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Abstract: Two new coordination compounds of Mn(II) and Cu(II) viz. [Mn(bz)2(Hdmpz)2(H2O)] (1) and 
[Cu(crot)2(Hdmpz)2] (2) (where, bz = benzoate, crot = crotonate, Hdmpz = 3, 5-dimethyl pyrazole) have been 
synthesized and characterized using single crystal X-ray diffraction technique, FT-IR, electronic spectroscopy, 
TGA and elemental analyses. Compounds 1 and 2 crystallize as mononuclear coordination compounds of Hdmpz 
based penta-coordinated Mn(II) and hexa-coordinated Cu(II) respectively containing distorted trigonal 
bipyramidal and distorted octahedral geometries. Crystal structure analysis of compound 1 reveals the presence 
C‒H⋯π and π-stacking interactions along with O‒H⋯O, N‒H⋯O and C‒H⋯O H-bonding interactions which 
stabilizes the layered assembly of the compound. Similarly, the presence of hydrogen bonding along with π-
stacking interactions stabilizes the crystal structure of compound 2. We have carried out theoretical 
investigations to analyze π⋯π H-bonding and antiparallel CH···π non-covalent interactions observed in the 
compounds. DFT calculations were performed to evaluate strength of these interactions energetically. Moreover, 
QTAIM and non-covalent interaction (NCI) plot index computational tool were used to characterize them and 
evaluate the contribution of the H-bonds. 
 

Keywords: mononuclear coordination compound; aromatic π-stacking; DFT; QTAIM; NCI 
 

1. Introduction 

There has been significant interest of mixed ligand metal-organic frameworks in the field of 
supramolecular chemistry owing to their wide potential applications in magnetic devices, non-linear 
optics, catalysis, sorption, electrical conductivity, sensors and biology [1–7]. But the synthesis and 
development of single crystals of desired architectures and prospective demands is still challenging 
as the self-assembled processes is highly dependent on various experimental factors viz. coordination 
environment of the central metal ion, nature of the ligands used, metal to ligand ratio, reaction 
environments etc [8–12]. Appropriate fusion of these synthetic parameters is very important to 
achieve desired supramolecular architecture having potential use [13]. 

The interpretation of the non-covalent interactions is the backbone of self-assembled 
architectures as they form the basis of highly specific recognition, transport and regulatory 
mechanisms [14–16]. The most substantial changes in the properties of the self-assembled molecules 
take place, as the way in which non-covalent interactions like aromatic π-stacking, C‒H···π, and wide 
varieties of hydrogen bonding interactions operate. The directionality and cumulative strength of 
these non-covalent interactions provide an organizing force for association of the molecules into 
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fascinating self-assembled structures [17–22]. In addition, non-covalent interactions play key roles in 
biological systems which involve drug-receptor interactions, protein folding etc [23–25]. Therefore, 
to investigate and quantify various non-covalent interactions observed in self-assembled 
architectures, countless efforts have been put in till date [26,27]. 

In recent times, N and O donor ligands elicit significant attention from chemists to design 
fascinating self-assembled architectures with various important uses [28,29]. Transition metal 
coordination complexes involving aliphatic and aromatic carboxylates provide versatile and 
interesting structural networks due to their ability to coonect through monodentate as well as 
bidentate coordination modes [30,31]. In a similar way, complexes involving pyrazole ligands, due 
to their diverse structural topologies, are efficient and versatile in various fields that includes 
medicine, catalysis, separations, bio-mimetic chemistry, optics, magnetism and luminescence etc. 
[32–35]. Pyrazole complexes with varied pharmacological actions, including antifungal [36,37], 
antibacterial [38] and anticancer properties, have also been reported due to their role in the 
development of newer drugs [39–42]. Moreover, the coordination chemistry of transition metal based 
drugs has gained interest because of their applications in cancer management [43–45]. Transition 
metals like manganese are involved in various important biological processes, from electron transfer 
to catalysis to structural roles and are associated with active sites of many proteins and enzymes [46]. 
In addition, the Mn(II) complexes exhibit interesting electrochemical, biological and magnetic 
properties [47,48]. The flexibility of the Cu(II) ion, due to its transition elemental nature, enhances its 
coordination preferences with aromatic and aliphatic ligands [49]. The crystal structures of copper 
complexes with mixed N- and O-donor ligands are reported in the literature [50,51]. Depending on 
the ligand binding sites, some Cu(II) complexes possess a wide range of biological activity, such as 
antibacterial, fungicidal, pesticidal and even as tracers [52,53].  

In order to explore the interplay of non-covalent interactions in supramolecular architectures, 
two new Mn(II) and Cu(II) coordination compounds viz. [Mn(bz)2(Hdmpz)2(H2O)] (1) and 
[Cu(crot)2(Hdmpz)2] (2) have been synthesized and characterized using single crystal X-ray 
diffraction technique, FT-IR, electronic spectroscopy, TGA and elemental analyses. Crystal structure 
analysis of compound 1 unfolds the presence of C‒H⋯π and π-stacking interactions along with O‒H
⋯O, N‒H⋯O and C‒H⋯O H-bonding interactions which stabilizes the layered assembly of the 
compound. Aromatic π-stacking interactions, C‒H⋯O, N‒H⋯O hydrogen bonds along with non-
covalent C‒H⋯C interactions stabilizes the crystal structure of compound 2. We have carried out 
theoretical investigations to analyze π-stacking, H-bonds and C‒H···π interactions observed in 
compounds 1 and 2. The interactions have been characterized by using the quantum theory of atoms-
in-molecules (QTAIM) and the non-covalent interaction (NCI) plot index computational tools.  

2. Experimental Section 

2.1. Materials and methods 

All the chemicals viz. manganese (II) chloride tetrahydrate, copper(II) chloride dihydrate, 
benzoic acid, 3,5-dimethyl pyrazole and crotonic acid used in this work were purchased from 
commercial sources and used without further purification. Elemental analyses of the compounds 
were carried out using Perkin Elmer 2400 series II CHN analyzer. FT-IR spectra (KBr phase) of the 
compounds were recorded using Bruker Alpha (II) Infrared spectrophotometer in the frequency 
range of 4000-500 cm-1.Shimadzu UV-2600 spectrophotometer was used to record the electronic 
spectra of the compounds. BaSO4 powder was used as reference (100% reflectance) to record the solid 
state spectra. Room temperature magnetic moments of the compounds were calculated at 300 K on 
Sherwood Mark 1 Magnetic Susceptibility balance by Evans method. Thermogravimetric curves of 
the compounds were obtained under the flow of N2 gas using Mettler Toledo TGA/DSC1 STARe 

system at the heating rate of 10oC min-1. 

2.2. Synthesis 
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2.2.1. Synthesis of [Mn(bz)2(Hdmpz)2(H2O)] (1) 

A mixture of MnCl2·4H2O (0.197 g, 1 mmol) and sodium salt of benzoic acid (0.288 g, 2 mmol) 
was dissolved in 10 mL of de-ionized water in a round bottomed flask and mechanically stirred at 
room temperature for two hours. To the resulting solution; Hdmpz (0.192g, 2 mmol) was added 
slowly and kept stirring for another hour (Scheme 1). The resulting solution was then kept 
unperturbed in cooling conditions (2-4°C) for crystallization. After several days, yellow coloured 
block shaped single crystals suitable for single crystal X-ray diffraction was obtained. Yield: 0.465 g 
(92.26%). Anal. calcd. for C24H28MnN4O5 C, 56.81%; H, 5.56%; N, 11.04%; Found: C, 54.64%;H, 5.47%; 
N, 10.99%. FT-IR (KBr pellet, cm-1): 3439(br), 3130(w),2837 (m), 1593(s), 1429(m), 1389(s), 1280(m), 
1145 (m), 1108(w), 975(w), 772(m), 715(m), 655(s) (s, strong; m, medium; w, weak; br, broad; sh, 
shoulder). 
 

 

Scheme 1. Synthesis of the compounds 1 and 2. 

2.2.2. Synthesis of [Cu(crot)2(Hdmpz)2] (2) 

CuCl2·2H2O (0.170 g, 1 mmol) and sodium salt of crotonic acid (0.210 g, 2 mmol) were mixed in 
10 mL of de-ionized water in a round bottom flask and the solution was allowed to stir mechanically 
for about two hours. Hdmpz (0.192 g, 2 mmol) was then added to the resulting solution and kept for 
mechanical string for another hour (Scheme 1). Then, the resulting solution was kept undisturbed in 
a refrigerator (below 4°C) for crystallization. Blue block shaped single crystals were obtained by the 
slow evaporation of the mother liquor after several days. Yield: 0.386 g (90.82%). Anal. calcd. for 
C18H26CuN4O4: C, 50.75%; H, 6.15%; N, 13.15%; Found: C,50.67%; H, 6.09%; N, 13.09%. IR (KBr pellet, 
cm-1): 3439(br), 3132(sh), 2845(m), 1593(s), 1430(m), 1414(s), 1288(m), 1150(m), 1115(w), 1045(m), 
944(w), 849(m), 740(m), 670(m), 498(w) (s, strong; m, medium; w, weak; br, broad; sh, shoulder). 

2.3. Crystallographic data collection and refinement 

Molecular and crystal structures of the compounds were determined using single crystal X-ray 
diffraction technique. X-ray diffraction data collection was carried out using Bruker APEX-II CCD 
diffractometer with graphite mono-chromatized Cu/Kα radiation (λ = 1.54178 Å). Semi-empirical 
absorption correction, as well as scaling and merging of the different datasets for the wavelength 
were performed using SADABS [54]. Crystal structures were solved by direct method and refined 
using full matrix least squares technique with SHELXL-2018/ [55] using the using the WinGX [56] 
software. All the non-hydrogen atoms were refined anisotropically. The hydrogen atoms except those 
attached to the O-atoms of water molecules were placed at their calculated positions and refined in 
the isotropic approximation. The hydrogen atoms of the coordinated water molecules are fixed at the 
nominal X-ray distances from the O-atoms to obtain the hydrogen bonding patterns in the crystal 
structures. Diamond 3.2 [57] software was used to draw the structural diagrams. Crystallographic 
data of the compounds 1 and 2 are tabulated in Table 1. 

Table 1. Crystallographic data and structure refinement details for the compounds 1 and 2. 

Crystal Parametres 1 2 

Emprical formula C24H28MnN4O5  C18H26CuN4O4 
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Formula weight 507.44 425.97 

Temperature (K) 100.0 100.0 

Wavelength (Å) 1.54178 1.54178 

Crystal system Orthorhombic Orthorhombic 

Space group Pbcn Pbcn 

a/Å 19.2401 (1) 15.6899(5) 

b/Å 12.1579(7) 10.7161(3) 

c/Å 10.1312(6) 11.3062(4) 

α º 90 90 

βº 90 90 

γ º 90 90 

Volume (Å3) 2369.9(2) 1900.96(1)  

Z 4 4 

Calculated density (g/cm3) 1.422 1.488 

Absorption coefficient (mm-1) 4.893 1.897 

F(000) 1060 892 

Crystal size (mm3) 0.35×0.21×0.18 0.31×0.22×0.12 

θ range for data collection(º) 10.76 to 136.33 1.604 to 23.973 

Index ranges -23<=h<=23, 

-14<=k<=14, 

-11<=l<=12 

-18<=h<=18, 

-12<=k<=12, 

-13<=l<=13 

Reflections collected 19422 28974 

Unique data(Rint) 2972 1721 

Refinement method Full-matrix least 

squares on F2 

Full-matrix least-

squares on F2 
Data / restraints / parameters 2136/1/161 1721/0/126 

Goodness-of-fit on F2 1.086 1.143 

Final Rindices[I>2σ (I)] R1/ wR2 R1 = 0.0414, wR2 = 

‘0.1110 

R1 = 0.0475, wR2 = 

0.1395 

Rindices(all data) R1/ wR2 R1 = 0.0434, wR2 = 

0.1133 

R1 = 0.0482, wR2 = 

0.1402 

Largest diff. peak and hole (e.Å-3) 0.45/-0.49  0.37/-0.63 

2.4. Computational methods 

Using the Gaussian-16 program [58] and the PBE0 [59]-D3 [60]/def2-TZVP [61] level of theory, 
the single point calculations were carried out. The crystallographic coordinates have been used to 
evaluate the interactions in the compounds since we are interested to study the non-covalent 
interactions standing in the solid state. The Bader's “Atoms in molecules” theory (QTAIM) [62] and 
non-covalent interaction plot (NCI Plot) [63] were used to study the interactions discussed herein 
using the AIMAll program [64]. To calculate the H-bond energies, we used the equation proposed by 
Espinosa et al (E = ½Vr) [65]. 

3. Results and discussion 

3.1. Syntheses and general aspects 
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[Mn(bz)2(Hdmpz)2(H2O)] (1) has been synthesized by the reaction between one equivalent of 
MnCl2·4H2O, two equivalents of sodium salt of benzoic acid and two equivalents of Hdmpz at room 
temperature. Similarly, [Cu(crot)2(Hdmpz)2] (2) has been prepared by reacting one equivalent of 
CuCl2·2H2O, two equivalents of sodium salt of crotonic acid and two equivalents of Hdmpz at room 
temperature in de-ionized water medium. Both the compounds 1 and 2 are soluble in water and in 
common organic solvents. Compounds 1 and 2 show room temperature (298 K) μeff value of 5.89 and 
1.82 BM respectively which suggests the presence of five and one unpaired electron(s) in the Mn(II) 
and Cu(II) centers of the distorted trigonal bipyramidal and distorted octahedral coordination 
spheres [66,67]. 

3.2. Crystal structure analysis 

Figure 1 depicts the molecular structure of compound 1. Compound 1 crystallizes in 
orthorhombic crystal system with Pbcn space group. Selected bond lengths and bond angles have 
been summarized in Table 2. 

 

Figure 1. Molecular structure of [Mn(bz)2(Hdmpz)2(H2O)] (1). 

In the compound, the Mn(II) metal centre is penta-coordinated to two monodentate bz moieties, 
two monodentate Hdmpz and one water molecule. The coordination geometry around the Mn1 
centre in the compound is slightly distorted trigonal bipyramidal as evidenced by the trigonality 
index value (τ) of 0.77 [68], where the axial sites are occupied by N1 and N1´ atoms from Hdmpz 
moieties while the equatorial sites are occupied by O1, O2 and O2´ from coordinated water and bz 
moieties respectively. The bond lengths between the Mn1 and the nitrogen atoms of Hdmpz (N1 and 
N1´) are found to be 2.32(2) Å; whereas, that between the Mn1 and oxygen atoms of bz moieties (O2 
and O2´) are 2.08(1) Å. The bond length between the Mn1 centre and the oxygen atom (O1) of the 
coordinated water molecule is found to be 2.13 Å. Crystal structure analysis reveals that hydrogen 
atoms (H1A and H1B) of the coordinated water molecule have the site occupancy factor of 0.5. 

Table 2. Selected bond lengths (Å) and bond angles (°) around the Mn(II) centers in 1 and 2 
respectively. 

Bond lengths of 1 (Å)    Bond angles of 1 (°) 

Mn1–O2  2.0854(1)   O2–Mn1–O2´  106.18(8) 
Mn1–O2´  2.0854(1)   O2–Mn1–O1  126.91(4) 
Mn1–O1  2.132(2)   O2´–Mn1–O1  126.91(4) 
Mn1–N1  2.3173(2)   O2–Mn1–N1´  92.39(5) 
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Mn1–N1´  2.3173(2)   O2–Mn1–N1  91.72(6)  
       O1–Mn1–N1  86.57(4) 
       O1–Mn1–N1´  86.57(4) 
       O2´–Mn1–N1´  91.72(6) 
       O2´–Mn1–N1  92.40(5) 
       N1–Mn1–N1´  173.15(8) 

Bond lengths of 2 (Å)     Bond angles of 2 (°) 

Cu1–N1  1.989(3)    N1–Cu1–N1´   93.24(1)  
Cu1–N1´  1.989(3)    N1–Cu1–O1   165.45(9) 
Cu1–O1´  2.002(2)    N1–Cu1–O1´   91.47(9)  
Cu1–O1  2.002(2)    N1´–Cu1–O1   91.47(9)  
Cu1–O2  2.492(2)    N1´–Cu1–O1´   165.45(9)  
Cu1–O2´  2.492(2)    O1–Cu1–O1´   87.34(1)  

The neighboring monomeric units of compound 1 are interconnected via non-covalent C‒H⋯π 
and π-stacking interactions to form the 1D supramolecular chain along the crystallographic c axis 
(Figure S1). The –CH moiety (‒C4H4) of bz moiety is involved in C‒H⋯π interactions with the π-
system of the aromatic ring of Hdmpz having centroid (C9, C10, C11, N1 and N2)···H4 distance of 
2.70 Å. The angle between H4, the centroid of the pyrazole ring and the aromatic plane is 159.1° which 
indicates the strong nature of the interaction [69]. 

Aromatic π-stacking interactions are observed between the aromatic rings of bz moieties from 
adjacent monomeric units having centroid(C2-C7)‒centroid(C2´-C7´) separation of 3.62 Å. The 
corresponding slipped angle; the angle between the ring normal and the vector joining the two ring 
centroids; is found to be 21.5° [70]. Further analysis reveals that neighboring 1D chains shown in 
Figure S1, interconnect via C‒H⋯π and non-covalent C‒H⋯C interactions to form a layered assembly 
along the crystallographic ac plane (Figure 2).  

Further analysis reveals the formation of another layered architecture of the compound which 
is stabilized by non-covalent C‒H⋯C; C‒H⋯π; C‒H⋯O, O‒H⋯O and N‒H⋯O hydrogen bonding and 
aromatic π-stacking interactions along the crystallographic bc plane (Figure 3a). Non-covalent C‒H⋯

C interactions are observed between the –CH moieties (–C6H6 and –C7H7) and C5 (from bz) and C8 
(from Hdmpz) atoms from two adjacent monomeric units having C6‒H6⋯C8 and C7‒H7 ⋯C5 
distances of 2.94 and 3.11 Å respectively [C6(sp2)‒H6⋯C8(sp3); C6⋯C8 = 3.60Å; C7(sp2)‒H7⋯C5(sp2); 
C7⋯C5 = 3.79Å]. The –CH moiety (‒C12H12A) of Hdmpz is involved in C‒H⋯π interactions with the 
π-system of the aromatic ring of another Hdmpz moiety from an adjacent monomeric unit having 
centroid(C9-C11, N1, N2)⋯H12A distance of 3.04 Å. The angle between H12A, the centroid of the 
Hdmpz moiety and the aromatic plane is 150.2° which evidences the strong nature of the interaction 
[71–73]. C‒H⋯O hydrogen bonding interactions are observed between the ‒C12H12A moiety of 
Hdmpz and uncoordinated carboxyl atom (O3) of bz from two neighboring units having C12‒H12A
⋯O3 distance of 2.95 Å. 
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Figure 2. Layered assembly of compound 1 assisted by C‒H⋯π, π-stacking interactions and non-
covalent C‒H⋯C interactions along the crystallographic ac plane. 

O3 atom of bz moieties are also involved in N‒H⋯O hydrogen bonding interactions with ‒N2H2 
fragments from Hdmpz moieties of adjacent monomeric units having N2‒H2⋯O3 distance of 2.10 Å. 
Moreover, O3 atom of bz are also involved in O‒H⋯O hydrogen bonding interactions with the 
coordinated water molecule having O1‒H1A⋯O3 distance of 1.86 Å. A self-assembled dimer [Figure 
3(b)] retrieved from the layered architecture along this plane has been theoretically studied (vide 
infra). 

 
(a) 
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(b) 
Figure 3. (a) Layered architecture of compound 1 involving non-covalent C‒H⋯C; C‒H⋯π; C‒H⋯O, 
O‒H ⋯ O and N‒H ⋯ O hydrogen bonding and aromatic π-stacking interactions along the 
crystallographic bc plane; (b) a self-assembled dimer retrieved from the layered architecture which is 
theoretically studied. 

Figure 4 depicts the molecular structure of compound 2. Compound 2 crystallizes in 
orthorhombic crystal system with Pbcn space group. Selected bond lengths and bond angles have 
been summarized in Table 2. In compound 2, the Cu1 metal centre is hexa-coordinated to two 
bidentate crot moieties and two monodentate Hdmpz moieties. The coordination geometry around 
the metal centre is slightly distorted octahedron where the axial sites are occupied by O1´ and N1´ 
atoms from crot and Hdmpz moieties respectively while the equatorial sites are occupied by O1, O2, 
O2´ from crot and N1 from Hdmpz respectively. The average Cu‒O and Cu‒N bond distances are 
almost consistent with the previously reported Cu(II) complexes [74]. 

 

Figure 4. Molecular structure of [Cu(Crot)2(Hdmpz)2] (2). 

The neighboring monomeric units of compound 2 are interconnected via non-covalent C‒H⋯C 
interactions to form the 1D supramolecular chain of the compound (Figure S2). C‒H⋯C interactions 
are observed between the ‒CH (‒C9H9C and ‒C2H2B) and carbon atoms (C2 and C9) of crot moieties 
having C9‒H9C⋯C2and C2‒H2B⋯C9 distances of 2.88 and 3.05 Å respectively [C9(sp3)‒H9C⋯C2(sp3); 
C2(sp3)‒H2B⋯C9(sp3); C9⋯C2 = 3.78 Å]. 

Moreover, two neighboring 1D chains of the compound are interconnected via non-covalent C‒
H⋯C interactions to form the 2D layered assembly of the compound (Figure 5). C‒H⋯C interaction is 
observed between the ‒CH moiety (‒C3H3) of Hdmpz and C7 atom of crot with C3‒H3⋯C7 distance 
of 3.63 Å [C3(sp2)‒H3⋯C7(sp2); C3⋯C7 = 3.86 Å]. 

Figure 6(a) depicts another supramolecular 1D chain of compound 2 stabilized by N‒H⋯O 
hydrogen bonding and aromatic π-stacking interactions. N‒H⋯O hydrogen bonding interaction is 
observed between the ‒N2H2 moiety of Hdmpz and O2 atom of crot from two different monomeric 
units having N2‒H2⋯O2 distance of 1.90 Å. Aromatic π-stacking interactions are observed between 
the π systems of Hdmpz and crot moieties from adjacent monomeric units of the compound having 
centroid (C1, C3, C4, N1, N2)‒centroid(C7-C8) distance and the corresponding slipped angle of 3.92 
Å and 19.1° respectively. A self-assembled dimer [Figure 6(b)] retrieved from the 1D self-assembly 
along the crystallographic c axis has been theoretically studied (vide infra). 
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Figure 5. Layered assembly of compound 2 stabilized by non-covalent C‒H⋯C interactions along the 
crystallographic ab plane. 

These 1D supramolecular chains are interconnected via non-covalent C‒H⋯C interactions and 
C‒H⋯O hydrogen bonding to form a layered assembly along the crystallographic bc plane (Figure 7). 
Non-covalent C‒H⋯C interactions are observed between the ‒C9H9C, ‒C7H7 fragments and C2, C7, 
C9 atoms of crot moieties from adjacent monomeric units with C9‒H9C⋯C7,  C7‒H7⋯C9 and C9‒
H9C⋯C2 separations of 3.93, 3.97 and 2.88 Å respectively [C9(sp3); C7(sp2); C2(sp3); C9⋯C7 = 3.76 Å; 
C9⋯C2 = 3.78 Å]. Moreover, C‒H⋯O hydrogen bonding interaction is observed between the ‒C9H9A 
fragment and O1 atom of adjacent crot moieties having C9‒H9A⋯O1 distance of 3.07 Å. 

 
(a) 

 
(b) 
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Figure 6. (a) 1D supramolecular chain of compound 2 assisted by N‒H⋯O hydrogen bonding and 
aromatic π-stacking interactions along the crystallographic c axis; (b) a self-assembled dimer retrieved 
from the 1D chain which is theoretically studied. 

 

Figure 7. Layered assembly of compound 2 assisted by non-covalent C‒H⋯C; N‒H⋯O and C‒H⋯O 
hydrogen bonding and aromatic π-stacking interactions along the crystallographic bc plane. 

Table 3. Selected hydrogen bond distances (Å) and angles (°) for 1 and 2. 

D–H⋯A   d(D–H)   d(D⋯A)  d(H⋯A)  <(DHA) 

 1 

C12‒H12A⋯O3  0.98  3.64(3)  2.95(1)  128.6 
N2‒H2⋯O3  0.88  2.91(2)  2.10(1)  153.7 
O1‒H1A⋯O3  0.87  2.70(2)  1.86(2)  164.1 

 2 

N2‒H2⋯O2  0.88  2.74(3)  1.90(2)  157.2 
C9‒H9A⋯O1  0.98  3.57(4)  3.07(2)  113.2 

3.3. Spectral studies 

3.3.1. FT-IR spectroscopy 

The FT-IR spectra of compounds 1 and 2 (KBr phase) were recorded in the region 4000-500 cm-1 
(Figure S3). The comparatively broad absorption peak in compound 1 at around 3440 cm-1 can be 
attributed to the O–H stretching vibrations of the coordinated water molecule present in the 
compound [75,76]. FT-IR spectrum of compound 1 exhibits absorption bands due to r (H2O) (715 cm-

1) and w (H2O) (655 cm-1) which supports the presence of coordinated water molecule in the 
compound [75,76]. For compound 1, strong absorption bands appear at 1593 and 1389 cm-1 for the 
asymmetric and symmetric stretching vibrations of the carboxylate groups of bz moiety respectively 
[77]. The difference between the asymmetric and symmetric stretching vibrations (v = 204 cm-1) of 
the carboxyl groups of bz moieties of 1 indicates monodentate coordination of the carboxylate 
moieties to the metal centre [78]. Similarly, for compound 2, strong absorption bands appear at 1593 
and 1414 cm-1 for the asymmetric and symmetric stretching vibrations of the carboxylate groups of 
crot moiety respectively [77]. The difference between the asymmetric and symmetric stretching 
vibrations (v = 179 cm-1) of the carboxyl groups of crot moieties of 2 indicates bidentate coordination 
of the carboxylate moieties to the metal centre [78]. The absence of a sharp band at 1710 cm-1 for 
compounds 1 and 2 indicates the deprotonation of the carboxyl groups upon coordination with the 
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metal centre [80–82]. Moreover, for both the compounds, bands at around 3130 cm-1 can be assigned 
to the ν(N–H) vibrations of coordinated Hdmpz moieties [83,84]. The ν(C–H) vibrations of the 
coordinated Hdmpz are observed in the region of 2970-2770 cm-1 for both the compounds [85]. The 
peaks at 1429, 1280 and 1145cm-1 in 1 can be attributed to the C–N, N–N and C = N stretching 
vibrations of Hdmpz rings respectively; however, these peaks are obtained at 1430, 1288 and 1150 
cm-1in the spectrum of compound 2 [86]. 

3.3.2. Electronic spectroscopy 

The electronic spectra of the compounds have been recorded in both solid and in aqueous phases 
(Figures S4 and S5). The solid state UV-Vis-NIR spectrum of compound 1 show no absorption bands 
in the visible region, as the Mn(II) centre (d5 system) has all the electronic transitions from the 6A1g 
ground state doubly forbidden [87]. The peaks for π→π* absorption of the benzoate and Hdmpz 
ligands are obtained at the expected positions [88,89]. 

The solid state UV-Vis-NIR spectrum of compound 2 (Figure S5) exhibits peaks at 228 and 273 
nm assigned to π→π* transitions of the aromatic ligand [90]. The spectrum (Figure S5a) shows broad 
absorption band at 741 nm resulting from the usual 2Eg2T2g transition for Cu(II) complexes [91]. In 
the UV-Vis spectra (Figure S5b) of the compound, the absorption peaks for n→π* and 2Eg2T2g 
transitions are obtained at the expected positions [91]. 

The similar absorption bands observed in the solid and solution phase electronic spectra of the 
compounds indicate that the compounds do not undergo any structural deformaion in the aqueous 
phase [92]. 

3.4. Thermogravimetric analysis 

Thermogravimetric curves of the compounds 1 and 2 were obtained in the temperature range 
30-800°C at the heating rate of 10°C/min under N2 atmosphere (Figure S6). In 1; the temperature range 
120-140°C attributes to the weight loss of coordinated water molecule, (obs. = 5.1%; calcd. = 3.54%) 
[93,94]. In the temperature range 141-260°C, there is the decomposition of two benzoate moieties and 
one Hdmpz molecule (obs. = 65.52%; calcd. = 66.61%) [93,94]. For compound 2; in the temperature 
range 120-170°C, one coordinated crot undergoes thermal decomposition with the observed weight 
loss of 18.40% (calcd. = 19.95%) [98]. One coordinated Hdmpz and another coordinated crot are lost 
in 171-290°C with the observed weight loss of 40.5% (calcd. 42.45%) [97,98]. Finally, loss of the 
remaining coordinated Hdmpz in the temperature range 291-370°C is observed with the observed 
weight loss of 24.4% (calcd. = 22.5%) [99]. 

3.5. Theoretical studies 

The aim of this theoretical study is to analyze the non-covalent interactions present in the solid 
state of the compounds, which remarkably influence their X-ray structure. In addition to weak non-
covalent interactions such as π-stacking and C‒H···π interactions (see Figures 3 and 7), we have 
evaluated the H-bonding interactions as they are involved in the formation of interesting 1D 
assemblies in the solid state of both compounds (see Figure 8) and focused on the comparison of the 
energetic features of C‒H···O, N‒H···O, and O‒H···O H bonding interactions. 
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Figure 8. Partial view of the 1D infinite supramolecular chains observed in the solid state of 
compounds 1 (a) and 2 (b). Distances are in Å. The H-atoms have been omitted, apart from those 
participating in the O‒H···O and N‒H···O H-bonds. 

We have computed the molecular electrostatic potential (MEP) surfaces of compounds 1 and 2 
to investigate the most electrophilic and nucleophilic parts of the compounds. The surfaces, depicted 
in Figure 9, show that in compound 1, the MEP maximum is located at the H-atoms of the coordinated 
water molecule (65.9 kcal/mol), followed by the ‒NH group (61.5 kcal/mol) of the Hdmpz ligand. 
Such large MEP values are observed due to the enhanced acidity of the OH2 and ‒NH protons upon 
coordination to the Mn(II) metal center. This result anticipates that the water molecule is a better H-
bond donor in comparison to the pyrazole ring. The MEP minimum is located at the non-coordinated 
O-atom of the benzoate ligand. The MEP is positive at the H-atoms of the methyl groups (~18.8 
kcal/mol) and negative at the benzoate and pyrazole π-systems (–23.8 kcal/mol and –8.2 kcal/mol 
respectively). However, for compound 2, the MEP maximum is located at the ‒NH group (51.5 
kcal/mol) of the Hdmpz ligand, and the minimum at the O-atom of the crotonate ligand (–53.3 
kcal/mol). The MEP is large and negative at the π-system of the double bond. The MEP value at the 
H-atom of the methyl group is positive (18.9 kcal/mol) and slightly positive at the π-system of the 
pyrazole ligand (6.3 kcal/mol), showing a differentiating feature with respect to compound 1. 

 

Figure 9. MEP surfaces of compounds 1 (a) and 2 (b). Isovalue: 0.001 a.u. Energies are given in 
kcal/mol. 

We have also analyzed two dimeric assemblies of compound 1 as depicted in Figure 10. These 
assemblies are intended to analyze both the H-bonds and π-interactions, which are relevant in the 
solid state (see Figures 3(a) and S1 respectively). To illustrate the interactions in real space, we have 
combined QTAIM and NCI plot analyses. The NCI plot analysis utilized color-coded reduced density 
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gradient (RDG) isosurfaces to reveal the relative strength of the interactions in which, green and blue 
represent weaker and stronger attractive interactions respectively. Figure 10a shows the combined 
QTAIM/NCI plot analysis of the H-bonded dimer retrieved from assembly shown in Figures S1 and 
3(a). It can be observed that the non-coordinated O-atom of the benzoate ring of one monomer 
establishes three H-bonds with the other monomer. Therefore, a total of six H-bonds stabilize each 
dimer. Each H-bond is characterized by a bond critical point (BCP, pink sphere), a bond path (dashed 
bond), and a reduced density gradient (RDG) disk-shape isosurface. It can be observed that the RDG 
colors characterizing the O–H···O, N–H···O and C–H···O interactions are dark blue (strong), light blue 
(moderately strong), and green (weak) respectively. This agrees well with the results obtained via 
MEP surface analysis and confirms that O–H···O H-bonds are stronger than N–H···O H-bonds. The 
contribution of each type of H-bond has also been estimated using the QTAIM data at the BCPs that 
characterize the H-bonds (by means of the potential energy density). It can be observed that the major 
contribution is from O–H···O (–14.2 kcal/mol), followed by N–H···O (–7.5 kcal/mol), and finally C–
H···O (–1.3 kcal/mol). The total contribution of the H-bonds is –23.0 kcal/mol, which is similar to the 
total binding energy (–25.1 kcal/mol). The difference can be mainly attributed to the C–H···π 
(pyrazole) interactions that are disclosed by the QTAIM/NCI plot analysis. The contribution of both 
symmetrically equivalent C–H···π interactions is –2.1 kcal/mol, in line with the small MEP value at 
the pyrazole ring. On the other hand, Figure 10b displays a large and green RDG isosurface situated 
between the π-clouds of the coordinated benzoate rings, indicating the presence of π-stacking 
interactions. This is supported by two BCPs and bond paths interconnecting the carbon atoms of both 
aromatic rings. The binding energy of this assembly is moderately strong (–8.5 kcal/mol). The 
QTAIM/NCI Plot analysis also confirms the existence of two symmetrically equivalent C–H···π 
interactions, characterized by the corresponding BCPs, bond paths, and green RDG isosurfaces. The 
contribution of the C–H···π interactions is –1.8 kcal/mol, thus suggesting that π-stacking interaction 
is dominant in this dimer. 
 

 
Figure 10. QTAIM (bond CPs in red and bond paths as dashed bonds) and QTAIM (RGD = 0.5,  cu-
off = 0.035 a.u., color scale: –0.035 a.u. ≤ (signλ2)*ρ ≤ 0.035 a.u.) of H-bonded (a) and π···π/CH···π (b) 
dimers of compound 1. Only intermolecular interactions are represented. 

For compound 2, the DFT study focuses on the H-bonded dimer retrieved from the 1D infinite 
chain shown in Figure 6(a) as they play a crucial role in the packing of compound 2. The N‒H···O H-
bonds are characterized by BCPs, bond paths, and dark blue RDG isosurfaces, confirming the strong 
nature of the interactions (see Figure 11) 
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Figure 11. QTAIM (bond CPs in red and bond paths as dashed bonds lines) and QTAIM (RGD = 0.5, 
cu-off = 0.035 a.u., color scale: –0.035 a.u. ≤ (signλ2)*ρ ≤ 0.035 a.u.) of the assembly of compound 2. 
Only intermolecular interactions are represented. 

The strong nature of such interactions is also corroborated by the H-bond energy, which is found 
to be –15.1 kcal/mol. As shown in Figure 11, a significant RDG isosurface is observed between the π-
acidic surface of the coordinated pyrazole ring and the π-basic double bond of the crotonate, in good 
agreement with the MEP surface analysis. This is further characterized by a BCP and bond path 
connecting one carbon atom of the double bond to one C-atom of the aromatic ring. The total binding 
energy of this dimer is moderately strong (–16.7 kcal/mol) and dominated by the H-bonds since the 
contribution of the π···π interaction is very modest (–1.6 kcal/mol). 

4. Conclusions 

Two new coordination compounds of Mn(II) and Cu(II) viz. [Mn(bz)2(Hdmpz)2(H2O)] (1) and 
[Cu(crot)2(Hdmpz)2] (2) have been synthesized and characterized using single crystal X-ray 
diffraction technique, FT-IR, electronic spectroscopy, TGA and elemental analyses. Compound 1 is a 
penta-coordinated Mn(II) mononuclear compound; whereas, compound 2 crystallizes as hexa-
coordinated Cu(II) compound of Hdmpz. Crystal structure analysis of compound 1 reveals the 
existence of C‒H⋯π and π-stacking interactions which stabilizes the layered architecture of the 
compound along with the dominant O‒H⋯O, N‒H⋯O and C‒H⋯O H-bonding interactions. The 
presence of aromatic π-stacking (between π ring of pyrazole and π double bond of crotonate), along 
with non-covalent C‒H⋯O and N‒H⋯O hydrogen bonding interactions stabilizes the crystal structure 
of compound 2. Theoretical study has delved into the non-covalent interactions in compounds 1 and 
2, focusing on hydrogen bonds in solid-state structures and π-interactions (π···π and C‒H···π). 
Molecular electrostatic potential (MEP) surfaces show that the coordinated water molecule and ‒NH 
group of Hdmpz are the primary H-bond donors. QTAIM and NCI plot analyses highlighted the 
nature and strength of these interactions. Results confirmed strong O‒H···O and N‒H···O hydrogen 
bonds and much weaker C‒H···O, π···π and C‒H···π interactions.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figures S1–S6, Figure S1: 1D chain of compound 1 involving intermolecular C‒
H⋯π and π-stacking interactions along the crystallographic c axis; Figure S2: 1D supramolecular chain of 
compound 2 assisted by non-covalent C‒H⋯C interactions along the crystallographic b axis; Figure S3: FT-IR 
spectra of compounds 1 and 2; Figure S4: (a) UV-Vis-NIR spectrum of 1, (b) UV-Vis spectrum of 1; Figure S5: (a) 
UV-Vis-NIR spectrum of 2, (b) UV-Vis spectrum of 2; Figure S6: Thermogravimetric curves of the compounds 1 
and 2. 
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