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Synopsis

Three new hybrid nitrates have been successfully prepared. The non-covalent interactions existing in the
crystal structures have been illustrated by the NCI approach. The antibacterial and antifungal activities

have been evaluated.

Highlights:

® A new family of hybrid nitrates has been discovered.

e The X-ray diffraction showed isotype supramolecular crystal structures.

¢ - Crystalline metal oxide phases were the final products of the thermal decomposition.
e The NCI approach elucidated the non-covalent interactions in the real space.

e The in vitro anti-bacterial and anti-fungal potentials were evaluated.



Abstact

Three new hybrid nitrate materials based on transition metals and templated by piperazine,
(C4H12N,)3[M'(H,0)](NO3)s with M™: Mn (1), Cu (2) and Co (3) have been investigated and
crystallographically characterized. The single crystal X-ray diffraction study shows that the three

complexes crystallize in the triclinic system, space group P1. Within the adopted supramolecular

structures, isolated entities [MH(H20)6]2+, NOj3 and (C4H12N2)2+ are held together through an extensive H-
bonded system forming a three-dimensional network. The thermogravimetric analysis and temperature-
dependent X-ray diffraction (TDXD) were used to follow the thermal behavior of the compounds. The
TG analysis shows that, under heating, the precursors decompose into M,03.via two steps: a dehydration
followed by a total decomposition. The nature of the intermediate phases was studied using TDXD
analysis. The orientation and strength of the non-covalent interactions binding the crystal, particularly the
hydrogen bond network, were examined using density-functional theory (DFT) electron density and the
non-covalent interaction (NCI) plot technique. The synthesized compounds were screened for
antibacterial and antifungal activities against five Gram-positive, three Gram-negative bacteria and three

fungi.

Key words: hybrid nitrate, H-bonded system, non-covalent interactions, biologic activity.



Introduction

Recently, the crystal arrangement and the design of solid-state materials have become areas of great
interest [1-5]. During the last few years, several types of non-covalent interactions of varying strengths,
such as coordination bonding [4,5], versatile hydrogen interactions [6-9], n—r stacking [10,11] and
electrostatic interactions [12,13] have been recognized and used in constructing extended supramolecular
architectures. Until now, the most important driving forces within crystal structures are coordination
bonding and hydrogen bonding interactions. Materials having supramolecular architectures, in which
transition metal complexes are linked through anions via hydrogen bonds, have attracted attention over
the last few years due to their fascinating structures and their exciting properties such as their ability to
catalyze specific reactions [14]. In this type of compounds, the anionic groups have shown to play a very
important role in the synthesis of a wide range of compounds. So that, creating structures by the use of
anions has become a well known synthetic strategy. The literature is rich with a large number of hybrids
involving different anionic groups that play a major role in the supramolecular networks especially as
hydrogen bonds donors. We report for example a few number of hybrids containing sulfates [15-19],
selenates [20-22], perchlorates [23-25] etc... Nitrate anion NOs™ has also been used in a large number of
structures due to its ability to form non-covalent interactions such as hydrogen bonds by donating oxygen
atoms via their lone electron pairs [26-29]. A literature search shows that, nitrate anion is present in a
very large number of organometallic compounds as ligand [ML(NO3).]-nH,O [30-32], free anion
[ML](NO3),-nH,0 [33-37], [M(L-H)](NO3),-nH,O [38], or both [ML(NO3),](NO3),-nH,O [39,40] with n
= 0 for anhydrous compounds. The complexes characterized by the presence of nitrate as counterion
showed diverse types of crystal structures with interesting biological, catalytic and magnetic properties
[36,38]. Thus, having supramolecular structures with free entities like nitrates and free organic molecules
is of great interest. We report in the present paper, a new family of compounds whose structures involve
free nitrates, metallic complexes and protonated piperazine molecule with hydrogen bond networks

forming the 3D supramolecular structures.



Experimental
Chemical preparation

All the title compounds were prepared by the slow evaporation method. In the first step, the piperazine
hexahydrate (1 mmol /0.086 g) was dissolved in a minimum amount of distilled water to afford a
colorless solution. Under magnetic stirring, the nitric acid HNO3 (2 mmol / 0.126 g) and the metal nitrates
M"(NO3);nH,0 (1 mmol/0.251 g of Mn(NO3),4H,0, 0.243 g of Cu(NO3),3H,0 and 0.291 g of
Co(NOs3), 6H,0 for compound (1), (2) and (3) respectively) were added. Colorless; blue and pink crystals
were grown in the solutions corresponding to (1), (2) and (3), respectively. Suitable single crystals were
chosen for X-ray diffraction analysis. Anal. Calc. for (1) C: 15.59; N: 21.22;0: 51.97; H: 5.19 (yield: 86
%); for (2) C: 15.44; N: 21.02; O: 51.49; H: 5.14 (yield: 81 %) and for (3) C: 15.52; N: 21.13; O: 51.74;

H: 5.17 (yield: 69 %).

Spectroscopic analysis

The infrared measurements were obtained using a Perkin Elmer FT-IR spectrometer. The samples were
diluted with spectroscopic grade KBrand pressed into a pellet and the scans were run over the range of

500-4000 cm™.
X-ray single crystal diffraction and structure determination

The title materials crystallize in the triclinic system, space group P1. X-ray diffraction data were collected

at low temperature (T=150K) on single crystal using an APEXII Bruker-AXS diffractometer. The
reflection data were acquired using graphite-monochromated Ka(Mo) radiation (A = 0.71073 A). The
peak integration, frame scaling and corrections for Lorentz-polarization were carried out with the
program Bruker SAINT [41]. A multi-scan absorption correction was applied to the intensity values using

SADABS program [42].



The metallic atoms were located using the direct methods with the SIR97 program [43]. The positions of
all the rest non-hydrogen atoms were determined from successive Fourier calculations using SHELXL.-
2014 program [44]. These programs are available in the WinGX interface [45]. All the hydrogen atom
positions of water molecules were located in a difference map and refined with distance restraints O—H
and H—H of 0.85 and 1.38 A, respectively. For the piperazine moiety, all the hydrogen atoms bonded to
the carbon were positioned geometrically where those bonded to the nitrogen atoms were located after
successive Fourier calculations.

The chemical formula obtained after the structural refinement is (C4H12N2)3[MH(HQO)(,](NO3)3 with M™:
Mn (1), Cu (2) and Co (3). Tris(piperazinediium) hexaaquamanganese(II) nitrate, tris(piperazinediium)
hexaaquacopper(Il) nitrate and tris(piperazinediium) hexaaquacobalt(Il) nitrate were the full names

relative to the Mn, Cu and Co compounds.

Thermogravimetric (TG) and temperature-dependent X-ray diffraction (TDXD) analysis

The TG measurements for the three compounds were performed using a Perkin—Elmer Pyris 6 TGA
instrument. The samples of the three compounds were heated from 30 to 500 °C with a heating rate of 5
°C.min"' under air atmosphere.

The temperature-dependent X-ray powder diffraction (TDXD) was carried out with a 6—6 Bruker AXS
D8 Advance powder diffractometer which is equipped with a high-temperature Anton Paar HTK 1200
oven camera and a LynxEye detector. The powder patterns were collected using the Cu (Ka,) radiation (A
= 1.5406 A) selected with a graphite monochromator from ambient to 500 °C with a heating rate of 21.6

°C.h.
The NCI method

The NCI calculations, as a computational technique recently applied to solid state compounds, use

qualitative density functional theory and allow for the location and visualization of the non-covalent



interactions, like hydrogen bonds and weak ionic and Van Der Waals interactions, which occur in regions
characterized by small electron density (p) and reduced density gradient (S) as its first derivative.

The electron densities for the title compounds at their experimental crystal structures were calculated
using density-functional theory (DFT) with the Quantum ESPRESSO program [46]. The calculation
parameters were 80 Ry for the plane-wave expansion cutoff, 800 Ry for the density cutoff, and a 4x4x4 k-
point grid. The Perdew-Burke-Ernzerhof functional [47] was used. For the Co crystal only, we used cold
smearing [48] with a smearing parameter of 0.01 Ry. The calculated self-consistent electron densities

were used with the NCI plot technique [49,50] as implemented in the Critic2 program [51,52].

Biological study

The in vitro biological activity of the title compounds was studied to evaluate their potential as
antibacterial and antifungal agents using the well diffusion method against eight bacteria and three fungi.
The used Gram-positive bacteria are Bacillus subtilis IN934392 (Bs), Bacillus ceureus JN934390 (Bc),
Staphylococcus aureus ATCC6538 (Sa), Listeria monocytogenes ( Lm) and Micrococcus luteus (M), and
the Gram-negative ones are Salamonella enteric serotype Enteritidis ATCC43972 (Se), Escherichia Coli
ATCC25922 (Ec) and Klebsiella pneumonia (Kp). The antifungal test was performed against Fusarium
sp JX391934 (Fsp), Fusarium oxysporum AB586994 (Foxy) and Pythium sp AY598675 (Psp) fungi. In a
typical procedure, wells ' were made on the agar medium after inoculation with microorganism’s cultures
in petri plates containing; respectively, Mueller-Hinton Agar and Potato-Dextrose Agar for antibacterial
and antifungal tests. Each well was filled with 60 xL of the test aqueous solutions at different
concentrations (50, 100 and 150 mg/mL) of each compound. After diffusion for two hours at 4 °C, the
plates were incubated at 37 °C for 24 h and at 30 °C for 72 h respectively for antibacterial and antifungal
tests. In order to prove the activity of the synthesized complexes, aqueous solutions concentrated at 150
mg/mL of the piperazine, manganese nitrate, copper nitrate and cobalt nitrate were tested against the used
bacteria and fungi with the same procedure and at the same conditions. The antimicrobial activity was

estimated by measuring, in millimeters, the diameters of the inhibition zones formed around the wells.



Results and discussion

Spectroscopic analysis

The FTIR spectra analysis shows similar curves for the three compounds. In the present paper, the
infrared spectrum of (1) only is presented (Fig. 1). The most important absorption bands of the all
compounds as well as their assignments are given in Table 1. The broad band around 3400 cm in the
spectrum can be attributed to stretching vibrations of water molecule. The nitrate vibration bands are
observed around 800 cm™ (v2) and 700 cm’ (v4) [53,54] as well as a very intense band located near 1300
cm’ (v3) indicating the presence of free NO3 groups [55]. Concerning the organic molecule, the two
bands situated closed to 3000 and 1580 cm™ can be assigned to the stretching and bending vibration
modes of NH,", respectively [56]. The asymmetric and symmetric stretching vibration modes of methyl
groups are represented by two near bands located around 2800 and 2760 cm™' which can be assigned to
the asymmetric and symmetric vibration modes respectively [57,58]. A number of bands appearing in the
spectral region of low wave number (500-600 cm™) are attributed to the different vibration modes of the

organic ring.
Crystal structures

All the crystal data and structure refinement details are listed in Table 2. Selected bond distances and

angles as well as hydrogen bond geometry are given in tables 3 and 4 respectively. All of the studied

hybrid nitrates crystallize isotypically in the triclinic system, centrosymmetric space group P1. For this

reason, only figures relative to the manganese based compound are shown. Figure 2 represents the
asymmetric unit extended by symmetry while the figures of the asymmetric units relative to the two other
materials are given in SI1 and SI2. Figure 3 and Figure 4 show projections of the crystal structure of (1)
along a and b-axes, respectively. Figure 2, representing the asymmetric unit extended by symmetry
(Symmetry codes :(i): -x+1, -y+1, -z+1; (ii) -x+3, -y, -z+1), shows that the molecular structures of the

complexes consist of the divalent metallic cation surrounded by six water molecules in an octahedral



fashion forming cationic entities [MH(HZO)6]2+, four free nitrate anions NO3™ and isolated piperazine
molecules (C4H1N2)**. The metallic cations M** (Y2, ¥4, 14) occupy a special position coinciding with an
inversion center so that, among the six water molecules forming the metallic octahedron, three water
molecules (OW1, OW2 and OW3) are crystallographically independent. The piperazine molecules, with a
chair conformation, are doubly protonated. The ring centroid of one of them (completed by symmetry)
lies on inversion center while the centroid of the other is placed in a general position. As it can be seen in
figure, N—H:--O and OW—H---O relate the different entities to create an extensive H-bond system being
the origin of the 3D supramolecular structures. The two nitrogen centers in the piperazinediium cations
are protonated. The C—C distances take the values of 1.507 (2) and 1.518(2) A while the C—N
distances are in the range 1.482 (2)-1.497 (2) A. The angles C—C—N and C—N—C are close to the
ideal tetrahedral angle 109 ° (see SI3). Referring to the literature, the values of the different distances and
angles are in good agreement with those reported in numerous previous works containing piperazinediium
cations incorporated in hybrid materials [15,22,59,60]. The angles within the uncoordinated nitrate anions
vary from 116.86 (17) to 122.7 (3) ° (table 3). The N—O distances are between 1.219 (2) and 1.285 (2)
A. These value ranges are in accordance with many studied structures involving free nitrate groups [33-
37]. The environment around the metallic cations can be described as a slightly distorted octahedron:
polyhedra distorsion values have been calculated to be equal to 3 10*,7.2 107 and 2 10 for Mn, Cu and
Co compounds, respectively. These irregular octahedra, situated in the center of the cells (Fig. 3) are
separated by intermetallic distances M"...M" equal to 7.1795 (6), 7.2389 (6) and 7.1379 (4) A for
compounds (1), (2) and (3), respectively according to the crystallographic a-axis.

The deviation from the ideal octahedral geometry is revealed by the range of angles observed around the
metallic center (from 86.97 (5) to 90.17 (6) ° for (1), from 87.15 (5) to 93.81 (5) ° for (2) and 86.84 (7) to
91.74 (7) ° for (3)), while the interaxial angles OW—M"—OW" are equal to 180 ° (table 3). The
Mn—OW and Co—OW bond distances vary in the ranges 2.1382 (14)-2.2206 (13) and 2.0609 (18)-

2.1257 (18) E, respectively. Concerning the Cu based compound, the distorted octahedral arrangement



around the metallic cation produce two equatorial bond distances of 1.9553 (12) and 2.0028 (12) A which
are very close and an axial one measuring 2.3554 (12) A which is considerably longer. Therefore, Cu**
cation displays the so-called [4+42] coordination type which is associated with the well-known Jahn-Teller
effect [16, 20, 61-63] and then the geometry around this metal can be described as square bipyramidal
geometry. The third Figure shows that the metallic octahedra occupy the center of the cell. The piperazine
cations are placed in the center of the faces formed by a and c-axes (position of the centroid: (%2, 0, ¥2))
and on the edges parallel to the crystallographic b-axis. The free nitrate anions are involved in a hydrogen
bond system formed by OW—H---O and N—H---O to generate the three dimensional structures. The
oxygen atoms, which are acting as acceptors, are H-bonded to the oxygenatoms of the six water
molecules surrounding the metallic cations and nitrogen atoms of the piperazine moieties. Indeed, the
OW—H---O created between the aqua molecules and the nitrate groups are considered as weak H-bonds
[64,65] except OW2—O7 for (1) (table 4). Within each structure and together with N—H:--O hydrogen
bonds, these interactions are responsible of the 3D architecture which proves the important role of free
nitrate anions in the supramolecular network. In addition, the nitrate ions are found to be stacked to form
anionic layers parallel to the (0 1 2) plane. These layers alternate, along the crystallographic b-axis, with
the cationic layers formed by the positively charged metallic octahedra and piperazine moieties (Fig. 3).

[2 0 1] is a second direction of the anionic-cationic alternation established between the anionic and

cationic layers parallel to the (1 0 1) plane (Fig. 4). As seen in this figure, the cationic-cationic

alternation between the protonated piperazine and the metallic octahedra is observed along the

crystallographic b-axis.
Thermal analysis
Thermal analysis of (C4H12N>)3:[Mn(H20)s](NO3)s (1)

The TG curve presented in Figure 5 (a) shows a small rise caused by a weight increase of 0.9 % which

indicates that the material incorporated half a water molecule (theoretical weight increase: 0.97 %) due to
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the hygroscopic nature of the compound. The representation of the powder X-ray diffraction patterns
TDXD (Fig. 6) shows that the resulting phase is crystalline.

The decomposition phenomenon begins with dehydration by the departure of 5 water molecules giving
rise to an amorphous monohydrate phase (Fig. 6). The observed weight loss, 9.69 %, agrees closely with
the expected value of 9.75 %. This step occurs within a large temperature range (until 200°C). At the
higher temperatures, the precursor is totally decomposed by losing, simultaneously, the remaining water
molecules, the organic part and the nitrate anions. The two processes are inseparable under these
conditions. The expected weight loss is 91.46 % while the experimentally observed value is 91.05 %.
Along the degradation, the intermediate phase is amorphous to X-rays. In fact, the TDXD plot shows no
X-ray diffraction peaks between 200 and 400 °C. In the end of the decomposition phenomenon of the
manganese based complex, the final product is the manganese oxide Mn,0Os. Based on the TDXD

representation, this phase is crystallized and stable beyond 400 °C.

Thermal analysis of (C4H12N>);[/Cu(H;0)s](NO3)s(2)

The copper based complex decomposes in two steps (Fig. 5 (b)). The first step corresponds to the
dehydration. In fact, from 80 up to.around 180 °C, five water molecules are eliminated from the crystal
structure giving rise to a monohydrated phase. Through this step, there is formation of crystallized phases
as shown in the TDXD representation (Fig. 7).

The dehydration occurs with a weight loss of 9.53 % very close to the calculated value of 9.65 %. The
next step is attributed to the total decomposition of the resulting phase. The total expected weight loss of
89.35 % agrees well with the observed value of 90.38 %. The decomposition finished by the formation of
the copper oxide Cu,0s crystallized between 200 and 450 °C as it is clearly seen in the three-dimensional
X-ray diffraction pattern. This oxide is not stable and turns into a more stable crystalline phase which is
the copper oxide CuO. This transformation is proved by the apparition of new diffraction peak at around

450 °C (20 =43°) (Fig. 7).
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Thermal analysis of (C4H;2N2)3[Co(H20)s](NO3)s (3)

Referring to the TG curve presented in Figure 5 (c), the initial behavior of compound (3) is slightly
different compared to those observed for (1) and (2). Indeed, the precursor starts with a total dehydration
phenomenon by evaporation of all the six water molecules present within the unit cell around the metallic
cation (observed mass loss 11.91 %, calculated mass loss 11.7 %). This phenomenon takes place until
around 180 °C and gives rise to the anhydrous phase (C4H;2N2)3Co(NOs3)s which totally decomposes, in a
next step, to end with the cobalt oxide Co,0O3. The observed mass loss during this decomposition is 90.87
% while the theoretical one is 91.05 %.

It is interesting to note that the thermal decomposition phenomenon of the nitrate anion and formation of
the metal oxide may be initiated through breaking of the N—O bond in M—O-NO, followed by departure

of gaseous NO..

NCI analysis

NCI calculations were carried out on the title compounds because they have nearly identical compositions
and connectivity architecture only differing by the nature of the metallic cation. The purpose is the direct
observation of ionic attractions and repulsions, hydrogen bonding and van der Waals attractions in these
compounds to determine the main forces that govern their formation. Figure 8 shows the NCI domains
around the metal complex in the Mn crystal. The plots for the other compounds are very similar, and are
not shown for simplicity. The most important feature in these plots is the extended three-dimensional
hydrogen bond network formed between the aqua ligands and the adjacent nitrate molecules. These
hydrogen bonds are revealed in the NCI plot as round dotted domains. To further examine the non-
covalent interactions as a whole, plots of the reduced density gradient (RDG) against the electron density
multiplied by the second eigenvalue of the density Hessian are used. In previous works, it has been found
that the separation between the attractive and repulsive interactions depend on the sign of the second

eigenvalue, A, of the electron-density Hessian where the positive (A, > 0) and negative (A, < 0) signs
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correspond to the repulsive and attractive regions, respectively [49]. Figure 9 represents the NCI analysis
of the low and moderate density attractions relative to the three compounds based on Mn (a), Cu (b) and
Co (c) respectively. The peaks at low RDG in the negative x-axis (A, < 0) correspond to intermolecular
attractive contacts, and can be grouped, as indicated in the plots, in three categories: N—H---O and
OW—H---O hydrogen bonds, weak directional interactions between piperazine and water ligands and
weak non-specific interactions (van der Waals). Clearly, the hydrogen bonds sustain the three-
dimensional structure of the crystal. Interestingly, the strength of the hydrogen bonds; which can be
estimated by the electron density of the peaks, differs only slightly depending on the metal atoms as
shown in Figure 9. Despite to isotype structures, this may be due to the variation of the atomic radius

values of the metallic cations in their six fold coordination state [66].

Biological study

The antibacterial and antifungal tests were performed against five Gram-positive, three Gram-negative
bacteria and three fungi at different concentrations of the three synthesized compounds. In preliminary
screening, it has been found that the inhibition zones become larger when the concentrations of the
compounds increase. This relation s generally observed in this type of tests [67,68]. Probably, this is due
to the effect of the metal ions. For this reason, the results founded for the concentration of 150 mg/mL
were used to discuss the biological activity of the three hybrid materials. The three present compounds
were effective against the tested bacteria with variable ranges of diameters of inhibitory zones (Fig. 10).
The cobalt based complex showed the highest activity. In fact, it presented very large inhibitory zones
with different diameters varying from 30 to 43 mm. Referring to the literature, the organometallic
complexes based on Co are founded to be very effective against bacteria [68,69]. This can be due to the
high toxicity of the divalent cobalt metal against these species. The Mn based compound presented
moderate activity against three Gram-positive and only one Gram-negative bacteria. This can be due to
the differences in cell wall structure of the bacteria which can produce differences in antibacterial

susceptibility. In fact, Gram-positive bacteria possess a thick cell wall containing many active layers but
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in contrast, Gram negative bacteria have a relatively thin cell wall consisting of a few active layers [70].
Concerning the antifungal activity, it was observed that the Mn based compound had no activity against
the tested fungi while the two others were effective. The Co (II) complex is found to be more fungi toxic
than the Cu (II) based one with diameters of the inhibition zones ranging from 15 to 22 mm and from 20
to 30 mm respectively for compound (2) and (3). Based on these results, the antimicrobial activity of the
investigated hybrid compounds follows the order: Co (II) > Cu (II) > Mn (II).

The separated fragments which are the piperazine and all metal nitrates were tested towards the same
bacteria and fungi. All the results are regrouped in table 5. In fact, the tested standards exhibit very lower
antibacterial activity as compared to the corresponding hybrid materials. The piperazine is found to be
ineffective against the majority of the used bacteria. The manganese nitrate is the less active compound
where the cobalt nitrate presents the highest antibacterial activity. Thus, the same order observed for the
hybrid materials is followed by the metal nitrates. Concerning the antifungal activity, all the same tested
standards are ineffective against the used fungi. The obtained results evidently show that the activity of
the separated components becomes more pronounced when they are regrouped together in a whole
complex. Thus, the structure and the assembly manner of these groups seem to be a major factor

influencing the biological activity.

Conclusion

In summary, a new family of hybrid nitrate compounds has been prepared. Three new compounds based
on Mn (II), Cu (II) and Co (II) metals and containing in their structures free nitrate ions and protonated
piperazine cations have been successfully synthesized and characterized. The X-ray diffraction analysis
showed that the materials are isotypically crystallized with a similar arrangement of different cationic and
anionic entities in the space directions. A 3D hydrogen bonded system constructed by cationic
(piperazine—H2)2+ and [M"(H,0)s]*" entities as donors and nitrate anions as acceptors has been
established. The thermogravimetric analysis of the three complexes showed that their degradation
proceeds in two steps: a dehydration followed by a total decomposition leading to the formation of the
metal oxides M,0s3. The degradation steps and their associated temperatures were comparative from one

complex to another due to the close geometry as well as the similar covalent and non-covalent bonds
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existing within each one. The non-covalent interaction (NCI) plots using the calculated electron densities
from density-functional calculations at the experimental crystal geometries were used to characterize the
interactions in the crystal. The three-dimensional network is supported by hydrogen bonds between the
metal complex and the nitrate anions. These hydrogen bonds show very slight differences depending on
the metal center. Biologically, the three synthesized hybrid compounds were active against the tested

bacteria and fungi with a highest potential showed by the cobalt based compound.

Supplementary data

CCDC Numbers: 1447621, 1433261 and 1433259 contain the supplementary erystallographic data
respectively for Mn, Cu and Co compounds. These data can be obtained free of charge from the
Cambridge Crystallographic data centre, 12 Union Road, Cambridge CB2 1EZ, UK. E-mail:

deposit@ccdc.cam.uc.uk.
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Tables

Table 1: Characteristic IR absorption bands (cm'l) of (1), (2) and (3)

Band assignment

Compound (1) Compound (2) Compound (3)

v(O-H)
v(NH,)
Vasy(CHy)
Vey(CHy)
3(NHy)
v2(NO»)
v3(NO;)
v4(NO;)

organic ring

3355
3026
2833
2768
1587

806

1323

700
1100-850

3344
3029
2835
2773
1587

812

1324

714
1100-850

3367
3084
2884
2790
1594

815

1316

707
1100-850
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Table 2: Crystal data and structure refinement details of (1), (2) and (3)

Formula weight (g /mol)
Crystal system

Space group

a(A)

b (A)

c(A)

()

B

Y

Volume (A3 )

Z

Color/Shape

% (Ky(Mo)) (A)

Hosp (m")

Absorption correction
Min. and max. transmission
Number of parameters
Independent reflections
Reflections with I>26(1)
0 range (*)

Index ranges

Rint

R,

wR,

Ap min / max

(C4H12N2)3[Mn(H0)6](NO;)s (1)

923.58
triclinic

P1

7.1795 (6)
11.4409 (10)
12.3393 (12)
65.286 (5)
89.186 (5)
84.975 (5)
916.89 (15)

1

Colorless / block
0.71073
0.484
Multi-scan
0.816, 0.948
283

6724

5033
2.85-30.56
-10<h<10
-17<k<17
-18<1<18
0.0365
0.0705
0.1551
-0.480/1.277

(C4Hi2N2)3[Cu(H20)6](NO3)s (2)

932.18
triclinic

P1

7.2389 (6)
11.3029 (9)
12.1480 (11)
66.600 (4)
88.975 (4)
85.344 (4)
909.09 (14)
1

Blue / block
0.71073
0.726
Multi-scan
0.797,0.910
295

4092

3650
2.82-27.18
-9<h<9
-14<k<14
-14<1<15
0.0354
0.0368
0.1050
-0.317/0.324

(C4Hi2N2)3[Co(H20)6](NO3)s (3)

927.57
triclinic
P1
7.1379 (4)
11.3792 (7)
12.2666 (7)
65.600 (2)
89.136 (2)
84.853 (2)
903.42 (9)

1
Pink / block
0.71073
0.601
Multi-scan
0.821, 0.908
295
4033
3543
3.194-27.484
-9<h<9
-14<k<14
-15<1<15
0.0310
0.0525
0.1531
-0.364 /0.906

21



Table 3: Selected bond distances (A) and angles (°) within the metallic octahedra and the nitrate anions
for compounds (1), (2) and (3)

Compound (1) Compound (2) Compound (3)
Metallic octahedron

M—OWI 22206 (13) 2.3554 (12) 2.1257 (18)
M—OW2 2.1382 (14) 1.9553 (12) 2.0609 (18)
M—OW3 2.1968 (13) 2.0028 (12) 2.0930 (17)
OW1—M—OW2 90.17 (6) 93.81 (5) 91.74 (7)
OW1—M—OW3 86.99 (6) 87.15 (5) 86.84 (7)
OW2—M—OW3 87.97 (5) 92.92 (7) 88.37 (7)
OW1—M—OWI' 180.0 180.0 180.0
OW2—M—OW?2' 180.0 180.00 (7) 180.0
OW3—M—OW3' 180.00 (6) 180.00 (7) 180.0
Nitrate groups

N1—Ol1 1.2556 (19) 1.2572 (18) 1.255 (3)
N1—02 1.2522 (19) 1.2568 (18) 1.252 (3)
N1—O03 1.2518 (18) 1.2428 (18) 1.246 (3)
N2—04 1.2296 (19) 1.2335 (18) 1.218 (3)
N2—O05 1.2709 (19) 1.2567 (19) 1.264 (3)
N2—O06 1.2565 (19) 1.2621 (18) 1.250 (3)
N3—O07 1.285(2) 1.2777 (18) 1.277 (3)
N3—O08 1.219 (2) 1.2428 (18) 1.229 (3)
N3—09 1.238 (2) 1.234 (2) 1.229 (3)
N4—O010 1.2738 (18) 1.2715 (18) 1.268 (3)
N4—Ol11 1.2585 (19) 1.2623 (18) 1.257 (3)
N4—O12 1.2381 (17) 1.2316 (17) 1.235(3)
O1—N1—02 118.68 (13) 118.43 (13) 118.26 (19)
O1—N1—-03 119.53 (15) 120.09 (14) 119.9 (2)
02—N1—03 121.78 (16) 121.48 (14) 121.8 (2)
04—N2—05 121.12 (16) 121.78(15) 121.2 (2)
04—N2—06 121.47 (16) 120.57 (15) 1214 (2)
05—N2—06 117.40 (14) 117.65 (14) 1174 (2)
O7—N3—08 119.90 (19) 119.56 (15) 119.7 (2)
0O7—N3—09 116.86 (17) 118.62 (14) 117.6 (2)
08—N3—09 1232 (2) 121.80 (15) 122.7 (3)
010—N4—O011 118.40 (13) 118.07 (13) 118.38 (18)
010—N4—O012 12047 (14) 120.98 (14) 120.7 (2)
011—N4—O012 12143 (14) 120.95 (14) 120.94 (19)

Symmetry code: (i): -x+1, -y+1, -z+1




Table 4: Hydrogen bond geometry (A, ©)

D..A D-H..A

(C4H1oNL)3[Mn(H,0)6](NO3)s (1)

OW1_HW1A...03% 2.886 (2) 170 (3)
OWI1—HWIB---05 2.7345 (19) 175 3)
OW2—HW2A.--05" 2.8752 (19) 167 (3)
OW2—HW2B---07 2.691 (2) 165 (3)
OW3—HW3A.--010 2.7667 (19) 175 (3)
OW3—HW3B---07" 2792 (2) 165 (3)
N5—HNS5A---011 2.843 (2) 160 (2)
N5—HN5B---02" 2.927 (2) 161 (2)
N6—HN6A:--010" 2.8326 (19) 159 (2)
N6—HN6B---01"! 2.8319 (19) 156 (2)
N7—HN7A.--08"i 2785 (2) 137 (2)
N7—HN7B---06 2.866 (2) 158 (2)

(C4HpN5)3[Cu(H,0)6](NO3)s (2)

OWI1—HW1A..-03' 2.9205 (18) 164 (3)
OWI—HWI1B---05 2.7375 (18) 175 (3)
OW2—HW2A.--06" 2.7800 (17) 157 (3)
OW2—HW2B---07 2.7090 (18) 173.(3)
OW3—HW3A.--010 2.7728 (18) 178 3)
OW3—HW3B---07" 2.8244 (17) 172 (3)
N5—HNS5A---011 2.8109 (19) 157.2 (18)
N5—HNSB---02" 2911 (2) 160 (2)
N6—HNG6A:--010" 2.8569 (19) 157.0 (18)
N6—HNG6B---01" 2.8160 (18) 155.4 (18)
N7—HN7A.--08"F 2.8373:(19) 146.9 (19)
N7—HN7B---06 2.842 (2) 170 (2)

(C4H15N5)3[Co(H,0)6](NO3)s (3)

OWI1—HW1A.--03'i 2.897 (3) 165 (4)
OWI—HWIB---05 2.727 3) 170 (4)
OW2—HW2A-:-05" 2.936 (3) 166 (4)
OW2—HW2B---07 2.691 (3) 178 (4)
OW3—HW3A..-010 2.770 (2) 173 (4)
OW3—HW3B:--07" 2.791 (3) 169 (4)
N5—HN5A:+-011 2.827 (3) 156 (3)
N5—HNS5B---02" 2915 (3) 162 (3)
N6—HN6A:--010" 2.831 (3) 158 (3)
N6—HN6B---01™ 2.820 (3) 159 (3)
N7—HN7A.--08"" 2.793 (3) 142 (3)
N7—HN7B---06 2.859 (3) 157 (3)

Symmetry codes: (iii) x—1, y, z; (iv) —=x+2, —=y+1, —z+1; (v) —x+2, -y,
—z+1; (vi) =x+2, —=y+1, —z; (vii) x, y, z—1; (viil) x+1, y, z; (iX) X, y, z—1




Table 5 : Diameters of inhibitory zones, measured in mm for aqueous solutions of the
piperazine, manganese nitrate, copper nitrate and cobalt nitrate at the concentration of 150
mg/ml

Piperazine Mn Cu Co
Bs --- 9 17 28
Bce --- 7 15 ---
Sa --- 6 19 21
Lm --- --- 16 19
Ml --- --- 20 25
Se --- 4 14 -
Ec 10 3 --- 21
Kp 8 7 20 31
Fsp -- - - -
Foxy  --- --- - -

Psp --- --- --- ---




Figure captions

Figure 1: FTIR spectrum of (C4H;2N2)3[Mn(H,0)6](NO3)s (1)

Figure 2: Asymmetric unit of (C4H;2N»);[Mn(H20)6](NO3)s (1) extended by symmetry to
complete (C4H12N2)2+ and [Mn(H20)6]2+ entities. The thermal ellipsoids are plotted at the
50% probability level. H bonds are represented by dashed lines. (Symmetry codes: (i): -x+1, -
y+1, -z+1; (ii) -x+43, -y, -z+1)

Figure 3: A projection of the structure of (C4H;2N2)3[Mn(H20)6](NO3)s (1) along the
crystallographic a-axis. Hydrogen bonds are represented in dashed lines: Hydrogen atoms are
omitted for clarity

Figure 4: A view of 3D packing in (C4H;2N»);[Mn(H,0)6](NO3)s (1) down the
crystallographic b-axis showing the cationic-cationic alternation. All hydrogen atoms and
bonds are omitted for the clarity of the figure

Figure 5: The TG curve representations of the thermal decomposition of
(C4H12N2)3[Mn(H20)6](NO3)s (1) (a), (CaH12N2)3[Cu(H20)6](NO3)s (2) (b) and
(C4H12N2)3[Co(H20)6](NO3)s (3) (€)

Fig. 6: TDXD plot for the thermal decomposition of (C4H;2N2)3[Mn(H20)s](NO3)s (1)
Figure 7: TDXD plot for the thermal decomposition of (C4H;2N2)3[Cu(H20)6](NO3)s (2)
Figure 8: The NCI domains around the metal octahedron in the Mn crystal

Figure 9: NCI analysis showing the low and moderate density attractions in the compounds
(C4H,1oN2)3[Mn(H20)6](NO3)s (1) (), (C4H12N2)3[Cu(H20)6](NO3)s (2) (b) and
(C4H12N2)3[Co(H20)6](NO3)s (3) (c)

Figure 10: Diameters of inhibitory zones, measured in mm at the concentration of 150
mg/ml, for (C4H12N2)3[Mn(H>0)6](NO3)s (1) (C4Hi2N2)3[Cu(H20)6](NO3)s (2) and

(C4H12N2)3[Co(H20)6](NO3)s (3)
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