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Abstract—Heterospin polymeric complexes based on Ni(II) and Co(II) hexafluoroacetylacetonates and
deprotonated iminonitroxide, 2-(2-hydroxy-5-nitrophenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidaz-
ole-1-oxyl (HL), were synthesized. The [M"(Hfac)Lz]_ anions (Hfac = 1,1,1,5,5,5-hexafluoro-2,4-pen-
tanedionate) in the complexes are linked into 1D—3D polymers by Na*, K*, Rb*, or Cs* cations (I-V). An
X-ray diffraction study of M'[M!!(Hac)L,] - n(Me,CO) (n = 0—2.5) demonstrated that the polymer structural
motif is determined by alkali metal cation (CIF files CCDC nos. 1974139—1974143 for I-V). According to
magnetic measurements, ferromagnetic interactions in the {LML} exchange clusters predominate in the solid
phase, which gives rise to increase in the effective magnetic moment with decreasing temperature.

Keywords: nickel, cobalt, sodium, potassium, rubidium, cesium, hexafluoroacetylacetonate, nitroxide, poly-
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INTRODUCTION

Recently, it was shown that the iminonitroxide,
2-(2-hydroxy-5-nitrophenyl)-4,4,5,5-tetramethyl-4,5-
dihydro-1H-imidazole-1-oxyl (HL), reacts with tran-
sition metal pivalates with initiation of redox processes
accompanied by partial reduction of the iminonitrox-
ide followed by the formation of coordination com-
pounds containing both the initial radical and the
nitrone resulting from its reduction [1, 2]. Attention
was drawn by the existence of ferromagnetic exchange
clusters within the formed mono- and polynuclear
molecules [2, 3], which generated interest in the devel-
opment of synthetic routes for connecting ferromag-
netic exchange clusters into high-dimensional struc-
tures, in which cooperative ordering of spins is poten-
tially possible. It is noteworthy that the ferromagnetic
exchange also occurs in bis-chelate molecular matri-
ces with the spin-labeled Schiff bases [ML,] (M = Ni,
Cu, Co) containing no additional organic ligands [4,
5]. However, homoleptic [ML,] are, first, poorly solu-
ble in organic solvents and, second, possess low accep-
tor ability needed for the development of high-dimen-
sional structures. Therefore, for increasing the accep-
tor properties of metals in [ML,], it is necessary to
either introduce appropriate substituents into the L

521

molecule or add acceptor ligands into the metal coor-
dination sphere. It is noteworthy that there exist few
reported examples of polymeric complexes formed by
3d metal hexafluoroacetylacetonates with nitroxides,
most of which behave as magnets, but do not contain
s-elements [6—18]. We made an attempt to study the
products formed in the reaction of the strong acceptor
metal-containing matrix {M(Hfac)2} with HL. The
study demonstrated that mononuclear [M(H,0),-
(Hfac),], where M = Ni or Co, react with HL in
organic media only in the presence of alkali. As a
result, polymeric heterometallic different-ligand com-
plexes are separated into the solid phase; the dimen-
sionality of the complexes was found to depend on the
alkali metal ion used in the reaction (Na, K, Rb, or
Cs). The complexes were obtained as single crystals
and studied by X-ray diffraction.

Here we investigated the effect of the nature of
alkali metal on the structure of the resulting polymer.
Since all isolated polymeric heterometallic complexes
contain ferromagnetic exchange clusters, a suggestion
was made how these polymers can be used to prepare
solid phases with cooperative magnetic ordering.
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The reagents used in the study include iminoni-
troxide, 2-(2-hydroxy-5-nitrophenyl)-4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazole-1-oxyl (HL), syn-
thesized by a reported procedure [4], reagent grade
KOH, analytical grade NaOH, RbOH (50% aqueous
solution, Sigma-Aldrich), CsOH (50% aqueous solu-
tion, Sigma-Aldrich), high-purity grade acetone, ref-
erence heptane, and methanol (distilled prior to use).
The complexes [Co(H,0),(Hfac),] and [Ni(H,O),-
(Hfac),] were prepared by the reactions of [ Co(H,0),-
(OAc),] and [Ni(H,0)4(0Ac),] with 1,1,1,5,5,5-hexa-
fluoro-2,4-pentanedione (Hfac) and KOH in water
followed by recrystallization of the products from
high-purity grade EtOAc.

Synthesis of K[Ni(Hfac)L,] - Me,CO (I). At room
temperature, a solution of HL (0.055 g, 0.2 mmol) in
acetone (3 mL) and then a solution of KOH (0.011 g,
0.2 mmol) in MeOH (0.5 mL) were added to a solu-
tion of [Ni(H,0),(Hfac),] (0.05 g, 0.1 mmol) in ace-
tone (1 mL). The reaction mixture acquired a dark
brown color. After 2 days, complex I precipitated as
brown prismatic crystals, which were collected on a
filter and washed with acetone. The yield was 0.08 g
(45%).

Anal. calcd., % C, 44.5
Found, % C,444

H, 4.1
H, 3.9

N, 9.2
N, 9.2

F, 12.4
F, 12.6

The compounds Na[Ni(Hfac)L,] - Me,CO (II),
Rb[Ni(Hfac)L,] - 2.5Me,CO (III), and Cs[Ni(Hfac)L,]

(IV) were prepared by a similar procedure using NaOH,
RbOH, and CsOH, respectively.

II: red-brown prismatic crystals (60% yield).
For C3,H;,N4O,,F{NaNi

Anal. caled., % C,45.3
Found, % C,454

H, 4.1
H,4.4

N, 9.3
N, 9.5

F, 12.6
F, 12.7
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III: fine red-brown prismatic crystals (60% yield).

For C;,H3;N¢O,; FcRbNi (partly desolvated)

Anal. caled., % C,42.4 H,3.9 N, 8.7 F, 11.8

Found, % C,42.6 H,3.7 N, 8.8 F, 11.5
IV: prismatic brown crystals (82% yield).

For C31H31N6010F6CSNi

Anal. caled., % C, 39.1 H, 3.3 N, 8.8 F, 11.9

Found, % C,39.2 H, 3.2 N, 8.7 F, 12.3

Synthesis of K[Co(Hfac)L,] - 2.5Me,CO (V). At
room temperature, a solution of HL (0.055 g,
0.2 mmol) in acetone (3 mL) and then a solution of
KOH (0.011 g, 0.2 mmol) in MeOH (0.5 mL) were
added to a solution of [Co(H,0),(Hfac),] (0.05 g,
0.1 mmol) in acetone (1 mL). The reaction mixture
was colored black. After 2 days, crystal concretions
precipitated, which were recrystallized from an ace-
tone—heptane mixture (5 : 2) to give dark brown pris-
matic crystals of V, which were collected on a filter and
washed with heptane. The yield was 0.049 g (50%).

For C3, sH34NgO, sFcKCo (partly desolvated)
Anal. caled., % C,43.9 H,39 N, 9.5
Found, % C,438 H,38 N,9l1

F, 12.8
F, 12.9

X-ray diffraction. The sets of reflections from single
crystals were collected on Bruker AXS-Smart Apex I1
and Apex Duo diffractometers (the absorption correc-
tions were applied by the SADABS program,
version 2.10) [19]. The structures were solved by direct
methods and refined by the full-matrix least-squares
method in the anisotropic approximation for all non-
hydrogen atoms. The positions of H atoms were calcu-
lated geometrically and refined in the riding model.
All calculations for structure solution and refinement
were carried out using the SHELX program package.
The crystallographic characteristics of compounds
and X-ray experiment details are summarized in
Table 1; selected bond lengths and interatomic dis-
tances are listed in Table 2.

Full data on the structures of I-V are deposited
with the Cambridge Crystallographic Data Centre

(CCDC nos. 1974139—1974143; deposit@ccdc.
cam.ac.uk; http://www.ccdc.cam.ac.uk/data_re-
quest/cif).

The magnetic susceptibility (y) of polycrystalline
samples was measured on a MPMS XL SQUID mag-
netometer (Quantum Design) in a 2—310 K range in
a5 kOe magnetic field. The paramagnetic compo-
nents y were determined with allowance for the dia-
magnetic contribution estimated from the Pascal con-
stants. The efficient magnetic moment (L ) was cal-

culated by the formula W= [3kYT/(NAUug?)]"/?, where
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Table 2. Selected bond lengths and interatomic distances for -V

d, A
Bond
1 11 I v A\
M(I)-0O 2.009(3)—2.071(4) | 2.019(3)—2.075(3) | 2.009(3)—2.083(4) | 2.003(2)—2.070(2) | 2.022(4)—2.124(5)
M(II)—N 2.101(3)—=2.115(4) | 2.097(4)—2.120(4) | 2.082(4)—2.111(4) | 2.115(2)—2.128(2) | 2.127(4)—2.150(4)
M(I)—O 2.679(3)—3.069(4) | 2.287(5)—2.813(6) | 2.805(3)—3.179(5) | 3.002(2)—3.362(2) | 2.692(4)—3.268(5)
Cs—F 3.341(15)—3.443(14)
N-O 1.258(5)—1.267(5) | 1.265(6)—1.272(6) | 1.259(6)—1.269(7) | 1.262(3)—1.270(4) | 1.255(6)—1.273(7)
MID)---M(I) | 3.684(2), 3.700(1) | 3.331(2), 3.353(2) | 3.857(1), 3.871(1) |4.0127(6), 4.0751(6) | 3.703(2), 3.708(2)

N4, Ug, and k are the Avogadro number, Bohr magne-
ton, and Boltzmann constant, respectively. The exper-
imental temperature dependence of the magnetic sus-
ceptibility was analyzed using the isotropic spin Ham-
iltonian H = —2%J,,5;S;.

RESULTS AND DISCUSSION

The studies demonstrated that the reaction of
[Ni(H,0),(Hfac),] with HL in an acetone—methanol
mixture takes place only in the presence of KOH. The
reaction results in crystallization of complex I. The
complexes II, III, and IV containing the {Ni(Hfac)L,}
moieties were prepared under similar conditions using
NaOH, RbOH, and CsOH (Fig. 1). In the solid
phase, these compounds are combined into polymer
structures by alkali metal cations. In addition, the
crystal structure may incorporate acetone molecules
bound to the alkali metal cation. The Ni environment
in all compounds is a slightly distorted octahedron
formed by two Oy, atoms and the O; and N
donor atoms with the Ni—O distances of 2.009(3)—
2.083(4) A and Ni—N distances of 2.082(4)—
2.128(4) A (Table 2). The N—O bond lengths in the
nitroxide group of L are typical of imino nitroxides:
1.255(6)—1.273(7) A [20].

(@)

Ono,

The environments of alkali metal atoms are differ-
ent (Fig. 2). In compound I, the K atom environment
is a seven-vertex polyhedron formed by four Oy,
atoms of the nitro groups of two L, two bridging O,

atoms of two other L, and the O atom of the acetone
molecule (K—O 2.679(3)—3.069(4) A). All these
bonds form polymer chains in the structure (Fig. 2a).

Compound II has the same composition as I, with
a similar environment of alkali metal atoms (Na—O
2.287(5)—3.032(5) A), but layers are formed in the
structure instead of chains (Fig. 2b).

Structure III is also composed of polymer chains
(Fig. 2¢). The environment of Rb atoms is an eight-
vertex polyhedron formed by Oyq,, and O oxygen
atoms and two acetone molecules (Rb—O 2.805(3)—
3.179(5) A). In addition, acetone solvate molecules
reside between the chain. Compound V has the same
structure.

The cesium environment in IV includes O atoms
(3.002(2)—3.362(2) A) and F atoms (3.341(15)—
3.443(14) A), which form an irregular nine-vertex
polyhedron (Fig. 3c). Considering all these contacts,
the structure can be defined as a framework (Fig. 3).

A study of the magnetic properties of the prepared
different-metal and different-ligand complexes

(b)

Na
e o
BN

Fig. 1. (a) Structure of the coordination anion [Ni(Hfac)L,]™ and (b) fragment of structure II. Here and below: ¢ are N atoms
and e are O atoms; CF; and CHj3 groups and H atoms are omitted; the dashed lines indicate the bonds participating in the for-

mation of the polymeric structure.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46
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Fig. 2. Structure of the layer in (a) I and (b) II and (c¢) chains in III.

showed the presence of ferromagnetic exchange inter-
actions between the spins of paramagnetic centers.
The u. values at 300 K are somewhat higher than the
theoretical purely spin values (3.74 and 4.58 ug for
Ni(II) and Co(II) complexes, respectively) and
increase with decreasing temperature (Fig. 4). This
result is in agreement with the results of quantum
chemical calculations, which demonstrated that the
iminonitroxide coordination via the N atom of the
paramagnetic moiety is favorable for ferromagnetic
type exchange interactions [21—33]. The experimental
dependences of u{7) for the complexes were ana-
lyzed using the exchange coupled trimer model (spin
Hamiltonian H = —-2J(5., Sy + SuS1,)) for the
{M(Hfac)L,} groups. The decrease in the u value at
low temperatures is due to weaker cluster—cluster anti-
ferromagnetic type exchange interactions and/or zero-
field splitting, which were considered in the molecular
field approximation. The optimal g-factors of the

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

metal ion (gy,) and exchange interaction parameters (J
and zJ') derived from analysis of experimental depen-
dences u ( 7) are listed in Table 3; the nitroxide g-fac-
tor was taken to be 2.

Thus, the study demonstrated that Ni(IT) and
Co(II) hexafluoroacetonates react with the spin-
labeled Schiff base HL in organic media in the pres-

Table 3. Optimal g-factors of the metal ion (gy) and
exchange interaction parameters (J and zJ') derived from
analysis of experimental dependences q{ 7)

Compound M J,em™! /', K
I 2.24 72 —0.17
11 2.26 70 —0.34
111 2.18 58 —0.51
v 2.32 56 —0.10
A\ 2.17 60 —0.54

No.8 2020
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Fig. 3. (a) Framework fragment of IV (Hfac ligands are not shown, e is Cs, e is Ni); (b) schematic view of the framework:

are

the centers of paramagnetic ligands and - are centers of binuclear {Ni--Cs} groups; (c) polyhedral view of the framework for metal

atoms.

ence of alkali. The reaction results in crystallization of
different-ligand heterometallic polymeric complexes
from the solution. The type of the resulting polymeric
structure is dictated by the alkali metal ion, particu-
larly, layers for Na, chains for K and Rb, and frame-
work for Cs. In the solid phase of all complexes, the
ferromagnetic exchange interactions between the
paramagnetic centers are mainly located in the {LML}
exchange clusters. Since the ferromagnetic exchange
values are rather high (Table 3), it appears expedient to
replace alkali metals in these compounds by paramag-
netic transition metal ions. We plan to study this issue
in the future: if this is implemented, one may hope for

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

the preparation of a new group of heterospin com-
plexes capable of cooperative magnetic ordering.
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Fig. 4. Experimental dependences of u.¢(7) for I, I1, III, IV, and V. Continuous lines show the theoretical curves.
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