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Abstract

This paper presents the synthesis of two cluster compounds {(NH,),[Co(H,0)¢],Vy,0,5-4H,0 (C1) and
(NH,),[Ni(H,0)41,V¢0,5-4H,0 (C2)} which were obtained as single crystals suitable for XRD analysis that revealed
their crystallization in the monoclinic (C2/c) and triclinic (P-1) space groups, respectively. Additionally, C1 and C2 were
characterized using CHN analysis and FT-IR spectroscopy and their thermal decomposition mechanisms were investigated.
The antibacterial activities of both compounds were determined against three human pathogenic bacterial strains { Bacillus
cereus ATCC 33,018, Escherichia coli O157:H7 and Pseudomonas aeruginosa ATCC 9027} and one phytopathogenic bacte-
rial strain {Ralstonia solanacearum}, while drug standards {chloramphenicol and streptomycin} were used as control. The
inhibitory activity and the minimum inhibitory concentration (MIC) values of the tested compounds clearly indicated higher
antibacterial activities of the nickel compound against B. cereus ATCC 33,018, E. coli O157 and R. solanacearum with MIC
values of 3.150, 3.150 and 6.300 mg/ml, respectively. On the other hand, (NH,),[Co(H,0)4],V 70,5-4H,0 exhibited higher
antibacterial activity against P. aeruginosa ATCC 9027 (MIC value of 6.300 mg/ml) in comparison to the nickel analog. In
general, the measured activities are lower than that obtained for the standards except for the higher activity given by C2 in
comparison to streptomycin against the R. solanacearum strain.
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Introduction

Polyoxometalates (POMs) are 3D negatively charged spe-
cies of an accumulation of oxide clusters with a variety of
transition metals, e.g. vanadium, molybdenum and tung-
sten [1]. These compounds are diversely applicable in
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electrochemistry [2], catalysis [3, 4], magnetochemistry
[5], photochemistry [6] and medicine [7]. Pure inorganic
POMs can show synergistic or direct antibacterial activity:
Generally most of the inorganic POMs exhibit insignificant
antibacterial activity at pharmacologically acceptable con-
centrations and the activities are enhanced in synergy with
conventional antibiotics [8]. Nevertheless, twenty pure inor-
ganic POMs were tested as direct antibacterial agents against
six strains of Streptococcus pneumoniae and the polyoxo-
vanadates (POVs) displayed high antibacterial activities
whereas the other POMs that contained molybdenum and
tungsten gave insignificant activities [9].

The polyoxovanadates (POVs), as a subclass of POMs,
are divided into families of V(III), V(IV), V(V), VIV)/
V(I) and V(V)/V(V) species and the family of V(V) clus-
ters includes [V,0,]7* [10], [V;00]73 [11], [V,0,,]7* [12],
[V50,1417 [131, [V (0551 ° [141, [V 1,05,] ™ [15], [V 30317
[16], [V,504,17° [17] and [V 404,17 [18] species. The
superb behavior of POVs is attributed to their structural
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diversity that permits numerous utilizations in medicine,
biological processes, topology, geochemistry and energy-
related applications [19-21].

The roles of vanadium-based compounds in biology are
varied spanning from amending the activity of phosphatases
[22], ATPase [23] and myosin [24] to inhibiting phospho-
fructokinase, hexokinase, adenylate kinase and tyrosine
kinase [25-27]. This is in addition to the involvement of
vanadium compounds as inorganic cofactors in alternative
nitrogenases and haloperoxidases, and their relevance in
the development of anticancer agents and insulin-mimetic
agents [28-31]. The antibacterial activities of decavana-
dates, condensed {VO6} octahedra sharing vertices and
edges [14], were reported against e.g. E. coli, K. pneumonia,
S. marcescens, S. plymuthica and P. aeruginosa [32], and
their activities were mostly attributed to the production of
high amounts of reactive oxygen species [33].

On the other hand, cobalt and nickel are elements of
superlative significance involved in biology. Cobalt is
regarded as an essential element [34] and the applicability of
several cobalt complexes is presumably due to their aqueous
stability, availability and ease of synthesis [35] in addition to
their in vivo insulin-like [36], anti-fungal and anti-oxidant
[37] properties. Nickel is biologically involved in several
enzymes, e.g2. Ni-Fe hydrogenase, urease, acetyl-CoA decar-
bonylase/synthase, CO dehydrogenase, various superoxide
dismutases, methyl coenzyme M reductase, methylenediu-
rease, some glyoxylases and aci-reductonedioxygenase
[38—40]. Various cobalt and nickel complexes have displayed
activities against Gram-positive and Gram-negative bacteria,
e.g. a cobalt complex of the anti-ulcer drug "famotidine"
possessed antibacterial activities against M. lysodeikticus
and E. coli higher than that of the free drug [41-46] and
two complexes of nickel with amidodithiophosphonates
showed good anti-proliferative activities against S. aureus
and S. haemolyticus strains [47]. The combination of Co(II)
or Ni(Il) with V(V) systems is quite rare in biology and bio-
medical applications. Nevertheless, a recent study reported
enhanced anti-bacterial activities for cobalt-vanadium oxides
{Co5(VO,), and CoV,04} in comparison to V,05 [48] and
another study confirmed that a synergistic reaction between
Ni(II) and V(V) system resulted in impairing the microbial
growth and survival [49].

This paper presents the synthesis and sin-
gle-crystal structures of two cluster compounds,
(NH,),[Co(H,0)4]1,V00,4-4H,0 (C1) and
(NH,),[Ni(H,0)¢1,V(0,5-4H,0 (C2), which in addi-
tion were studied by FT-IR spectroscopy and by thermal
analysis (a group of techniques in which a property of the
sample is monitored against time or temperature, and the
temperature of the sample is programmed in a specific
atmosphere). Taking into consideration the importance of
introducing inorganic antibacterial agents in alternative
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to organic bactericides that usually suffer from a short life
span and cause environmental pollution, we here assessed
the antibacterial activities of C1 and C2 against three human
pathogenic bacterial strains (B. cereus ATCC 33,018, E.
coli O157:H7 and P. aeruginosa ATCC 9027) and one phy-
topathogenic bacterial strain (R. solanacearum), in compari-
son to reference drugs.

Materials and Methods
Physical Measurements

The starting chemicals, ammonium metavanadate, ammo-
nium tartarate, cobalt chloride hexahydrate and nickel chlo-
ride hexahydrate, are analytical grade Alfa Aesar and Merck
products and were used as received. For the synthesized
compounds, the hydrogen and nitrogen contents were meas-
ured on Elementar Analysensysteme GmbH—vario EL III
Element Analyzer and the infrared spectral data as KBr pel-
lets were determined on a Nicolet iS10 spectrophotometer.
The cluster compounds were studied by thermogravimet-
ric (TG) analyses up to 500 °C in the air under the heating
rate of 10 degrees/min on a Shimadzu DTG 60-H thermal
analyzer. Selected crystals of compounds C1 and C2 were
mounted on loops with protective oil and the X-ray data
were collected on a Bruker APEX II diffractometer using
graphite monochromated MoKa radiation (A=0.71073 10\)
at 150(2) K operating in a ¢ and ® scans mode. The X-ray
generator was operated at 50 kV and 30 mA and the data
were monitored by the APEX [50] program. All data were
corrected for Lorentzian, polarization and absorption effects
using SAINT and SADABS [51] programs. SHELXT 2014
[52] and SHELXL 2014 [52] were respectively used for
structure solution and for full matrix least-squares refine-
ment on F2. These two programs are included in the
WINGX-v2014.1 [53] program package. Non-hydrogen
atoms were refined with anisotropic thermal parameters. The
H-atoms of the water molecules and NH, ions were located
from the electron density map and allowed to refine freely.
Molecular graphics, polyhedral representation of anion and
packing diagrams, were drawn using Mercury 2020 [54].
Symmetry transformations {(-x+1/2,-y+3/2,-z4+ 1) and
(-x+1,-y,-z+2)} were used to generate the equivalent atoms
of the (V,40,4)®~ anion in C1 and C2, respectively. In (C1),
a water molecule (O1S) was disordered over two positions
with 0.5 occupancy factor.

Synthesis of the Clusters
For the synthesis of (NH,),[Co(H,0)4],V¢0,5:4H,0 (C1)

and (NH,),[Ni(H,0)¢1,V00,5:4H,0 (C2), a mixture of
ammonium metavanadate NH,VO; (5.85 g, 50 mmol),
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ammonium tartrate (4.60 g, 25 mmol) and water (200 ml)
was boiled under vigorous stirring until complete dissolu-
tion of the reagents. To this solution, the appropriate hexa-
hydrated metal chloride (25 mmol; 5.94-5.95 g) was added
with stirring. After stirring for 1 h at room temperature, any
solids were removed by filtration. The products were recov-
ered as single crystals by filtration from the reaction solu-
tions after keeping them undisturbed at room temperature for
a week. The crystals were washed with water and ethanol
and dried in the air.

C1: Yield (478 mg, 6.8% based on vanadium). Anal.
Calcd. (Found) % for Co,VyH,(N,0,, (MW =1399.58 g/
mol)=H, 2.88 (3.01)% and N, 2.00 (2.13)%. FT-IR (KBr
disk, cm™1): 3373 (br), 3191 (s), 1619 (s), 1420 (s), 961 (s),
822 (m), 741(m), 579 and 519 (m).

C2: Yield (1.43 g, 20.4% based on vanadium). Anal.
Calcd. (Found) % for Ni,V,,H,N,0,, (MW =1399.10 g/
mol)=H, 2.88 (3.05)% and N, 2.00 (2.14)%. FT-IR (KBr
disk, cm™1): 3396 (br), 3171 (s), 1623 (s), 1418 (s), 947 (s),
823 (m), 740 (m), 579 (m) and 519 (m).

Antibacterial Activity

The antibacterial activity of the two cluster compounds
was determined against three human pathogenic bacterial
strains (B. cereus ATCC 33,018, E. coli O157:H7 and P.
aeruginosa ATCC 9027) obtained from the American type
culture collection and one locally isolated phytopathogenic
bacterial strain (R. solanacearum). The inhibitory activity
and the antibacterial agent lowest concentration that allows
visible growth inhibition of the bacterial strains (minimum
inhibitory concentrations, MIC) were determined by apply-
ing the broth dilution method [55]. In this method, bacterial
strains are tested for their ability to generate visible growth
in broth containing dilutions of the antimicrobial agent as
follows: Twenty-four hours broth culture of each bacterial
pathogen was performed by inoculation of a single colony
into an Erlenmeyer flask containing 100 ml of trypticase soy
broth and by incubation at 37 °C for B. cereus, E. coli and P.
aeruginosa and at 30 °C for R. solanacearum. In the solidi-
fied Mueller—Hinton agar medium (Beef infusion: 300.0 g,
Casein acid hydrolysate: 17.5 g, Starch: 1.5 g, Agar: 17.0 g,
and 1000 ml of water) that permits good growth of most
nonfastidious pathogens and is also low in antagonists, four
wells of 8 mm diameter each were made using a sterilized
cork borer and one hundred microliters from each culture
were spread on the surface of the solidified agar medium.
Five concentrations of each antibacterial agent were pre-
pared in water and fifty microliters of each solution were
added to each well, while chloramphenicol (for B. cereus,
E. coli and P. aeruginosa) and streptomycin (for R. solan-
acearum) were added to the control plates. The antibacte-
rial agents diffused into the agar medium and allowed for

bacterial inhibition. The tests were performed in triplicate
and the inhibition zone diameters (expressed in mm) were
assessed after 48 h.

Results and Discussion
Chemistry

The polyoxovanadate based compounds,
(NH,),[Co(H,0)¢1,V(0,54H,0 (C1) and
(NH,),[Ni(H,0)4],V 70,524H,0 (C2), were isolated from
reaction mixtures containing the desired hydrated metal
chloride {CoCl,.6H,0/NiCl,.6H,0}, ammonium metava-
nadate and ammonium tartrate. All reagents were mixed in
water at boiling temperature, before cooling the solutions
to room temperature and allowing them to stand undis-
turbed for seven days. After this time, the clusters C1 and
C2 were isolated as single crystals which exhibited air and
light stability for months. In the reactions, every ten ions of
VO; polymerized to produce the cluster anion VIOOSS_ that
attracted ammonium counter ions and hydrated cobalt and
nickel ions for the assembly of the products. Indeed, the
ammonium tartrate was added seeking the isolation of inor-
ganic—organic clusters similar to others described in the lit-
erature [56]. However, the CHN analyses of the compounds
indicated the absence of carbon revealing the absence of the
tartrate anion in the products.

For the determination of the crystal structure of the prod-
ucts, single crystals of C1 (0.140x0.100x0.040 mm) and
C2 (0.300x%0.250% 0.150 mm) were analyzed by XRD dif-
fraction studies (Table 1). The compound C1 crystallized in
monoclinic C2/c space group and the compound C2 crystal-
lized in triclinic P-1 space group.

The asymmetric units contain one (NH,), two
H,O0, half (V,;0,¢) and one [Co(H,0)¢] for C1 or one
[Ni(H,0)4] for C2. Figure 1 shows the asymmetric units
of the solved structures extended by inversion centre {(C1)
(-x+1/2,-y+3/2,-z+1) and (C2)(-x + 1,-y,-z+2)} to obtain
the cluster anion Vloogg. Figure 2 displays the projection
of the crystal packing, viewed along the [001] direction for
compounds C1 and C2, showing the arrangement of VIOOSS‘
anionic units isolated from each other by the cations {NH,
and Co(H,0O), or Ni(H,0)} and H,0 molecules.

Selected bond distances for the structures of compounds
C1 and C2 are listed in Table 2, while Table 3 includes
selected angles for each structure. In compounds C1 and C2,
the Co(II) and Ni(II) cations are six-coordinate with water
oxygen atoms (0O15-020 in compound C1 and O16-021 in
compound C2). The Co(II) ion in C1 lies in the center of a
slightly distorted octahedron with trans O—Co—O angles
in the range 174.59(8)-176.59(8)° and Co—O distances in
the range 2.077(2) A—2.103(2) A (average =2.0875 A).

@ Springer
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Table 1 Crystal and structure refinement data for compounds C1 and

C2

Cluster compound

C1

C2

Empirical formula

Formula weight

Co,Hy0N;044V 19
1399.58

NiyHyoN>044V 19
1399.10

Crystal system Monoclinic triclinic
Space group C2/c P-1
a(A) 17.0630(3) 8.7569(2)
b (A) 13.9596(2) 10.8882(2)
¢ (A) 16.9967(3) 11.0741(3)
a(°) 90 65.2877(8)
B 115.0090(10) 73.4048(9)
y(©) 90 71.3735(9)
Volume (A%) 3668.91(11) 894.64(4)
Z 8 1
Calculated density (g/cm?) 2.534 2.597
p (mm™h) 3.436 3.648
F(000) 2760 692
0 range for data collection (°) 2.918 to 26.368 2.749 t0 26.372
Reflections collected 29,882 8704
Unique refl. collected (R;,,) 3743(0.0502) 3631(0.0380)
Completeness to theta 99.8% 99.8%

Absorption correction

Semi-empirical
from equiva-

Semi-empirical
from equiva-

lents lents
Max. and min. transmission ~ 0.875 and 0.645  0.611 and 0.407
GOF on F 1.053 1.062
R, [I>20()] 0.0216 0.0251
wR2 (all data) 0.0614 0.0661
Largest diff. peak, hole/e A3 0.584and —0.602 0.416 and —0.457
CCDC number 2,095,582 2,095,581

The corresponding angles and bond distances in compound
C2 are in the ranges 172.84(9)-176.55(9)° and 2.040(3)
A—2.074(2) A (average =2.052 10\). In the decavanadate
anions, the shortest V—V contacts are 3.04 and 3.052 Ain
compounds C1 and C2, respectively. All V atoms are six-
coordinate with the V—O bond distances varying according
to the respective bond order. In the cluster anion {V100gg_ 1
four of the oxygen atoms are terminal (denoted as O1, O6,
09 and O11 in compound C1 and as O5, O7, O11 and O14
in compound C2), seven are p,-bridged (denoted as 02, O3,
04, 05, 08, 010 and O14 in compound C1 and as O1, O2,
03, 04, 08, 012 and O15 in compound C2), two are pi5-
bridged (denoted as O7 and O12 in compound C1 and as O9
and O10 in compound C2) and one is pg-bridged (denoted
as O13 in compound C1 and as O6 in compound C2). In
compound C1, the terminal V=0 bond distances are in the
range 1.604(2) A (V3—09) to 1.628(2) A (V2—O6)A, the
K,(O)—V distances in the range 1.673(2) A (014—V5) to
2.097(1) A (014'—V3), the n;3(0O)—V distances in the range
1.931(2) A (O7—V5) to0 2.029(1) A (0121 —V2) and the
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pe(O)—V distances in the range 2.116(1) A (013—V5) to
2.308(1) A (013i—V1). In its turn, the nickel compound C2
exhibits the following ranges of distances for the different
types of V—O bonds: terminal V=0, 1.599(2) A (V1—-05)
t0 1.610(2) A (V2—O7); p,(0O)—V, 1.683(2) A (015'—V4)
to 2.065(2) A (015—V5); p;(0)—V, 1.904(2) A (010'—
V4) 10 2.003(2) A (010—V2); He(0)—V, 2.109(2) A (06—
V4) 10 2.347(2) A (06—V1).

In both compounds, the oxygen atoms from the decava-
nadate anion act as acceptors in three-dimensional hydrogen
bond networks with ammonium ions and H,O molecules as
the donors (Table 4).

The FT-IR spectra of compound C1 and compound C2
are presented in Fig. 3. The sharp bands appearing in the
spectra of the Co(II) and Ni(II) cluster compounds at 961
and 947 cm™!, respectively, are due to stretching vibrations
v(V =0, of the terminal oxygen-vanadium bonds (O, = ter-
minal oxygen) [57]. The asymmetric stretching vibrations
of the bridging oxygen O, — vanadium bonds v,(V—O,)
display frequencies of 822 and 741 cm™! for compound C1
and 823 and 740 cm™! for compound C2 [58-60]. The sym-
metric stretching vibrations of the same bonds v (V—O,)
originate medium intensity bands at lower wavenumbers of
519 and 579 cm™' for C1 and C2 [61]. The broad bands in
the spectra of compound C1 and compound C2 appearing
at frequencies around 3373 and 3396 cm™! can be assigned
to asymmetric and symmetric vibrations v(O—H) of lat-
tice water molecules [62, 63]. The sharp bands located at
around 1619 and 1623 cm™! in the spectra of compound C1
and compound C2, respectively, are due to the 5(H—O—H)
bending vibrational modes of these water molecules [64].
The peaks at 3191 and 1420 cm™" in the spectrum of C1 and
at 3171 and 1418 cm™ in the spectrum of C2 correspond,
respectively, to symmetric and asymmetric stretching vibra-
tions of the N—H bonds from the tetrahedral ammonium
cation [60, 64].

Thermogravimetric analysis (thermal gravimetric analy-
sis or TGA) is a technique in thermal analysis in which a
change in the mass of a material is observed due to increase
in temperature. The TGA curves of compounds C1 and
C2 are presented in Fig. 4. Both compounds, when heated
up to 500 °C, decomposed to stable residual products cor-
responding to 75.495 and 75.407% of the original mass,
respectively. In detail, compound C1 decomposed in over-
lapped steps up to 264 °C (mass loss =20.621%) in addi-
tion to a clear decomposition step up to the temperature of
373 °C (mass loss=3.884%). Indeed, these weight losses
are corresponding to the removal of sixteen solvated water
molecules (Calcd.=20.595%) and two ammonia (from
the decomposition of the ammonium ions) and one extra
water molecule (two protons from the ammonium ions and
one oxygen atom from the decomposition of the decava-
nadate anion) (Calcd. =3.721%). Therefore, the resulting
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Fig.1 a Molecular structures of C1 (top) and C2 (bottom) with
atomic numbering of the asymmetric units and thermal ellipsoids
drawn at 40%, and b polyhedral model of decavanadate anions

residual product could be in the form of 2 Co(VO;),+3
V,05 (Calcd. =75.684%). On the other hand, compound C2
started decomposing at about 110 °C, which is a relatively
higher temperature than the decomposition temperature
observed for compound C1. However, it also decomposed
in an overlapped decomposition step up to the temperature
of 275 °C and a clear decomposition step in the range of
275-391 °C. The weight losses found for C2 correspond to

(C1) (b)

(C2)

(V100s%7) showing the central plane formed by six vanadium atoms
and the other four positioned two above and two below this plane

the removal of similar moieties as observed for the decom-
position of compound C1 {in fact, the observed mass loss
of 20.966% (Calcd.=20.601%) corresponds also to the
removal of sixteen water molecules and that of 3.627%
(Calcd.=3.723%) corresponds to the removal of one water
and two ammonia molecules}. Therefore, the residual prod-
uct is proposed to be a composite mixture of Ni(VO;), and
V,05 (2:3) (Caled. =75.676%).

@ Springer
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(b)

Fig.2 Crystal packing viewed along c axis of
a (NH,),[Co(H,0)¢],V0,5+4H,0 (C1 and c
(NH,),[Ni(H,0)4],V 19O,54H,0 (C2). b and d show structural inter-

Antibacterial Activity

The two cluster compounds, (NH,),[Co(H,0)¢],V0,5-4H,0
(C1) and (NH,),[Ni(H,0)¢],V(0,5-4H,0 (C2), were
tested for their antibacterial activities against four different
human pathogens and phytopathogens representing Gram-
positive and negative bacteria using the agar well diffusion
assay method [55], with determination of inhibition zone
diameters (Fig. 5) and minimum inhibitory concentrations
(Table 5). Both compounds gave the same MIC value against
P. aeruginosa ATCC 9027 and R. solanacearum, but C2
displayed lower MIC values against B. cereus ATCC 33,018
and E. coli O157. Generally, the results revealed antibacte-
rial activity of the two compounds against the four tested
bacterial pathogens. However, the nickel compound (C2)

@ Springer

(d)

actions (blue dashed lines) of the decavanadate anions with cations
and H,O molecules in compounds C1 and C2, respectively

displayed higher activities than the cobalt counterpart (C1)
against B. cereus ATCC 33,018, E. coli O157 and R. sola-
nacearum with MIC values of 3.150, 3.150 and 6.300 mg/
ml, respectively. On the other hand, the cobalt compound
displayed higher activity against P. aeruginosa ATCC 9027
even if both compounds showed the same MIC concentra-
tion of 6.300 mg/ml. In numbers, C1 gave inhibition of
6 mm in the B. cereus culture only at a concentration of
12.60 mg/ml, while C2 at concentrations of 3.150, 4.201,
6.300 and 12.60 mg/ml afforded inhibitions respectively of
3,5, 6 and 9 mm. As a control, chloramphenicol (10 mg/
ml) displayed an inhibitory activity of 10 mm. On the other
hand, compounds C1 and C2 displayed antibacterial activi-
ties against P. aeruginosa ATCC 9027 and R. solanacearum
only at concentrations equal to or higher than 6.300 mg/ml.
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Atoms Length A Atoms A Length A Atoms Length A Atoms Length A
Col-015 2.103(2) V3-05 1.792(1) Nil-O16  2.048(2) V3-09 1.999(2)
Col-016  2.089(3) V3-08 1.891(2) Nil-O17  2.040(3) V3-010 1.980(2)
Col-017 2.077(2) V3-09 1.604(2) Nil-018  2.074(2) V3-011 1.606(2)
Col-018 2.089(2) V3-010 1.886(2) Nil-019  2.046(2) V3-012 1.821(2)
Col-019  2.090(2) V3-013 2.307(1) Nil-020  2.057(2) V3-03! 1.839(2)
Col-020  2.077(2) V3-014! 2.097(1) Nil-021 2.047(2) V3-061 2.233(2)
V1-01 1.611(1) V4-02 1.785(1) V1-01 1.902(2) V4-02 1.702(2)
V1-02 1.917(2) V4-010 1.858(2) V1-02 2.025(2) V4-06 2.117(2)
V1-03 2.001(2) V4-011 1.615(2) V1-03 1.873(2) V4-09 1.945(2)
V1-04 1.922(2) V4-012 1.984(1) V1-04 1.846(2) V4-06! 2.109(2)
V1-05 1.915(1) V4-07! 2.024(1) V1-05 1.599(2) V4-010! 1.904(2)
VI1-013t 2.308(1) V4-0131  2.251(2) V1-06 2.347(2) V4-015! 1.683(2)
V2-04 1.772(1) V5-03 1.695(1) V2-01 1.831(2) V5-04 1.825(2)
V2-06 1.628(2) V5-07 1.931(2) V2-06 2.231(2) V5-06 2.310(2)
V2-07 1.997(2) V5-012 1.940(2) V2-07 1.610(2) V5-08 1.899(2)
V2-08 1.843(1) V5-013 2.116(1) V2-08 1.813(2) V5-014 1.603(2)
V2-012! 2.029(1) V5-014 1.673(2) V2-09 2.002(2) V5-015 2.065(2)
Vv2-013t 2.256(2) V5-013 2.135(1) V2-010  2.003(2) V5-012! 1.847(2)

Compound C1 inhibited P. aeruginosa by 6 and 11 mm and Conclusions

C2 by 4 and 8 mm at concentrations of 6.300 and 12.60 mg/
ml, respectively. In this strain, chloramphenicol (10 mg/ml)
displayed an inhibitory activity of 12 mm. For the same con-
centrations (6.300 and 12.60 mg/ml) and against the R. sola-
nacearum strain, C1 displayed inhibitory activities of 3 and
6 mm and C2 afforded inhibitions of 8 and 12 mm, while
the positive control (streptomycin (10 mg/ml)) showed an
inhibitory activity of 8 mm that is given by lower concentra-
tion of 6.300 mg/ml of C2 against R. solanacearum. Indeed,
the least pronounced results were obtained against E. coli
0157 for both compounds, as C1 and C2 showed activities
not exceeding 1 mm for concentrations up to 12.60 mg/ml.
In the same strain, chloramphenicol (10 mg/ml) displayed
an inhibitory activity of 14 mm.

In fact, the activity difference between C1 and C2
is attributed to different activities of [Co(HZO)6]2+ and
[Ni(HZO)G]ZJr as these species interact differently with the
active centers of the bacterium cell membrane. Additionally,
this interaction could also be resulted from hydrogen bond-
ing with the compounds due to the availability of donor and
acceptor centers on the cluster compounds [65].

Two decavanadate based cluster compounds,
(NH,),[Co(H,0)4]1,V¢0,5:4H,0 (C1) and
(NH,),[Ni(H,0)¢1,V 00,5-4H,0 (C2), were synthesized
and their structures were determined by X-ray crystal-
lography that revealed their stabilization through the for-
mation of 3D networks based on extensive H-bonds. The
compounds were further analyzed by FT-IR spectroscopy
and thermal analysis that indicated overlapped steps of
decomposition and decomposition to mixtures of vanadium
(V) oxide and metal (II) vanadate M(VO;), (M =Co(II) or
Ni(II)) at 500 °C. Both cluster compounds were tested as
antibacterial agents against strains of different bacterial
pathogens. The Ni cluster (C2) was more active against
B. cereus ATCC 33,018, E. coli O157:H7 and R. solan-
acearum, while the P. aeruginosa ATCC 9027 strain was
inhibited more intensively by the cobalt congener (C1).
The antibacterial activities are lower than that of the stand-
ards, but C2 (6.300 mg/ml) and streptomycin (10 mg/ml)
against R. solanacearum strains afforded the same inhibi-
tion of 8 mm.
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Table 3 Selected bond angles (°) in compounds C1 and C2

(NH,),[Co(H,0)4],V 190,524H,0 C1 (NH,),[Ni(H,0)4],V (0,544H,0 C2

Atoms Angles ° Atoms Angles ° Atoms Angles ° Atoms Angles °
015-Co1-016 88.10(8) V1-013'-V2 85.91(5) 016-Nil-017 176.13(9) V5-06-V4i 88.11(6)
015-Co1-017 92.96(8) V1-013'-V3 83.85(5) 016-Nil1-018 90.60(9) V3-06'—V4 93.75(7)
015-Co- 018 88.61(7) V1-013' -v4 86.06(5) 016-Ni1-019 89.49(9) V2-08-V5 114.29(9)
015-Co1-019 87.47(8) V1-013'-V5 86.34(6) 016-Ni1-020 87.15(9) V2-09-V3 99.44(8)
015-Co1-020 174.59(8) V2-013-V3 86.30(5) 016-Ni1-021 89.41(9) V2-09-V4 107.34(8)
016-Co1-017 90.93(9) V2-013' -v4 170.00(8) 017-Nil-018 91.42(9) V3-09-V4 106.98(8)
016-Co1-018 176.59(8) V2-013' -V5 92.84(6) O17-Nil 019 87.27(9) V2-010-V3 100.06(8)
016-Co1-019 92.77(8) V3-013 -v4 86.91(6) O17-Nil 020 96.29(9) V2-010-V4! 107.14(8)
016-Co1-020 91.13(9) V3-013i -V5 170.19(8) O17-Nil 021 88.77(9) V3-010-V4! 107.89(8)
017-Co1-018 88.32(7) V4-013-V5 92.59(6) 018-Nil-019 88.27(9) V3-012-V5' 114.74(9)
017-Co1-019 176.28(8) V5-014-V3i 109.71(8) 018-Nil-020 85.44(8) V5-015-V4! 109.89(9)
017-Co1-020 92.41(8) 01-V1-02 102.90(8) 018-Nil-021 176.55(9) 01-V1-05 102.32(9)
018-Co1-019 88.00(7) 01-V1-04 102.13(8) 019-Nil-020 172.84(9) 02-V1-05 101.21(8)
018-Co1-020 92.22(8) 01-V1-05 102.44(8) 019-Nil-021 95.17(9) 03-V1-05 102.65(9)
019-Co1-020 87.21(8) 01-V1-013 177.01(8) 020-Nil-021 91.12(9) 04-V1-05 103.46(9)
V1-02-V4 114.35(8) 01-V1-03 101.14(8) V1-01-V2 114.03(9) 05-V1-06 175.62(8)
V1-03-V5 110.50(8) 04-V2-06 103.62(8) V1-02-V4 111.08(9) 01-V2-07 102.25(9)
V1-04-V2 114.65(9) 06-V2-07 100.50(7) V1-03-V3 114.70(9) 06-V2-07 175.32(8)
V1-05-V3 112.54(8) 06-V2-08 102.07(8) V1-04-V5 113.96(9) 07-V2-08 101.46(9)
V2-07-V5 108.18(7) 06-V2-012 98.82(7) V1-06-V2 86.28(6) 07-V2-09 101.09(8)
V2-07-V4! 100.40(7) 06-V2-013 173.81(7) V1-06-V4 87.03(6) 07-V2-010 99.73(8)
V5-07-V4! 106.80(7) 05-V3-09 103.94(8) V1-06-V5 82.71(6) 09-V3-011 98.62(8)
V2-08-V3 113.38(8) 08-V3-09 100.32(8) V1-06-V3 86.03(6) 010-V3-011 98.70(8)
V3-010-V4 113.74(8) 09-V3-010 102.41(8) V1-06 V4 170.82(9) 011-V3-012 103.74(9)
V4-012-V5 107.88(7) 09-V3-013 172.91(7) V2-06 V4! 93.93(7) 011-V3-03 103.30(9)
V4-012-V2! 100.67(7) 09-V3-014 99.21(8) V2-06 V5 86.73(6) 011-V3-06' 173.47(8)
V5-012-V2! 107.29(7) 010-V4 -011 102.21(8) V2-06-V3! 169.80(9) 04-V5-014 103.53(9)
V5-013-V1! 172.48(8) 011-v4-012 100.38(8) V2-06-V4 92.78(7) 06-V5-014 173.96(8)
V5-013-V2! 93.93(6) 011-V4-07 98.41(8) V4-06-V5 169.66(9) 08-V5-014 101.50(9)
V5-013-V3! 88.63(6) 011-v4-013! 174.14(7) V4-06-V3! 92.35(6) 014-V5-015 99.85(8)
V5-013-V4! 93.25(6) 02-V4-011 103.50(8) V4-06-V4! 102.15(7) 014-V5-012' 102.72(9)
V5-013-V5! 101.18(7) V5-06-V3! 85.66(6)
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Table 4 Selected hydrogen-bonding data (A.°) and short contact distances (A) in compounds C1 and C2
(NH,),[Co(H,0)4],.V¢054+4H,0 (C1) (NH,),[Ni(H,0)¢],.V0,3+4H,0 (C2)
D—H—A d(D—H) dH—A) d(D--A) °(D—H-A) D—H—A d(D—H) dH—A) dD--A) °(D—H--A)
N1—H4--04 0.85(3) 2.010 2.838 162.38 N1—H1b—-011 0.95(5) 2.018 2.963 177.57
N1—H2--08 0.83(4) 2.031 2.853 173.24 N1—Hl1c—-Ols 0.90(4) 1.967 2.836 161.51
0O17—H17a—-08 0.81(3) 1.988 2.797 174.83 020—H20a—01  0.71(3) 2.011 2.717 174.47
015—H5b—-012 0.74(3) 1.920 2.659 176.20 017—H17b—-08  0.75(4) 1.932 2.668 167.25
Owl—HIwa—010 0.88(2) 1.876 2.742 166.18 018—H18a—-04  0.78(4) 1.987 2.747 166.50
Ols—H1sb—014  0.74(4) 2.148 2.884 172.52
02s—H2sa—03 0.68(5) 2.264 2913 159.88
Short Contact Distances (/0%) Short Contact Distances (A)
Symm Length  Length- Symm Length  Length-
Vdw Vdw
Anion - Anion Anion - NH,
01 o1 —0.5+x,1.5-y,-0.5+z 2.992 -0.048 V5 HID X-1+y1+z 3.143 —0.057
Anion - NH, o7 N1 x,y,1+z 2.843 —0.227
V1 H1 1-x,y,1.5-z 3.138 -0.062 07 HI1A x,y,1+z 2.660 —0.060
V1 H4 X,¥,Z 3.112 -0.088 0O7 HI1B x,y,1+z 2.547 -0.173
V2 H2 124x,12+y,2 3.039 -0.161 012 N1 1+y,1+4z 2.819 —0.251
0Ol N1 1-x,y,1.5-z 2.964 -0.106 OI12 HID 1+y,14z 2.044 -0.676
0O1 H1 X,y,Z 2.555 —0.165 Ni(H,0)—Anion
03 H3 1-x,y,1.5-z 2.716 -0.004 Ol6 09 x,1+y,z 2.745 —0.295
Co(H,0)s — Anion 017 o7 —14+x,1+y,z 2.932 —0.108
017 02 0.5-x,0.5+y,1.5-z 2.684 -0.356 018 03 X,y,Z 2.999 —0.041
016 05 0.5-x,0.5+y,1.5-z 2.962 -0.078 019 Ol11 l+x14y,z 3.024 -0.016
019 05 x,1-y,0.5+z 2.681 -0.359 021 08 l+x14y,z 2.848 -0.192
019 06 1-x,y,1.5-z 2.789 -0.251 021 02 x,1+y,z 2.831 —-0.209
018 o7 1-x,y,1.5-z 2.705 -0.335 HI7A 07 1+x,14y,z 2.289 -0.431
015 09 x,1-y,0.5+z 2.851 -0.189 HI17B V5 1-x,1-y,1-z 3.091 —-0.109
Co(H,0),—NH4 HI9A V3 l+x14y,z 3.188 -0.012
Col H3 1-x,y,1.5-z 3.177 -0.023 HI9A 010 1+x,1+4y,z 2.683 —0.037
015 N1 1-x,y,1.5-z 2.983 -0.087 HI9A Ol1 l+x1+4y,z 2.361 —0.359
015 H3 1-x,y,1.5-z 2.205 -0.515 H21A O8 l+x,14y,z 2.178 —-0.542
019 N1 1-x,y,1.5-z 2.939 -0.131 HI6A  Ol1 1-X,-y,2-z 2.689 —-0.031
019 H4 1-x,y,1.5-z 2.615 —-0.105 HISB 03 X,Y,Z 2.356 —0.364
H17B 08 1-x,1-y,1-z 1.932 —0.788
Anion—H,Osolv HI18A 04 1-x,1-y,1-z 1.987 —0.733
V3 HIWA  x)y.z 3.056 -0.144 H20A V1 1-x,1-y,1-z 3.184 —0.016
09 Oo1w -X,y,1/2-2 2.992 -0.048 H20A Ol 1-x,1-y,1-z 2.011 —0.709
09 HIWB  -x,y,1/2-z 2.694 -0.026 HI16B V3 x,1+y,z 3.152 —0.048
011 o1w 124+x,112+y,z 2.907 —-0.133 HI16B 09 x,1+y,z 2.035 —0.685
011 HIWB  12+x,12+y,z 2.460 -0.260 H20B V2 x,1+y,z 3.036 —-0.164
06 018 X,y,Z 2.848 -0.192 H20B Ol x,1+y,z 1.956 —0.764
06 H1SB X,y,Z 1.999 -0.721 H21B V4 x,1+y,z 3.108 —-0.092
09 018 1/2-x,1/12+y,1.5-z 2.870 -0.170 H21B 02 x,1+y,z 2.025 —0.695
Oo1w Oo1wW -X,y,1/2-z 2.781 -0.259  Anion—H,Osolv
018 018 -X,y,1.5-z 2.847 -0.193 05 HISA  x,-1+y,l1+z 2.348 -0.372
018 HISA  -x,y,1.5-z 2.578 -0.142 014 HISA  -1+x,-1+yl1+z 2.607 -0.113
Ni(H,0)¢—H,Osolv
019 O1S 1-x,1-y,1-z 2.937 —0.103
H19B 018 1-x,1-y,1-z  2.149 —0.571
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Table 4 (continued)

Short Contact Distances (10\)

Short Contact Distances (10\)

Symm Length  Length- Symm Length  Length-
Vdw Vdw
016 028 X,y,1+z 2.836 —0.204
H16A  02S X,y,1+z 2.133 —0.587
H16A  H2SB X,y,1+2 2317 —0.083
100 - 100 -
90 804
® o
€ w0 1619 £
£ 14 £ 6 1623
g 7o &
g :
= 3373 = 145
R 60+ 3191 22 ®
741
20 823
50+ 961 33963771 740
947 579
40 L Ll ) \J \J L L] 0 - A X A L L . L L2 U g LU hd L)
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1) Wavenumber (cm'1)
(a) (b)
Fig.3 FT-IR spectra of a (NH,),[Co(H,0)4],.V¢0,5:4H,0 C1 and b (NH,),[Ni(H,0)g],.V(0,4-4H,0 C2
100 100
a b
95 95
£ 504 g 904
g g
D 854 @ 854
2 2
80 4 80 4
754 75 4
0 % 100 150 220 20 0 0 40 0 % 10 150 200 260 W0 3% &0

Temp °C

Temp °C

Fig.4 TGA curves of a (NH,),[Co(H,0)¢],.V 00,3-4H,0 and b (NH,),[Ni(H,0)],.V 0,5:4H,0
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Bl c2, 2.505 mg/ml
I c2, 3.150 mg/ml
I c2, 4.201 mg/ml
I c2, 6.300 mg/ml
I c2, 12.60 mg/ml

Il c1, 2.505 mg/ml|
1 [ c1, 3.150 mg/ml
144 I c1, 4.201 mg/ml
. [ c1, 6.300 mg/ml
124 I c1, 12.60 mg/ml

Inhibition Zones (mm)

E. coli

B.cereus

P. aeruginosa R. solanacearum

Bacterial Strains

Fig.5 Antibacterial activities of C1 and C2, indicated by the inhibi-
tion zone diameter (mm), against the four tested bacterial strains

Table 5 Minimum inhibitory concentrations (MICs) of C1 and C2 in
mg/ml against the four tested bacterial strains

(NH,),[Co(H,0)s  (NH,),[Ni(H,0)¢l,
1,V100,4#4H,0 V,00,4+4H,0 (C2, mg/ml)
(C1, mg/ml)
B. cereus ATCC  12.60 3.150
33,018
E. coli O157 12.60 3.150
P. aeruginosa 6.300 6.300
ATCC 9027
R. solanacearum 6.300 6.300
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