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Abstract: Four ionic Ni(II) complexes containing the [Ni(Him)]*" (Him = imidazole) complex cation were
prepared: [Ni(Him);](CO;)-5H,O (1), [Ni(Him)sl(ac)y- HyO (2, ac = acetate), [Ni(Him)s](NO;), (3), and
[Ni(Him)s]SiF; (4); complexes 2 and 4 are new. The prepared complexes were characterized chemically and
spectroscopically. Results of X-ray single crystal studies have shown that all four complexes exhibit ionic
crystal structures comprising [Ni(Him)s]** complex cations, the respective anion(s), and in case of 1 and 2,
additional solvate water molecules. Ni(II) central atoms in all complexes 1—4 are hexa-coordinated by six
N-atoms originating from monodentate Him ligands. While in 1 and 4 the NiN; chromophore is quite a
regular octahedron with only one independent Ni—N bond, as imposed by local symmetry, in 2 and 3 the
octahedra are slightly deformed. On the other hand, significant differences were observed in the orientation
of Him rings within the respective coordination polyhedra.
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Introduction

Imidazole (Him), which is involved in important
biological processes, has become an attractive
complexing agent over the years. Due to the two ni-
trogen atoms of which one can be deprotonated, it
is promising in metal ion coordination. It may also
be active in building supramolecular structures as
the protonated nitrogen atom may act as a hydro-
gen bond donor. Thus, the presence of different
counter-anions, given their different geometrical
configurations, results in dissimilar supramolecu-
lar structures (Ding, 2009; Song, 2008).

Octahedrally coordinated Ni(II) atom is mag-
netically active (S = 1) and its magnetic properties,
especially at low temperatures, are governed by
the action of axial zero-field splitting parameter D.
Additional splitting may be induced by the rhombic
term of the zero-field splitting parameter E. Recent-
ly, it has been shown that experimentally obtained
values of D (and E) can be correlated with the values
D,, (and E,,) derived from geometric parameters of
Ni(II) coordination polyhedron (Ivanikova, 2006;
Maslejova, 2006; Titis, 2010; Singh, 2014; Manson,
2020). It is known that small variations in the li-
gand’s composition, alternation of the bridging unit
or arrangement of the second coordination sphere
including solvating species in the solid state sig-
nificantly affect magnetic properties of the studied
complexes (Jurakova, 2022; Brezovan, 2022; Joshi,
2025; Leiszner, 2024). Within our broader interest
in Ni(II) complexes (Kresakova, 2021; Sterbinska,
2020; Vrablova, 2016; Cernak, 2015), the above
information prompted the study of the shape of the

homoleptic coordination sphere of selected Ni(II)
complex as a function of the counterions quality. As
the homoleptic complex, the cation [Ni(Him)s** was
chosen due to its easy synthesis and the possibility to
crystallize with various counterions. As counterions,
two anions with the charge of -1 were chosen, planar
nitrate and the more voluminous acetate. Addition-
ally, two counterions with the charge of -2 and dif-
ferent shapes were selected: planar carbonate anion,
and the bulkier hexafluoridosilicate anion. As a re-
sult of our experiments, four complexes containing
[Ni(Him)s]** complex cations were prepared, two
of which are new. Here, their syntheses, as well as
crystal and supramolecular structures are reported.
In addition, a detailed comparison of the NiN; octa-
hedra shape with respect to various counter-anions
is provided.

Material and Methods

Chemicals

[Niao),]-4H,0 (98 %), [Ni(NO,),]-6H,0 (98 %),
(NH,),SiFs (98 %), imidazole (p. a.), acetonitrile
(99.8 %), n-butanol (99.8 %), ethanol (96 %), acetone
(99.8 %).

Synthesis of [Ni(Him),]CO;-5H,0 (1)

An acetonitrile-aqueous solution (2:1, 10 ml) of
nickel(II) acetate tetrahydrate (0.124 g, 0.5 mmol)
was added dropwise to an acetonitrile-aqueous
solution (2:1, 10 ml) containing imidazole (0.272 g,
4 mmol) while being stirred (30 min) and heated at
50 °C. The formed dark blue solution was filtered
and allowed to stand at room temperature. After
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11 days, violet crystals were collected and dried in
air. Yield: 38 %.

Anal. [ %], calculated for C,iHs,N;,O4Ni: C 36.97;
H 5.55; N 27.23; found: C 37.39; H 5.68; N 27.20.
IR (cm™): 3643s, 3129s, 3014w, 2919w, 2831w,
2715w, 2623s, 1686s, 1543s, 1455s, 1385s, 1323s,
1254s, 1067s, 936s, 908s, 749s, 665s, 619s.

Synthesis of [Ni(Him),/(ac),-H,0 (2)

Solid imidazole (0.102 g, 1.5 mmol) was added to
the n-butanolic solution (10 ml) of nickel(II) acetate
tetrahydrate (0.062 g, 0.25 mmol) and stirred for
15 minutes. The resulting blue-green solution was
treated solvothermally for 4 h at 130 °C and then
slowly cooled to room temperature for 8 hours.
From the resulting solution, blue-violet crystals
were collected after 2 months. Yield: 59 %.

Anal. [%], calculated for CyoH;oN;,O;Ni: C 43.80;
H 5.35; N 27.86; found: C 43.55; H 5.36; N 27.24.
IR (cm™): 3506w, 3129w, 3025w, 2923w, 2834w,
2624w, 1571s, 1537s, 1488s, 1411s, 1322s, 1145s,
1068s, 937s, 904s, 829s, 744s, 665s, 620s.

Synthesis of [Ni(Him),/(NO;), (3)

Nickel(II) nitrate hexahydrate (0.5 mmol, 0.145 g)
and imidazole (3 mmol, 0.204 g) were dissolved in a
mixture of acetone (10 ml) and ethanol (10 ml), the
obtained blue solution was stirred for 30 minutes.
Then, light violet microcrystalline powder of 3 ap-
peared, which was filtered off, washed with 2 ml
of ethanol, and dried in air. After four days, violet
cubes formed from the blue filtrate. Yield: 29 %.
Anal. [%], calculated for C,;sHyN,,OxNi: C 36.57;
H 4.09; N 33.17; found: C 36.20; H 4.13; N 32.69.
IR (cm™): 8169w, 3137s, 3052w, 2950w, 2859w,
1605w, 1537s, 1489m, 1438m, 1367s, 1323s, 1254s,
1182m, 1138m, 1064s, 935s, 843s, 7425, 665s, 613s.

Synthesis of [Ni(Him),/SiF, (4)

Reagents nickel(IT) nitrate hexahydrate (0.5 mmol,
0.145 g), imidazole (3 mmol, 0.204 g), and diammo-
nium hexafluorosilicate (0.5 mmol, 0.089 g) were
dissolved in water (5 ml, 10 ml and 5 ml), mixed,
and stirred for 30 minutes. The product in form
of purple hexagonal single crystals was collected at
room temperature after eight weeks. Yield: 18 %.
Anal. [%], calculated for C;sHoNoF:SiNi: C 35.49;
H 3.97; N 27.59; found: C 36.21; H 3.95; N 27.17.
IR (cm™): 3288w, 3161m, 3141s, 2945w, 2836w,
1623w, 1532s, 1510m, 1488s, 1432s, 1326s, 1255m,
1176m, 1099s, 1062s, 921m, 865m, 795s, 746s,
693s, 613s.

Physical measurements
CHN analyses were performed on a CHNOS
Elemental Analyzer vario MICRO instrument (Ele-

mentar Analysen systeme GmbH). Infrared spectra
were recorded in the range of 4000—400 cm™ on
a Nicolet 6700 FT-IR spectrophotometer (Thermo
Scientific) using the KBr technique. X-ray powder
diffraction patterns were measured on a Ultima IV
(Rigaku) powder diffractometer in semifocusing
(Bragg-Brentano) geometry using CuKa radia-
tion (\ = 1.54051 A for CuKa,, and 1.54433 A for
CuKay) in the 26 range of 5—50 ° using a step size
of 0.02 °; the diffracted beam was detected by one-
dimensional semiconductor detector D/teX Ultra.
Preliminary data processing was performed using
the PDXL2 Rigaku software package (Rigaku corp.,
2010), and the simulated powder diffraction pattern
was calculated using the program Mercury (Macrae,

2020).

X-ray Crystallography

Single-crystal X-ray diffraction analysis of com-
plexes 1—4 was done with a RIGAKU XtalLAB
Synergy-S diffractometer equipped with CuKo
radiation (\ = 1.54184 A, micro-focus X-ray
source). The diffractometer was equipped with a
Hybrid Pixel Area Detector (HyPix-6000HE). All
data were collected at 100(2) K with the help of
an Oxford Cryosystems (Cryostream 800) cooling
device. CrysAlisPro software (Rigaku OD, 2023)
was used for data collection, cell refinement, data
reduction, and empirical absorption correction.
Absorption effects were determined using the
SCALE3 ABSPACK scaling algorithm and nu-
merical absorption correction based on gaussian
integration over a multifaceted crystal model (Cop-
pens, 1965). The studied structures were solved
with  SHELXT-2018/2 (Sheldrick, 2015a) and
refined using the program SHELXL-2018/3 (Shel-
drick, 2015b). The structure of 2 exhibits strong
pseudo-translational symmetry (0,1/2,0) due to the
arrangement of heavy (Ni) atoms along the b axis.
Anisotropic displacement parameters were refined
for all non-H atoms. Hydrogen atoms bonded to
carbon atoms were placed at idealized positions
(Uy = 1.2 U, value of the corresponding parent
atom). Positional parameters of hydrogen atoms
bonded to the hetero N atoms were freely refined
with a thermal parameter tied to the thermal pa-
rameter of the parent atom. Most hydrogen atoms
in water molecules could be retrieved from the dif-
ference map and refined with restrained geometry
(Uy =15 U,, value of the corresponding oxygen
atom). Crystal data along with final parameters of
the structure refinement for structures 1—4 are
summarized in Tab. 1. Selected geometric parame-
ters of 1—4 are shown in Tables 2, 3 and 5. Potential
hydrogen bonds for structures 2 and 3 are gathered
in Tables 4 and 6. Molecular graphics for all crystal
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Tab. 1. Crystal data and structure refinement for 1—4.

1 2 3 4
Empirical formula CoH3sN ,OgNi CooH3oN ,O;Ni C1sHoy N 4NiOy CsHoyN s FNiSi
Molecular weight 616.28 603.30 591.22 609.29
Crystal system Hexagonal Triclinic Trigonal Trigonal
Space group P6y/m P-1 R-3 R-3
Cell parameters
a(A) 8.9434(2) 8.3434(2) 12.3066(3) 13.1803(3)
b(A) 8.9434(2) 9.8266(2) 12.3066(3) 13.1803(3)
c(A) 20.8702(4) 17.4587(3) 14.4452(4) 12.4447(3)
a(®) 90 88.1410(10) 90 90
3 90 81.640(2) 90 90
v () 120 86.095(2) 120 120
V(A?% 1445.65(7) 1412.52(5) 1894.65(11) 1872.26(10)
Z 2 2 3 3
Dy (Mg -m™) 1.416 1.418 1.554 1.621
Abs. coeff. (mm™) 1.521 1.466 1.685 2.312

Crystal color, form

Crystal size (mm)

violet blue rhombohedra

0.177 x 0.133 x 0.108

purple prism

0.188 x 0.140 x 0.073

violet prism

0.252 x 0.112 x 0.093

violet prism
0.280 % 0.210 % 0.140

T (K) 100(2) 100(2) 100(2) 100(2)

Radiation X (A) 1.54184 1.54184 1.54184 1.54184

0 range (°) 4.237—-69.955 2.559—69.988 5.157—67.387 5.258—79.882

Index ranges -10<h< 10 -8<h<10 -14<h<14 -16<h< 16
-10< k<9 -11<k<11 -14<k<14 -11<k<15
-25<(<21 -21<0<21 -17<1<17 -13 << 15

Refl. coll./indep. 4442/944 26329/5292 10512/765 3193/896

Goodness-of-fit (F?) 1.124 1.093 1.096 1.101

Final R indices R1=0.0357 R1=0.0286 R1=0.0240 R1=0.0313

(I>20(D) wR2 =0.0930 wR2=0.0784 wR2=0.0579 wR2=0.0837

R indices (all data) R1=0.0370 R1=0.0307 R1=10.0242 R1=0.0324

Diff. peak and hole (e-A)

wR2=0.0941
-0.517, 0.449

wR2=0.0795
-0.340, 0.236

wR2=0.0588
-0.281, 0.224

wR2 =0.0847
-0.430, 0.259

structures were prepared using the DIAMOND
program (Brandenburg, 2020).

Results and Discussion

Preparation and identification

Among the four prepared complexes, [Ni(Him);]
CO;-5H,O (1), [Ni(Him)sl(ac)s- H,O (2, ac = ace-
tate), [Ni(Him)s](NOs), (3), and [Ni(Him)s]SiF, (4),
complexes 2 and 4 are new, while crystal structures
of 1 and 3 have already been reported in literature
(Povse, 1998; Gong, 2005). Diffraction data for the
already reported complexes 1 and 3 were collected on
the same diffractometer under the same experimen-
tal conditions for better comparability. Interestingly,
formation of the carbonate complex was unintention-
al as the carbonate anion was formed by the capture
of CO, from air. Such a phenomenon is not uncom-

mon; it was already observed. e.g. in Zny(in)y(COs)
Ni(CN),-H,O (tn = 1,3-diaminopropane) (Cerndk,
2005), [Niy(neoc),(H,O)(CO5)](NOs), - 3H,O  (neoc
= 2,9-dimethyl-1,10-phenanthroline)  (Smolko,
2024), or the series of Schiff base Ni(II)/Ln(III)
compounds:  {(n3-CO4)s[ Ni(HL)(EtOH)Ln(ac)],} -
2EtOH (Ln(II) = Tb, Dy, Ho, Er, Tm, Yb)
(HyL = N, N’-bis(3-methoxysalicylidene)-1,3-diami-
no-2-propanol; ac = acetate) (Jiang, 2017). Synthesis
of the bulk compound 3 was carried out from Ni(II)
nitrate hexahydrate, imidazole, and diammonium
hexafluorosilicate in an acetone-ethanolic solu-
tion (1:1). The bulk as well as single crystals were
identified using powder diffraction. For powder
diffraction patterns fitting, the Le Bail method (Le
Bail et al., 1988; Le Bail, 2005) incorporated in the
Jana2006 program (Petricek, 2014) was used. The
prepared complexes were characterized by CHN
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analysis and IR spectroscopy. Characteristic absorp-
tion bands observed for both compounds were
assigned using literature data (Nakamoto, 2009;
Horak, 1976).

Measured IR spectrum of compound 1 corre-
sponds to the previously reported [Ni(Him)|COj-
5H,0 (Povse, 1998); the sharp absorption band at
3643 cm™ was assigned to v(OH) stretching vibra-
tions. The presence of Him in 1 is indicated by
absorption bands in the region of 3129—3014 cm™
assigned to v(NH) stretching vibrations. The
v(C,—H) stretching vibrations manifest them-
selves by absorption bands in the region of
2919—2831 cm™'. The corresponding deformation
vibrations of §(NHy) and §(CH,) types lay within
the range of 1686—1455 cm™'. According to litera-
ture data, the carbonate anion is characterized by
an absorption band arising from v(CO4*) vibra-
tion positioned around 1390 cm™ (Povse, 1998).
IR spectrum of 1 displays one strong absorption
band at 1067 cm™, the corresponding band in
[Ni(Him)s]CO45bH,O (refcode SAXNEK) (Povse,
1998) is rather close (1071 cm™).

IR spectrum of 2 exhibits a wide absorption band
at 3506 cm™ which was assigned to O—H stretch-
ing vibrations in H,O. Absorption bands in the
region of 3129—3025 cm™ were assigned to N—H
stretching vibrations of Him. The C—H stretching
vibrations manifest as an absorption band in the
region of 2923—2834 cm™'. Asymmetric v, (COO)
and symmetric v(COO) stretching vibrations of
the acetate group were observed at 1571 cm™ and
1411 ecm™!, respectively. The experimental value of
A =160 cm™'corresponds well to its ionic character
(as predicted, A ionic is approximately 160—70 cm™
for acetates) (Nakamoto, 2009). IR spectrum of 3 is
similar to the previously described [Ni(Him);[(NOs)

(IMAZNI02) (Gong, 2005). A characteristic strong
sharp absorption band originating from v(C—N)
stretching vibrations was found at 1537 cm™.

In the IR spectrum of 4, absorption bands from
3288 to 3141 cm™ indicating the presence of Him
were assigned to the vibrations of the v(NH) group.
Valence vibrations of the aromatic ring v(C,—H)
were observed in the region from 2945 to 2836 cm™.
Deformation vibrations &8(NH) were found at
1623 cm™'. The strong absorption band at 1532 ¢cm™
originates from the valence vibrations of the V(C—N)
group. Valence vibrations v(C—C) originating from
the aromatic ring Him were observed at 1432 ¢cm™.
According to available literature, absorption bands
in the wavenumber range of 1100—600 c¢cm™ are
characteristic of the hexafluorosilicate anion
v(Si—F) (Nakamoto, 2009), which were found at
795—693 cm™ in complex 4.

Crystal structures

Crystal structures of 1 (Wu, 2011) and 3 (Wu, 2011)
have already been reported and the results of our
structure analyses are essentially the same; both
complexes 1 and 3 contain [Ni(Him)s]*" complex
cations (Fig. 3 and 2) and the respective anions; in
1 there are additional water solvate molecules. The
obtained geometric parameters correspond well to
the reported ones. Selected geometric parameters
are gathered in Tab. 2.

Ionic complex [Ni(Him)sl(ac),- H,O (2) (Fig. 3)
is new and its crystal structure is formed by a
[Ni(Him)s]** complex cation, two acetate anions,
and one solvate water molecule. In the unit cell,
there are two crystallographically independent
complex cations, in both of which the central
atoms Nil and Ni2 lie at the centers of symmetry.
Six Him ligands are monodentately bound to both

O1vi

O1vii
Cc4

o1

o2 Q@ @o-

03 O3vii

©e®

Fig. 1. Ionic structure of 1. Thermal ellipsoids were drawn at 50 % probability level. Hydrogen atoms
are omitted for clarity. Disordered O3 and O3 atoms with half occupancies induced by symmetry are
shown with transparency. Symmetry codes: i: -x, -y, 1 -z ii: x-y, x, | -z iiir y, —x+ 9y, 1 -z ivi -y, x-y, 1

Vi-X Ty, =X, 5 viix ), 3/2-gvil: 2 -y, 1+x-y mvill: 1 -x+ 9,2 -x 2
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0O1

N3

Fig. 2. Ionic structure of complex 3. Thermal
ellipsoids were drawn at 50 % probability level.
Hydrogen atoms are omitted for clarity. Symmetry
codes: 1:4/3 - x,2/3 -y, 5/3 - z ii: 1/3 +,
2/3-x+9,5/3-ziii: 1/3+x-y,-1/3+x5/3 -z
ivil-y,x-ypzvil-x+yl-xzgvii-x+y 1-xz
vii: 1 -y, 1 +x-y, z

Ni(II) central atoms via the nitrogen atom in posi-
tion 3. The NiN; chromophores represent slightly
deformed octahedra, and the Ni—N distances are
in the range of 2.1067(11)—2.1269(11) A (Tab. 4).
Packing of the crystal structure of 2 is governed, in
addition to Coulombic forces, by O—H---O and
N—H- - -O hydrogen bonds between [Ni(Him)s]**
complex cations and solvate water molecules. Pos-
sible hydrogen bonds are provided in Tab. 4.
Crystal structure of [Ni(Him);]SiF, (4) is built up of
complex cation [Ni(Him)s]*" and hexafluorosilicate
anion (SiFg)*. Six Him ligands are monodentately
bonded to the central Ni(II) atom through the
nitrogen atom in position 3. The chromophore is
NiN;, with an almost ideal octahedral coordina-
tion polyhedron (Fig. 4). Bond distances for se-
lected atoms are listed in Tab. 5; Ni—N distance is
2.1199(12) A, N—C distances in aromatic imidazole
ligands range from 1.323(2) A to 1.379(2) A, and
Si—F distances in the hexafluorosilicate anion are
1.6917(8) A. Values of the N—Ni—N and F—Si—F
angles close to the right angle indicate an almost
regular octahedral arrangement in both the com-
plex cation and the hexafluorosilicate anion.

Tab. 2. Selected geometric parameters (A, °) in 1 and 8, comparison with literature data.

Bond/angle 1 SAXNEKO1 3 IMAZNIO3
Ni—N 2.1220(14) 2.1173(15) 2.1190(11) 2.1152(11)
NI—Nil—NT1¥ 89.80(5) 89.77(6) 88.11(4) 88.11(4)
NI—Nil—N1# 90.20(5) 90.23(6) 91.90(4) 91.89(4)

Symmetry codes for 1:i: -x, -y, 1 - zii: x-y, x, 1 - z.

Symmetry codes for 3:i: 4/3 - x, 2/3 -y, 5/3 - z ii: 1/3+y,2/3 - x+y,5/3 - 2

O1
c4
c1
02
C2
03
05

®

Fig. 3. Ionic structure of complex 2. Thermal ellipsoids were drawn at 50 % probability level.
Hydrogen atoms are omitted for clarity. Symmetry codes: i: -x, 1 -y, 1 - z ii: -x, 1 - y, -z
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Tab. 3. Selected geometric parameters (A, °) in 2.

Nil—N11
Nil—N13
Nil—N15
Ni2—N21
Ni2—N23
Ni2—N25

2.1092(10) NI11—Nil—N13 89.26(4)
2.1242(10) N11—Nil—N15 90.11(4)
2.1237(10) N11i—Nil—N13 90.74(4)
2.1067(11) N21—Ni2—N23 89.78(4)
2.1178(10) N21—Ni2—N25 89.59(4)
2.1269(11) N21ii—Ni2—N23 90.22(4)

Symmetry codes: it -x, =y + 1, -z + 1; ii: -, y+ 1, -z.

Tab. 4. Possible hydrogen bonds in 2 (A, °).

D—H---A D—H H---A D---A D—H---A
O5—H105- - - 04" 0.85 2.00 2.8154(15) 160.1
0O5—H205---02" 0.87 2.03 2.8970(15) 170.8
N12—HI2N- . .03 0.84 1.89 2.7359(15) 171.3
N14—HI4N-- .0l 0.79 1.99 2.7707(15) 163.0
N16—HI6N- - -O4 0.84 1.86 2.6979(15) 167.9
N22—H22N-..O1Y 0.83 1.89 2.7169(15) 169.1
N24—H24N- .. 03" 0.81 1.92 2.7198(15) 165.9
N26—H26N.- . .02 0.83 1.84 2.6661(15) 171.2

Symmetry codes: iii: x+ 1, y, zivix, y+ 1L, zvix- 1,9y, zvitx, y, 2= Iy viiz o= 1, 9, z- 1.

Tab. 5. Selected geometric parameters (A, °) in 4.

Nil—N1
Sil—F1

2.1199(12) NI'—Nil—NT1¥ 89.19(5)
1.6917(8) NI —Nil—N1 90.81(5)

Symmetry codes: i: 1/3 +x-y, -1/3+x,2/3 - zii: 1 -y, x—y, z.

Tab. 6. Possible hydrogen bonds in 4 (A, °).

D—H...A D—H H.--A D--A D—H...A
N2—H29N. . .F1¥& 0.88 2.91 2.9378(16) 140.4
N2—H2N. . .FI* 0.88 2.03 2.8266(16) 150.6

Symmetry codes: ix: 5/3 - x,4/3 -y, 4/3 - zx:4/3 - x+y,5/3 - x, -1/3 + z.

Fig. 4. Ionic structure of complex 4. Thermal ellipsoids were drawn at 50 % probability level. Hydrogen

atoms are omitted for clarity. Symmetry codes: i: 1/3 +x -y, -1/3 +x,2/3 - zii: 1 -y, x-y, %

i

i 1/3+9,2/3-x+92/3-21v:4/3-%2/3-%2/3-zv:1-x+y,1-xz
vi: 1/3+x -y -1/3+x5/3 -z vii: 4/3 -x,2/3 -y, 5/3 -z viii: 1/3 +,2/3 -x+y,5/3 -z
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In the crystal structure of complex 4, a system of
intermolecular hydrogen bonds of the N—H- - -F
type was observed between the complex cation
[Ni(Him)s]*" and the hexafluorosilicate anion. Pos-
sible hydrogen bonds are summarized in Tab. 6.

Comparison of the structures of [Ni(Him),J**
complex cations

The search in CSD (Groom, 2016) returned
more than 60 hits for compounds comprising
[Ni(Him)g]** complex cations. For further com-
parison, only high precision crystal structures were
used, i.e. those with reported R1 values below 5 %
(38 complexes). For further detailed comparison of
selected geometric parameters associated with the
NiNg chromophore, only those were considered
for which the X-ray data were gathered at low
temperature (up to 120 K); there are only eight
structures (six compounds) fulfilling these criteria
including the four reported in this work (REF
codes of already reported structures are in bold)
(Tab. 7). In these compounds, the counter-anions
are two perchlorate anions in [Ni(Him)s](C1O,),
(Wu, 2011), two nitrate anions in [Ni(Him)s](NO;),
(Wu, 2011), a biphenyldicarboxylate anion in
[Ni(Him)s](bph(COO),) - H,O (Chand, 2019), and
a carbonate anion in [Ni(Him);]CO4-5H,O (Wu,

2011). For detailed comparison of NiNg chromo-
phores, see Tab. 8; where the Ni—N distances
are shown along with the calculated values of the
OC-6 parameter from the SHAPE program (Llu-
nel, 2013) indicating the deviation of the NiNg
chromophores from a regular octahedron. As it
can be seen, the [Ni(Him)s]** cations display an
almost ideal octahedral shape in all studied com-
plexes. The highest deviations, according to the
SHAPE program, were observed in [Ni(Him)]
(bph(COO),) - HyO (Chand, 2019) and in complex 3.
Differences in the shapes of the respective polyhe-
dra in different complexes were visualized through
overlays of the respective pairs of complex cations
using the Mercury program. Selected examples are
shown in Fig. 5, showing significant differences in
the orientation of Him rings in the respective com-
pounds. Consequently, angles between the NiN,
plane and the plane through the Him ligand (more
precisely through the C and N atoms) — the tilting
angles, were determined (Tab. 8). Differences in
the tilting angles can be ascribed to the action of
intermolecular forces, more precisely the forma-
tion of hydrogen bonds; the Him ligand takes an
orientation that maximizes the possibility of form-
ing intermolecular interactions and minimizes the
repulsion within the coordination sphere.

Tab. 7. Structures containing [Ni(Him)s]*" with various anions measured at low temperature.

REF code Formula R1 factor Reference
HIMZNJ02 [Ni(Him)s](ClO,), 4.50 Wu, 2011
IMAZNIO03 [Ni(Him)s](NOy), 2.58 Wu, 2011
MIVQOA [Ni(Him)] (bph(COO),) - H,O 4.48 Chand, 2019
SAXNEKO01 [Ni(Him)s]|CO; - 5H,0O 4.14 Wu, 2011

1 [Ni(Him)s]CO; - 5H,0O 3.70 This work

2 [Ni(Him)g](ac)s - HyO 3.07 This work

3 [Ni(Him)s] (NO3), 2.42 This work

4 [Ni(Him),]SiFg 3.94 This work

Tab. 8. Selected complexes with [Ni(Him)s]*" cation

with geometric parameters characterizing the NiNg

chromophore.
REF code Formula Noi_N 0c-6 Tilting angle [°] Reference
[A] Shape

HIMZNJ02  [Ni(Him)](ClO,), 9.129(2) 0.031  6.68, 12.08, 21.96 Wu, 2011
IMAZNIO3  [Ni(Him)](NOy), 9.1152(11)  0.029  22.99 Wu, 2011
3 [Ni(Him)s)(NOs), 2.1190(11)  0.056  23.24 This work
MIVQOA [Ni(Him)s] (bph(COO),) - H,O  2.1409(18) 0.056  4.58,10.64, 16.48 Chand, 2019
SAXNEKO01 [Ni(Him)s]CO; - 5H,O 2.1174(15) 0.001 8.83 Wu, 2011
1 [Ni(Him)s]CO; - 5H,O 2.1220(14) 0.001 8.92 This work
2 [Ni(Him)g](ac), - HyO 2.1269(11) 0.004 3.42,4.44,4.82,7.76, 8.40, 16.76  This work
4 [Ni(H im),]SiF, 9.1199(12)  0.010  13.48 This work

Kos¢ikova A et al., Influence of the counter-anions on the [Ni(Him)s]** complex cation... 7



a

% Ik

d)

% 5% 3¢

C

f)

Fig. 5. Comparisons of molecular structures of the respective complex cations containing Nil central
atom. The complex cations were superimposed in such a way that the NiNy chromophores were put as
close to each other as possible. a) 1 (red) and 2 (blue), b) 1 (red) and 3 (green), c¢) 2 (blue) and 3 (green),

d) 1 (red) and 4 (grey),

Conclusions

Four Ni(II) complexes containing [Ni(Him)|*
(Him = imidazole) were prepared. Two com-
plexes have previously been described in literature:
[Ni(Him)s](CO,)-5H,O (1), and [Ni(Him)s](NO,),
(3), while [Ni(Him)gl(ac)s- HoO (2, ac = acetate) and
[Ni(Him)s]SiF; (4) are new. Complex 1 was prepared
unintentionally, by capturing CO, from air into the
structure. Results of single crystal studies have shown
that all four complexes exhibit ionic crystal struc-
tures built up of [Ni(Him)s]** complex cations, the
respective anion(s) and in case of 1 and 2, additional
solvate water molecules. While in 1 and 4, the NiNj
chromophores are quite regular octahedra with only
one independent Ni—N bond; in 2 and 3, the octahe-
dra are slightly deformed. On the other hand, some
differences in the orientation of Him rings within the
coordination polyhedra were observed; these were
ascribed to the action of intermolecular forces.
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e) 2 (blue) and 4 (grey), f) 3

(green) and 4 (grey).
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