for the stable presence
of the crystal structures was the domination of these
H-bonding contacts [53-55].
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Fig. 5: SEM images and the corresponding particle size distribution histogram of micro- and nanosized particles: (a) 1-1 sample
without sonication, (b) 1-2 sample with sonication (50 °C; 60 min; 0.1 M; sonication power: 60 W), (c) 1-3 sample (50 °C; 30 min;
0.1 M; sonication power: 60 W (d) 1-4 sample 70 °C; 60 min; 0.1 M; sonication power: 60 W)

Fig. 6: Hirshfeld surfaces mapped with dnorm, shape index, and curvedness of 1
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Fig. 8: 2-D fingerprint plots of 1

CONCLUSIONS

In the current research, novel nano Co-MOC (1)
structures were synthesized and characterized using SEM,
FT-IR, PXRD, and elemental analysis. Also, the quality of
the obtained crystal by the branched tube method was in
good condition which allowed it to be resolved by
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SCXRD. The crystal analysis of 1 exhibited Co?* ions is
six-coordinated. Furthermore, the powders obtained by the
sonication ultrasound method were formed in the same
crystalline phase as the one obtained from the branched
tube method. The impacts of controlling parameters, i.e.
temperature, ultrasound power, reactant concentration, and
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time on morphology of 1 were also investigated and it
was found that this technique has the potential to produce
1 as nanostructures. The optimum condition to produce
smaller and less agglomerated nanosized particles of 1 was
50 °C, 60 min, 60 W, and 0.1 M. As a result, it can have
a high potential to remove environmental pollutants,
especially Persistent Organic Pollutants (POPs) through
absorption and removal processes.
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