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Abstract—Mononuclear nickel complexes [NiLl(NCS)z]QDMSO I, [NiLl(NCS)2]‘DMF (II), and
[NiLZ(NCS)z]-O.SCH3OH-1.5H20 (III) with the distorted octahedral coordination node, where L! and L?
are the tetradentate ligand systems derived from the products of the condensation of diacetyl with 2-hydraz-
inoquinoline and 2-hydrazino-4,6-dimethylpyrimidine, respectively, are synthesized. The structures of the
compounds are determined by IR spectroscopy and XRD (CIF files CCDC nos. 2219793 (I), 2142035 (II),
and 2219794 (I1I)). The quantum chemical modeling of the axial parameter of magnetic anisotropy in the
zero field (D) is performed for the synthesized compounds in the framework of the SA-CASSCF+NEVPT2
method. The complexes are shown to be characterized by three-axis magnetic anisotropy close to the light
magnetization plane with positive D. The axial parameter of magnetic anisotropy (D, = 8.79 cm™!) deter-
mined by the approximation of the magnetometry data on complex [NiLz(NCS)z]-dJ.SCH3OH~1.5H20 is
consistent with the calculated value (D, = 11.5cm™).
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INTRODUCTION

Research in the area of monomolecular magnetism
is one of the most urgent trends of the modern coordi-
nation chemistry. Increased interest in single molecule
magnets (SMM) is due to prospects of their use in
superdense data storage and processing devices and in
the field of spintronics and quantum calculations [1—
5]. It is known that the ability of compounds to exhibit
the properties of SMM, i.e., to retain magnetization
within one molecule for a prolonged time, depends on
the presence of an energy barrier between two opposite
orientations of the magnetic moment, the value of
which is primarily predetermined by the axial param-
eter of magnetic anisotropy (D) [6—9]. Therefore, the
study of factors affecting the sign and value of D is
important for the target synthesis of molecular mag-
netic materials. Among these factors are the structure
of the coordination polyhedron, nature of the ligands
and complexing metal, crystal packing of the com-
plexes, etc. [10—14]. Mononuclear complexes of 3d
metals are used as models for studying the influence of
the molecular structure of compounds on D. This is

due to the fact that the purposeful choice of the ligand
system makes it possible to prepare metal chelates with
a certain symmetry of the coordination polyhedron
and the ligand field strength, which affects, in turn,
the splitting of d-AQ, spin state of the system, and, as
a consequence, the axial parameter of magnetic
anisotropy. Many mononuclear Co(II) and Fe(II)
complexes characterized by high D and exhibiting the
properties of single-ion magnets (SIM) are known
[10—12].

One of the promising classes of polydentate ligand
systems used for the synthesis of coordination com-
pounds includes hydrazones and azomethines of
dicarbonyl compounds [15, 16]. We have previously
synthesized the hexacoordinated Co(Il) complexes
of bis-hydrazones, which are the products of
diacetyl condensation with 2-hydrazinoquinoline and
2-hydrazino-4,6-dimethylpyrimidine, demonstrating
the field-induced behavior of SIM [17—19]. The tar-
geted choice of these bis-hydrazones as ligand systems
was due to their rigid tetradentate N,-donor structure
that favored the distortion of the coordination mode
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toward trigonal prismatic symmetry. It is the closeness
of the coordination polyhedron structure of a trigonal
prism which predetermines strong magnetic anisot-
ropy of the axial type and properties of SIM in the
Co(II) complexes. Continuing these studies, we syn-
thesized and structurally characterized the nickel(II)
complexes [NiL'(NCS),]-2DMSO @,
[NiL'(NCS),]'DMF (II), and [NiL*(NCS),]-
0.5CH;0H-1.5H,0) (III), where L! and L? are diace-
tyl bis-quinolyl- and bis-dimethylpyrimidylhydra-
zones, respectively. The splitting parameters in the
zero field (components of the g and D tensor) of the
synthesized complexes were calculated by quantum-
chemical modeling, and their electronic and geomet-
ric structures were studied.

EXPERIMENTAL

2-Hydrazinoquinoline and 2-hydrazino-4,6-
dimethylpyrimidine were synthesized according to
previously described procedures [20, 21]. Diacetyl bis-
quinolylhydrazone (L') [22] and diacetyl bis-dimeth-
ylpyrimidylhydrazone (L?) [19] were synthesized
according to known procedures. All other reagents and
solvents were purchased from commercial sources and
used as received. The IR spectra of solid samples were
recorded on a Varian Scimitar 1000 FT-IR spectrom-
eter in a range of 400—4000 cm™!. Elemental analyses
to C, H, and N were carried out on a PerkinElmer
240C instrument. The nickel content was determined
by gravimetry after a sample of the complex was cal-
cined in air access to a constant weight.

Synthesis of [NiL!(NCS),]:2DMSO (I) and
[NiLI(NCS),]'DMF (I). A hot solution of
Ni(Cl0,),6H,0 (0.146 g, 0.4 mmol) in methanol
(6 mL) was poured to a boiling solution of L! (0.15 g,
0.4 mmol) in methanol (7 mL), and the solution
turned brown. After 5 min, solid KSCN (0.079 g,
0.8 mmol) was added, and an amorphous brown pre-
cipitate was formed. The reaction mixture was
refluxed for 3 h. The precipitate was filtered off and
washed with methanol.

Dark green crystals of [NiL!(NCS),]-2DMSO (I)
were formed in several days due to the recrystallization

of the formed precipitate from DMSO. The yield was
0.19 g (68%). T, > 260°C.

For C28H32N802S4Ni
Anal. caled., % C,48.07 H,4.61 N,16.02 Ni, 8.39 0, 4.57; S, 18.33
Found, % C,479 H,47 N,16.1 Ni,8.2

IR (v, ecm™): 3132 m (NH), 2096 s (NCS),
1633 m (C=N), 1618 m (C=N), 1602 s (C=N),
1579 m, 1521 s, 1483 m, 1424 m, 1384 w, 1322 m,
1312 m, 1257 w, 1241 s, 1229 s, 1178 m, 1116 m, 971 m,
943 m, 864w, 815,774 m, 749 s, 624 s, 553 m, 529 m,
512 m, 485w, 469 w, 448 w, 423 w.
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Dark green crystals of [NiL!(NCS),]-DMF (II)
were formed in several days due to recrystallization
from DMF. The yield was 0.16 g (64%). T,, > 260°C.

For C»;H»;NgOS,Ni

Anal. caled., C,52.61 H,4.41 N,20.45 Ni, 9.52 0,2.60 S, 10.40
%

Found, % C,527 H,43 N,20.6 Ni,93

IR (v, cm™): 3191 (NH), 3139 m (NH), 2093 s
(NCS7), 2049 s (NCS7), 1664 s (C=N), 1605 s
(C=N), 1569 s (C=N), 1520 m, 1477 m, 1426 m,
1388 w, 1310 m, 1239 w, 1185 m, 1146 m, 1105 m,
978 w, 953 m, 819s, 775, 750 s, 668 m, 634 m, 578 w,
515w, 475 w, 444 w.

Synthesis of [NiL*(NCS),]-0.5CH;0H-1.5H,0
(II). A hot solution of Ni(ClO,),6H,O (0.17 g,
0.46 mmol) in methanol (3 mL) was poured to a boil-
ing solution of L? (0.15 g, 0.46 mmol) in methanol
(5 mL), and the solution turned brown. After 5 min,
solid KSCN (0.09 g, 0.92 mmol) was added, and a
green crystalline precipitate was formed. The reaction
mixture was refluxed for 3 h. The precipitate was fil-
tered off and recrystallized from a DMSO—methanol
mixture. After 3 days, green crystals of complex III
were formed in the solution. The yield was 0.15 g
(61%). T,, > 260°C.

For Cyg sH»7N (0,5, Ni
Anal. caled., % C,40.82 H,5.00 N, 25.73 Ni, 10.78 O, 5.88 S, 11.78
Found, % C,40.3 H,50 N,259 Nij,10.8

IR (v, cm™'): 3563, 3382 m (OH, solvent), 3159 m
(NH), 2104, 2062 s (NCS"), 1631 m (C=N), 1602 m
(C=N), 15555, 14335, 1387 m, 1364 s, 1347 m, 1329 s,
1248 m, 1229 w, 1207 m, 1187 m, 1132 m, 1031 w,
998 w, 847 m, 810 w, 785 w, 692 w, 627 m, 538 m,
520 w, 490 w, 486 w.

Magnetic data were obtained on a Quantum
Design PPMS-9 system for measuring physical prop-
erties (Quantum Design). The temperature depen-
dence of the magnetic susceptibility of compound ITI
was measured for a polycrystalline sample in a tem-
perature range of 2—300 K in an applied magnetic field
of 0.5 T. The diamagnetic correction was calculated by
Pascal’s scheme. The field dependence of the magne-
tization of the sample was measured at 7 = 1.8
and 5 K.

XRD of single-crystal samples of compounds I—-ITI
was conducted on an XCalibur automated diffractom-
eter (Agilent) with an EOS CCD coordinate detector
(Agilent Technologies UK Ltd., Yarnton, Oxford-
shire, England). Reflections were collected and unit
cell parameters were determined and refined using the
specialized CrysAlis PRO software [23]. The XRD
data were obtained at the temperature of the samples
100.0(1) K using MoK, radiation (A= 0.71073 A). The
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Table 1. Crystallographic data and experimental structure refinement parameters for compounds I—III

Value
Parameter
I 11 11

Empirical formula Cy4H,NgS,Ni-2(C,HgOS)| C4HpgNgS,Ni-C3H,NO | CgH»,N,(,S,Ni-0.5(CH,40)-1.5(H,0)
T,K 100 100 100
Crystal system Monoclinic Triclinic Monoclinic
Space group C2/c Pl P2,/n
a, A 14.5773(9) 9.7429(5) 11.5401(10)
b, A 13.9580(6) 10.5293(5) 15.7363(11)
¢, A 17.1312(9) 14.0584(7) 13.7381(10)
o, deg 90 96.241(4) 90
B, deg 113.833(6) 103.499(4) 100.391(9)
Y, deg 90 98.247(4) 90
v, A3 3188.5(3) 1372.62(12) 2453.903
Z 4 2 4
Peatc> g €M™ 1.457 1.491 1.465
u, mm~! 0.911 0.899 0.998
F(000) 1456 640 1124
Range of 0, deg 2.8,26.3 2.9,29.1 3.0, 29.1
Range of indices hk/ —18<h< 18, —13<h <13, —15<h< 15,

—15<k<17, —14<k< 14, —21<k<10,

—-21<7/<20 —17<1<19 —18</<10
Number of reflections 7093, 3252 12694, 7328 12690, 6562
measured/independent
Completeness to 6 = max 0.998 0.995 0.999
Number of parameters 236 361 324
Ry, wR, (I >205(1)) 0.0347, 0.0769 0.0361, 0.0765 0.0520, 0.1106
R, wR, (all data) 0.0422, 0.0804 0.0486, 0.0826 0.0815, 0.1205
AP i/ AP s €/ A3 —0.33/0.41 —0.38/0.36 —0.90/0.67

structures were solved by direct methods. The full-
matrix refinement of the positions and thermal
parameters of non-hydrogen atoms was isotropic and
then anisotropic using least squares. All calculations
were performed using the SHELXTL program pack-
age [24]. In the structure of compound I, the DMSO
molecule is disordered over two positions. The crystals
of compound III contain the coordination compound
[NiL?(NCS),] and additionally two molecules of
water of crystallization bearing the O(1) and O(2w)
oxygen atoms. One of these molecules (with the O(2w)
atom) is statistically uniformly substituted by the
methanol molecule, and hydrogen atoms for this mol-
ecule were not determined. Selected crystallographic

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 50

characteristics of compounds I-III are given in
Table 1.

The full structural information for compounds
structures I-I1II, including the distances and angles in
the molecules, was deposited with the Cambridge
Crystallographic Data Centre (CIF files CCDC
nos. 2219793 (I), 2142035 (II), and 2219794 (1II);
www.ccdc.cam.ac.uk/data_request/cif).

The electronic structures of the complexes were
calculated in the framework of the multiconfigura-
tional method of state-average complete active space
self-consistent field (SA-CASSCF) [25—27] followed
by refinement in the framework of the second-order
n-electron valence state perturbation theory
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(NEVPT?2) [28—31]. Scalar relativistic effects were
taken into account in the Douglas—Kroll—Hess
approximation [32]. The segmented all-electron rela-
tivistically contracted (SARC) variant [33] of the
three-exponent Ahlrichs basis set extended by polar-
ization functions of the def2-TZVP type was used for
all atoms [33—36]. The electron density expansion in
the auxiliary basis set was used to reduce the calcula-
tion time [37]. Spin-orbital interaction was taken into
account in terms of the quasi-degenerate perturbation
theory (QDPT) [8]. All calculations were performed
using the ORCA v. 4.1.1 program [38].

Five molecular orbitals (MO) with the predomi-
nant contribution of the 3d-AOs of the nickel atom
and eight electrons corresponding to the ¢® electron
configuration were included into the CAS(8,5) active
space. All possible multiplet states were included into
the wavefunction expansion.

MELIKHOV et al.

The coordinates of non-hydrogen atom nuclei were
taken from the XRD results, and the positions of
hydrogen atoms were preliminarily optimized using
the BP86 functional and def2-TZVP basis set.

The d-orbital splitting was analyzed by the ab initio
ligand field theory (AILFT) [39, 40] implemented in
the ORCA program. The D and g tensors were calcu-
lated in terms of the effective Hamiltonian approxima-
tion.

RESULTS AND DISCUSSION

Bis-hetarylhydrazones L' and 1.2 and their Ni(II)
complexes, [NiL!(NCS),]2DMSO (I), [NiL'(NCS),|-
DMF (II), and [NiL*(NCS),]-0.5CH;0OH1.5H,0
(IIT), were synthesized according to Schemes 1 and 2.

g
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£, MeOH 3h
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Scheme 2.

The compositions and structures of complexes I—-III were determined by elemental analysis, IR spectros-

copy, and XRD.
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Fig. 1. Molecular structure of complex I (without DMSO molecule).

The IR spectra of the complexes in a range of
3191—3132 cm™! exhibit the absorption band corre-
sponding to stretching vibrations of the NH groups.
The absorption bands of stretching vibrations of the
C=N groups experience shifts by 15—40 cm~! com-
pared to the spectrum of the ligand and are observed
as high- and medium-intensity bands in a range of
1634—1569 cm~!. The data obtained indicate that bis-
hydrazones L' and L? in complexes I—III behave as
tetradentate ligand systems in the neutral form coordi-
nating to the nickel ion by the nitrogen atoms of the
azomethine and heterocyclic fragments. The presence
of NCS anions in the complexes is confirmed by the
high-intensity absorption band in a range of 2104—
2049 cm~!.

The crystal structures of complexes I-III were
determined by XRD. The molecular structures of
coordination compounds I—III are shown in Figs. 1—
3, respectively. Selected geometric parameters of the
coordination spheres of the compounds are given in
Table 2.

The nickel ion exists completely in the nitrogen
donor environment in all compounds. The coordina-
tion polyhedron of the nickel ion in complexes I—III
consists of four nitrogen atoms lying in the pseudo-
equatorial plane and two nitrogen atoms of the NCS~
anions occupying the axial positions.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 50

The shortest coordination bonds of the Ni ion are
formed with the axial NCS~ ligands. The Ni—N bond
lengths in the pseudo-equatorial plane differ signifi-
cantly, and the distances metal—nitrogen atom of the
heterocyclic fragment (Ni—N,,) are by ~0.2 A longer
than the distances metal—nitrogen atom of the diace-
tyl fragment (Ni—Ny;,.), which is due to specific fea-
tures of the organic ligand structure.

Since three fused five-membered chelate cycles
with intracyclic angles at the nickel ion are formed
(N(1A)Ni(1)N(3(A)) 75.21(6)°, N(1A)Ni(1)N(1)
75.52(6)° in I; N(1)NiN(3) 74.65(5)°, N(1)NiN(4)
75.16(6)°; N(4)NiN(6) 74.80(5)° in II; and
N(S)Ni(1)N(3) 74.08(8)°, N(5)Ni(1)N(6) 75.68(8),
N(6)Ni(1)N(4) 72.77(8)° in III) upon the coordina-
tion of the Ni ion, the extracyclic angle in the equato-
rial plane turns out to be significant: N(3A)Ni(1)N(3)
134.23(7)° in I, N(3)NiN(6) 135.62(5)° in II, and
N(3)Ni(1)N(4) 137.44(7)° in II1. As a result, the devi-
ation of the angle between the nitrogen atoms of the
axially coordinated NSC anions (NycsiNiNycs2)
from 180° is observed: N(4)Ni(1)N(4(A)) 169.91(8)°
in I, N(7)Ni(8)N 166.09(6)° in II, and
N(1)Ni(1)N(2) 163.59(9)° in I1I. The positions of the
nitrogen donor atoms in the pseudo-equatorial plane
are characterized by a substantial trapezium-shaped
distortion.
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Fig. 3. Molecular structure of complex ITI.
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I II 11
Bond
d, A

Ni—Nycsi 2.021(2) 2.0155(15) 1.991(2)
Ni—Nycs2 2.021(2) 2.0338(15) 2.012(2)
Ni—Njot 2.2381(16) 2.2500(14) 2.271(2)
Ni—Njot 2.2381(16) 2.2454(14) 2.2454(14)
Ni—Ngiac 2.0374(17) 2.0498(14) 2.039(2)
Ni—Ngiae 2.0374(17) 2.0494(14) 2.071(2)

Angle o, deg
NncsiNiNnes2 169.91(8) 166.09(6) 163.59(9)
Intracyclic chelate angles at Ni ion 75.21(6) 74.65(5) 74.08(8)
NAA)NiI(1)N(1) 75.52(6) 75.16(6) 75.68(8)

75.21(6) 74.80(5) 72.77(8)

Extracyclic angle at Ni ion 134.23(7) 135.62(5) 137.44(7)

An analysis of the coordination environment using
the continuous symmetry measure calculated by the
SHAPE 2.1 program [41] in complexes I—III showed
that the hexacoordinated environment of the central
Ni2* ion was distorted to a significant extent compared
to both the ideal octahedral and trigonal prismatic
structures (for the ideal polyhedron structure, the cor-
responding indicator should be zero). The geometric
parameters of the deviation for various probable coor-
dination geometries with six coordination numbers

N(4)

2.021
N@3) N#)

2.034

around the Ni center (OC-6* is octahedron (Oh),
TPR-6** is trigonal prism (D3h)) are shown below.

I 11 I
OC-6* TPR-6** OC-6 TPR-6 OC-6 TPR-6
5.514 7.743 6.172 7.291 7.158 7.354

The detailed structure of the coordination polyhe-
dron of the Ni(II) ion in complexes I-III presented in
Fig. 4 clearly shows strong deviations of the

N(8) N(1)

N(7)
(In

Fig. 4. Polyhedra of compounds I—III.
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Fig. 6. Fragment of the crystal packing of complex II (without hydrogen atoms).

N(4)NiN(4A) angle in I, N(7)NiN(8) in II, and
N(1)NiN(2) in III from linearity and the distinction
of the geometry of the equatorial plane
N(1)NGB)N(IA)NGBA) in I, N(1)N(3)N(@4)N(6) inII,
and N(3)N(4)N(5)N(6) in III from an ideal square.

The packings of molecules in the crystalline lattice
of compounds I-III is layered as shown in Figs. 5—7,
respectively.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 50

The shortest distance between the nickel atoms is as
follows: 8.575(3) AinI (the longest one among com-
pounds I-IIT), 6.603(3) A in II, and 7.873(3) A in IIL.
In the crystal structure of complex I, the oxygen atom
of the solvate DMSO molecule forms a weak contact
with the hydrogen atom at the N(2) nitrogen atom
with the following parameters: O(1A)...N(2) 2.731,
O(1A)..H(N2) 19422) A, OUAHN2)N(2)

No. 7 2024
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Fig. 7. (a) Fragment of the crystal packing of complex III (dashed lines show intermolecular hydrogen bonds formed by the mol-
ecule of water of crystallization) and (b) intermolecular hydrogen bonds between the water molecule and molecules of

complex III.

153.4(7)° O(1B)..N(2) 2.700(3), O(1B)...H(N2)
1.86(1) A, and O(1B)H(N2)N(2) 165.3(6)°.

In the crystal structure of complex II, the solvate
molecule of N,N-dimethylformamide is involved in
the formation of an intermolecular hydrogen bond of
the N—H...O type (Fig. 6) with the following parame-
ters: O(1)...N(5) 2.739(4), O(1)..H(N3) 1.92(2) A,
and O(1)H(NS5)N(5) 158.2(6)°.

In the structure of complex III, both hydrogen
atoms of the molecules of water of crystallization
(H(1)H(2)O(1)) are involved in the formation of two
intermolecular hydrogen bonds of the O—H...N type
with the parameters H(1)...N(9) 2.15(1), O(1)...N(9)
2.944(3) A, O(1)H(1)N(9) 172.2(5)°{1/2 +x, 1/2 —y,
1/2 + z} and H(2)...N(10) 2.22(2), O(1)...N(10)
2.922(3) A, O(1)H(2)N(10) 162.1(6)° {x, 1 + y, z} and
one intermolecular hydrogen bonds of the
N(7)H...O(1)N(7) type {—1/2 —x, 1/2 +y,3/2 — 2}
equal to 2.759(3) A (Fig. 7).

At room temperature the product of the molar
magnetic susceptibility by temperature () 7) is about
1.21 ecm® K mol™!' (Fig. 8), which is somewhat
higher than the spin-only value (~1.00 cm?® K mol™)
for §=1and g= 2. On cooling to 20 K, ;7 decreases
sharply and reaches =0.38 cm?® K mol™! at 2 K. This
low-temperature decrease in ;7 can be explained by
the presence of magnetic anisotropy related to the
zero-field splitting.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 50

The following anisotropic spin-Hamiltonian (1)
was used to describe the magnetic properties of com-
plex III in a permanent magnetic field:

T
1.2+ e qadqqaasRsaaasaeaaees (faasasaaadda)
Magnetization, N5 pip
09 §
0.6
g
Q“I
0.3+
O L L L L L L L
0 50 100 150 200 250 300
T,K

Fig. 8. Temperature dependence of ;7 for compound ITI
measured at H = 0.1 T (hollow circles). Inset: the magne-
tization from the field for compound I measured at 7= 1.8
and 5 K. The theoretical curves (solid lines) were calcu-
lated with the following parameters: E = 0.08 cm

gx =gy =2.20, ,=2.09, xr1p =10 x 10~*cm3 K mol™".
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Table 3. Calculated (NEVPT2) (for I-III) and experimental (for IIT) components of the g and D tensor

MELIKHOV et al.

I 11 111
Parameter
NEVPT?2 NEVPT2 Exp. NEVPT2
D, cm™! +9.87 +11.6 +8.79 +11.5
E, cm™! 1.38 1.42 0.08 1.68
gy 2.275 2.293 2.20 2.306
gy 2.243 2.259 2.20 2.272
&7 2.188 2.195 2.09 2.206

A & 1 &2 &2

HzD[SZ —2S(S+1 }FE Sy -8
2 =385+ |+ E[57 - 5] 0

+ Up (BXgXSX + BygySy + Bzngz)a

where S = 1 is the spin of the Ni?*" ion; D and E are the
axial and orthorhombic splitting parameters in the
zero field, respectively; and g, (o0 = X,Y,Z) are the
g-tensor components. The set of optimum parameters

follows: |DI=8.79 cm™, E =0.08cm ™,
gZ = 209, g)( = gy = 220, al’ld XTIP = 10 X 1074 Cm3

K mol™! (TIP-temperature-independent paramagne-
tism).

is as

The absolute value of the axial splitting parameter
in the zero field was obtained. The magnetization as a
function of the magnetic field measured at 7= 1.8 and
5 K is shown in Fig. 8 (inset).

The results of the magnetochemical study showed
no slow magnetization relaxation for complex III in
either applied, or zero field.

The g- and D-tensor components were calculated
in terms of the multideterminant CASSCF +
NEVPT2 wavefunction in the QDPT approximation
in order to determine the axial splitting parameter in
the zero field of compounds I-III. The calculation
results are presented in Table 3.

Table 4. Splitting of the d-AO (cm™!) calculated in the
framework of the AILFT for compounds I-II1 (NEVPT?2)

State 1 1 11
d,, 0.0 0.0 0.0
d. +d,, 463 356 693
- 1409 1341 1371
do_y 6184 6856 6460
dy 9769 10636 10407

Compound III demonstrates a good convergence
between the theoretical parameter D, and D,
obtained by the approximation of the results of mag-
netic measurements. The calculation indicates three-
axis magnetic anisotropy close to the light magnetiza-
tion plane (gy= gy > g») with the positive parameter
D > 0 for all compounds.

It is known [10, 42, 43] that the sign and value of
the D, (k, | = x, y, ) component of the magnetic
anisotropy tensor is determined by the sum of contri-
butions from one-electron excitations with the reten-
tion of spin multiplicity as follows (excitation contri-
butions with a change in the spin multiplicity are
determined by additional terms):

o~ W [w,) (v, | )
D, = et , 5
“ 452; e, —¢, @

where S is the total spin of the ground state, szf is the
effective constant of the spin-orbital interaction of the
metal ion, {y} is the multiplicity of molecular orbitals
with the energy {€}, and indices i and p correspond to
the doubly and singly occupied MOs in the ground

state, respectively. The operator ik is the kth compo-
nent of the orbital angular moment operator (k, [ =
X, ¥, 2).

For the D, component, the contribution is
inversely proportional to the transition energy (transi-
tions between the orbitals with the lowest difference in
energies provide the highest (by modulus) contribu-
tion) and the sign depends on the nature of the orbitals
determining the transition: if both orbitals are charac-
terized by the same (by modulus) quantum number of
the orbital moment projection m, (these are pairs d,,
d,,withm,= *1andd,,, d,, ,, withm,= +2), then the
contribution is negative; if the quantum numbers are
different, then the sign of the contribution is positive.

The general scheme of splitting of orbitals of the d
sublevel of the Ni*" ion calculated in terms of the
AILFT approximation is the same for compounds I—
III (Fig. 9 shows the splitting scheme for complex I1I
as an example) and corresponds to the axially con-
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Fig. 9. Splitting of the d-AO of the nickel ion in complex III (calculated according to the AILFT). The axes of coordinates are
oriented as follows: the z axis is perpendicular to the molecule plane, and the x and y axes are directed to the nitrogen atoms.

tracted octahedron, which coincides with the XRD
data according to the which the Ni—NCS distances are
shortest.

The calculated relative energies of the correspond-
ing orbitals for compounds I—III are listed in Table 4.

The lowest in energy is the d,, orbital, whose max-
ima are directed to the space between the nitrogen
donor atoms. Two combinations of d-AOs lie higher in
energy: d,, + d,, and d,, — d,,. The d,, orbital is most
destabilized due to its significant antibonding interac-
tion with the group ¢ orbitals of the axially coordi-
nated NCS~ anions. The d,, _ , orbital is stabilized to
a significantly lower extent owing to the trapezium
arrangement of the donor nitrogen atoms in the equa-
torial plane, which results in the elongation of the Ni—
N distance in the heterocyclic fragment and, hence, in
a decrease in the strength of the ligand field.

Evidently, excitations with the lowest energy would
correspond to the electron transition from the lowest

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 50

doubly occupied orbitals to the lowest of the singly
occupied orbitals (d,, _ ,»). Two transitions (d,, + d,,, —

Table 5. Highest (by modulus) individual contributions
(ecm™') of electron excited states to the D parameter
(NEVPT?2)

Multiplicity| Number
of excited | of excited I I 11T
state state
3 1 25.02 26.54 27.50
3 2 21.79 23.02 19.81
3 3 —34.46 | —-35.66 |—33.27
1 1 —7.77 —7.90 —7.89
1 2 —6.68 —6.74 —6.59
1 3 13.01 13.27 13.37
No.7 2024
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dy_,andd,, —d,, — d, _ ) will provide the positive
contribution, and one transition (d,, — d,, _,,) pro-
vides the negative contribution. At approximately
equal transition energies (and, correspondingly, equal
contributions), the total value should be positive.

The performed analysis is completely confirmed by
the calculation results of individual contributions of
the excitations to the D parameter, the highest (by
modulus) of which are given in Table 5.

The first two triplet excitations provide the positive
contributions and the third excitation provides
the negative contribution, which totally gives the pos-
itive D. The contributions from transitions to the
excited singlet states are substantially lower by modu-
lus and approximately compensate each other without
affecting the sign and value of the D parameter.

Thus, the coordination Ni(IT) compounds with the
tetradentate ligands derived from the products of the
condensation of diacetyl with 2-hydrazinoquinoline
(LY and 2-hydrazino-4,6-dimethylpyrimidine (L?)
were synthesized. The molecular and crystal struc-
tures of compounds [NiL!(NCS),]-2DMSO (1),
[NiL/(NCS),]' DMF (II), and [NiL2(NCS),]
CH;0H-3H,0) (III) were determined by XRD in
combination with IR spectroscopy. The complexes
were shown to be characterized by three-axis magnetic
anisotropy close to the light magnetization plane with
the positive axial parameter of magnetic anisotropy D.
It has been found for compound III as an example that
similar complexes demonstrate slow magnetic magne-
tization relaxation.
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