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Abstract—Biradical mononuclear SQ2  and SQ2ZnL5 complexes, binuclear SQ2Zn(L3)ZnSQ2 complex,
and coordination polymers (SQ2ZnL1(2))n are synthesized by the reactions of bis(3,6-di-tert-butyl-o-ben-
zosemiquinonato)zinc (SQ2Zn) with the bidentate N-donor ligands (L1–5) (pyrazine (L1), 4,4'-dipyridyl
(L2), phenazine (L3), 4-cyanopyridine (L4), and pyrimidine (L5)). The structures of the synthesized com-
pounds are determined by X-ray diffraction analysis (СIF files CCDC nos. 1846558–1846563). The binu-
clear SQ2Zn(L3)ZnSQ2 and mononuclear SQ2ZnL5 complexes contain pentacoordinated metal atoms,
whereas zinc in the compounds based on the L1,2,4 ligands exists in the octahedral environment with the trans-
arranged o-semiquinonate ligands. The coordination polymers (SQ2ZnL1(2))n are capable of depolymerizing
on dissolution in organic solvents. According to the data of measuring the temperature dependence of the
magnetic susceptibility, the antiferromagnetic exchange between unpaired electrons of the organic radical
anions is observed in crystals of the synthesized compounds.
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INTRODUCTION

The studies of the molecular and electronic struc-
tures of the metal complexes with the redox-active
ligands represent a very promising and intensively
developed trend of the modern coordination and orga-
noelement chemistry. An important aspect should be
distinguished among the variety of significant chemi-
cal and physicochemical properties of the compounds
of this type, namely, their magnetic activity and the
possibility of controlling it in wide ranges by the vari-
ation of the nature of the complexing metals and para-
magnetic ligands. This fact enables one to consider the
metal complexes with the redox-active ligands as
potential building blocks for manufacturing magnetic
materials [1–3]. It should be mentioned that the for-
mation of the stable organometallic coordination
polymer [4] completely satisfies the requirements
imposed on functional materials. The first successful
attempts to prepare coordination polymers containing
the paramagnetic o-semiquinone ligands were made
for the cobalt [5] and manganese complexes [6] in
which the (dioxolene)2M moieties were linked by pyr-
azine into polymer chains. Later diverse structures
where metal bis-o-semiquinolates were synthesized
were bound into polymer chains by various dipyridyl
linkers. The copper compounds [7], redox-isomeric

cobalt derivatives [8–13], and catalytically active
manganese complexes [14, 15] were obtained. The
first polymer zinc bis-o-benzosemiquinonate was pre-
pared as a result of studying the possibilities of the
mechanochemical synthesis of the metal bis-o-
semiquinolates [16].

In terms of the present work, we attempted to syn-
thesize coordination polymers based on the bis(3,6-
di-tert-butyl-o-benzosemiquinonato)zinc biradical
moiety and some bidentate N-donor ligands.

EXPERIMENTAL
All procedures on the syntheses of the zinc com-

plexes were carried out under anaerobic conditions.
The solvents used were purified and dehydrated
according to published recommendations [17]. The
following commercial reagents were used: pyrazine
(L1), 4,4'-dipyridyl (L2), phenazine (L3), 4-cyanopyr-
idine (L4), and pyrimidine (L5). The initial zinc com-
plex SQ2Zn(Et2O)2 (SQ2Zn is bis(3,6-di-tert-butyl-o-
benzosemiquinonato)zinc) was synthesized using a
known procedure [18].

Synthesis of complexes I–IV. A solution of a neces-
sary amount of the neutral N-donor ligand in toluene
(10 mL) was poured to a solution of the zinc complex
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SQ2Zn(Et2O)2 (0.5 mmol) in toluene (15 mL). The
obtained reaction mixture was heated in a water bath
for 30 min, after which the liquid phase was removed
under reduced pressure. The dark blue residue was
recrystallized from an appropriate solvent.

Complex SQ2ZnL1 (I): (a) m(L1) = 0.04 g. The
crystals of SQ2ZnL1 · C7H8 (Iа) suitable for X-ray dif-
fraction analysis (XRD) were obtained by the slow
cooling of the toluene solution. The yield was 0.27 g
(79%).

IR (Nujol), ν, cm–1: 451 s, 501 s, 553 m, 655 s,
674 s, 702 w, 798 w, 804 m, 829 s, 930 w, 957 s, 1027 w,
1044 m, 1053 s, 1073 w, 1107 w, 1129 m, 1153 m,
1180 m, 1202 m, 1234 w, 1276 s, 1344 s, 1363 m,
1386 w, 1419 s, 1456 w, 1504 w, 1551 w, 1568 w, 1614 w.

(b) m(L1) = 0.04 g. The crystals of SQ2ZnL1 · C6H14
(Ib) suitable for XRD were obtained from a CH2Cl2–
hexane (1 : 1) mixture. The yield was 0.23 g (68%).

IR (Nujol), ν, cm–1: 451 s, 501 s, 553 m, 655 s,
674 s, 702 w, 798 w, 804 m, 829 s, 930 w, 957 s, 1027 w,
1044 m, 1053 s, 1073 w, 1107 w, 1129 m, 1153 m,
1180 m, 1202 m, 1234 w, 1276 s, 1344 s, 1363 m,
1386 w, 1419 s, 1456 w, 1504 w, 1551 w, 1568 w, 1614 w.

Complex SQ2ZnL2 (II): (a) m(L2) = 0.079 g. The
crystals of II · 3C7H8 suitable for XRD were obtained
by the slow cooling of the toluene solution. The yield
was 0.38 g (82%).

IR (Nujol), ν, cm–1: 462 w, 499 m, 528 w, 625 s,
651 s, 665 m, 677 w, 697 w, 810 s, 821 s, 831 w, 852 w,
926 w, 948 s, 974 w, 988 w, 1005 w, 1024 w, 1041 w,
1062 m, 1111 w, 1126 w, 1176 m, 1203 w, 1216 m,
1276 m, 1319 w, 1342 m, 1352 m, 1360 m, 1405 s,
1438 s, 1478 s, 1537 m, 1601 s.

Complex SQ2Zn(L3)ZnSQ2 (III): (a) m(L3) =
0.045 g. The crystals of III · 4C7H8 suitable for XRD
were obtained by the slow cooling of the toluene solu-
tion. The yield was 0.28 g (72%).

IR (Nujol), ν, cm–1: 463 w, 503 m, 554 m, 594 m,
654 s, 661 w, 675 s, 702 w, 728 w, 746 s, 805 w, 823 w,

For C39H52N2O4Zn
Anal. calcd., % C, 69.07 H, 7.73 N, 4.13
Found, % C, 69.25 H, 7.89 N, 3.96

For C38H58N2O4Zn
Anal. calcd., % C, 67.89 H, 8.70 N, 4.17
Found, % C, 68.23 H, 8.98 N, 4.05

For C59H72N2O4Zn
Anal. calcd., % C, 75.50 H, 7.73 N, 2.98
Found, % C, 75.68 H, 7.82 N, 2.77
RUSSIAN JOURNAL OF C
834 w, 919 w, 956 s, 965 w, 1026 w, 1058 m, 1129 m,
1182 w, 1204 m, 1237 w, 1278 w, 1289 w, 1311 w,
1344 m, 1356 m, 1386 m, 1454 s, 1488 s, 1504 s,
1521 w, 1557 w, 1610 w.

Complex  (IV): (a) m(L4) = 0.104 g. The
crystals of IV suitable for XRD were obtained by the
slow cooling of the toluene solution. The yield was
0.23 g (65%).

IR (Nujol), ν, cm–1: 463 w, 503 m, 537 m, 563 s,
601 w, 655 s, 674 m, 692 w, 705 w, 729 m, 753 w, 776 w,
801 w, 829 s, 866 w, 926 w, 955 s, 979 w, 1016 m,
1027 m, 1071 w, 1092 w, 1110 m, 1182 m, 1200 m,
1205 m, 1218 m, 1276 s, 1318 w, 1327 w, 1342 m,
1351 m, 1358 m, 1416 m, 1553 s, 1605 s, 2242 m.

Complex SQ2ZnL5 (V): (a) m(L5) = 0.04 g. The
crystals of V suitable for XRD were obtained by the
slow cooling of the toluene solution. The yield was
0.17 g (58%).

IR (Nujol), ν, cm–1: 462 w, 499 m, 553 m, 598 w,
636 m, 655 s, 675 m, 692 w, 712 m, 727 m, 804 w,
814 w, 831 m, 890 w, 927 w, 954 s, 1011 m, 1026 m,
1048 w, 1080 m, 1167 m, 1180 m, 1199 w, 1205 w,
1228 w, 1238 w, 1279 m, 1344 m, 1351 m, 1364 m,
1385 s, 1408 s, 1477 s, 1490 s, 1550 w, 1564 w, 1589 s.

IR spectra were recorded on an FSM-1201 FTIR
spectrometer in Nujol in KBr cells. EPR spectra were
detected on a Bruker EMX spectrometer. 2,2-Diphe-
nyl-1-picrylhydrazyl (g = 2.0037) served as a standard
for the determination of the g factor. In order to deter-
mine the precise parameters, the EPR spectrum was
simulated using the WinEPR SimFonia program
(Bruker).

The magnetic susceptibility of polycrystalline sam-
ples of the complexes was measured on a Quantum
Design MPMSXL SQUID magnetometer in the tem-
perature range from 2 to 300 K in a magnetic field of
0.5 T. In the calculations of the paramagnetic compo-
nent of the magnetic susceptibility (χ) of the com-
plexes, the additive diamagnetic contribution of ions
was taken into account according to Pascal’s con-

For C96H120N2O8Zn2

Anal. calcd., % C, 73.88 H, 7.75 N, 1.79
Found, % C, 74.12 H, 7.91 N, 1.57

For C40H48N4O4Zn
Anal. calcd., % C, 67.27 H, 6.77 N, 7.84
Found, % C, 67.45 H, 6.89 N, 7.72

For C32H44N2O4Zn
Anal. calcd., % C, 65.58 H, 7.57 N, 4.78
Found, % C, 65.73 H, 7.68 N, 4.59
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BIS-o-SEMIQUINONATE ZINC COMPLEXES 311
stants. The effective magnetic moments at various
temperatures were calculated by the equation

where N, k, and β are Avogadro’s number, the Boltz-
mann constant, and the Bohr magneton, respectively.

XRD analyses of the complexes were carried out on
Smart Apex I (Ia, III). Bruker D8 Quest (Ib, V), and
Oxford Xcalibur (II, IV) diffractometers at 100 K
(λ(MoKα) = 0.71073 Å). The structures of the com-
pounds were determined by direct methods and
refined by least squares for F2 in the full-matrix aniso-
tropic approximation for all non-hydrogen atoms
(SHELXTL) [19]. An absorption correction was
applied using the SADABS [20] (Ia, Ib, III, and V)
and ABSPACK [21] (II and IV) programs. Selected
bond lengths and bond angles in the molecules of
compounds I–V are presented in Table 1. The crystal-
lographic parameters and the structure refinement
details are given in Table 2.

The crystallographic data were deposited with the
Cambridge Crystallographic Data Centre (CIF files

CCDC nos. 1846558–1846563); deposit@ccdc.cam.
ac.uk; http://www.ccdc.cam.ac.uk).

RESULTS AND DISCUSSION
The standard ligand exchange procedure success-

fully used previously for the design of the magnesium
[22, 23] and zinc bis-o-semiquinone complexes [24–
26] was applied to obtain a series of the complexes. A
solution of the neutral ligand L1, L2, L3, L4, or L5 in
toluene was poured to a solution of SQ2Zn bearing two
molecules of coordinated diethyl ether in the same
solvent (Scheme 1). The reactions of formation of
complexes I, III, IV, and V are insensitive to the stoi-
chiometry of the initial reagents. Regardless of the
ratio of SQ2Zn to the neutral ligand L1 (L3, L4, or L5)
(2 : 1, 1 : 1, or 1 : 2), coordination polymer I, binuclear
complex III, and mononuclear complexes IV and V
were isolated in the crystalline state. The reaction with
4,4'-dipyridyl at the 1 : 1 reagent ratio makes it possible
to obtain coordination polymer II presented in
Scheme 1. The binuclear complex published earlier is
formed in a deficient of the nitrogen-containing
ligand [26].

Scheme 1.
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Table 1. Selected bond lengths (Å) and bond angles (deg) in complexes I–V

Bond Ia Ib II III IV V

Zn(1)–O(1) 2.058(3) 2.0421(10) 2.0670(10) 2.0398(17) 2.0306(12) 2.017(6)
Zn(1)–O(2) 2.039(3) 2.0379(10) 2.0713(11) 2.0225(17) 2.017(6)
Zn(1)–O(3) 2.052(3) 2.0826(10) 2.0140(17)
Zn(1)–O(4) 2.054(3) 2.0827(10) 2.0282(17)
Zn(1)–N(1) 2.213(3) 2.2798(16) 2.1272(13) 2.102(2) 2.243(3) 2.130(6)
Zn(1)–N(2) 2.189(3) 2.2109(16) 2.2635(13)
O(1)–C(1) 1.287(5) 1.2787(17) 1.2763(18) 1.283(3) 1.276(2) 1.316(7)
O(2)–C(2) 1.279(4) 1.2819(15) 1.2797(18) 1.285(3) 1.316(7)
O(3)–C(7) 1.295(4) 1.2750(18)
O(4)–C(8) 1.283(5) 1.2841(18)
C(1)–C(2) 1.475(6) 1.476(2) 1.488(2) 1.480(3) 1.440(2) 1.480(4)
С(1)–С(1А) 1.472(3)
C(1)–C(6) 1.455(5) 1.4426(18) 1.444(2) 1.436(3) 1.428(4)
C(2)–C(3) 1.444(6) 1.437(2) 1.440(2) 1.433(3) 1.370(2) 1.425(4)
C(3)–C(4) 1.370(5) 1.3716(19) 1.373(2) 1.367(3) 1.365(4)
С(3)–С(3А) 1.422(3)
C(4)–C(5) 1.407(6) 1.420(2) 1.421(2) 1.425(3) 1.425(4)
C(5)–C(6) 1.369(6) 1.362(2) 1.373(2) 1.370(3) 1.364(4)
C(7)–C(8) 1.460(6) 1.484(2)
C(8)–C(9) 1.462(6) 1.440(2)
C(9)–C(10) 1.372(6) 1.369(2)
C(10)–C(11) 1.403(6) 1.533(2)
C(11)–C(12) 1.371(6) 1.424(2)
C(7)–C(12) 1.449(6) 1.444(2)

Angle Ia Ib II III IV V

O(1)Zn(1)O(2) 80.86(11) 80.80(4) 79.19(4) 80.24(7) 81.3(2)
O(1)Zn(1)O(4) 97.67(11) 172.72(4) 148.49(7)
O(1)Zn(1)O(1A) 174.10(6) 99.50(7) 140.20(12)
O(1)Zn(1)O(1B) 180.00(10)
O(1)Zn(1)O(3) 177.52(13) 100.70(4) 89.11(7)
O(1)Zn(1)O(2A) 99.12(4) 90.5(2)
O(2)Zn(1)O(4) 178.02(12) 99.58(4) 91.85(7)
O(2)Zn(1)O(1A)
O(2)Zn(1)O(3) 100.44(11) 171.85(4) 146.22(7)
O(2)Zn(1)O(2A) 178.36(6) 140.15(12)
O(1A)Zn(1)O(3) 80.98(11) 79.48(4)
O(1A)Zn(1)O(2A)
O(1)Zn(1)N(1) 87.93(13) 87.05(3) 92.43(5) 102.41(7) 98.59(5) 95.1(3)
O(2)Zn(1)N(1) 90.61(13) 89.18(3) 94.85(5) 105.99(7) 107.6(3)
O(4)Zn(1)N(1) 87.29(12) 93.66(5) 109.08(7)
O(1A)Zn(1)N(1) 81.41(5)
O(2A)Zn(1)N(1) 89.92(13)
O(3)Zn(1)N(1) 94.47(4) 107.60(7)
O(1)Zn(1)N(2) 90.61(13) 92.95(3) 85.64(4)
O(2)Zn(1)N(2) 92.11(13) 90.82(3) 87.09(4)
O(4)Zn(1)N(2) 89.23(13) 86.02(4)
O(1A)Zn(1)N(2)
O(3)Zn(1)N(2) 91.46(13) 85.87(4)
O(2A)Zn(1)N(2)
N(1)Zn(1)N(2) 176.02(14) 180.0 178.06(5)
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In the case of complex I, two polymorphous forms
were obtained by crystallization from different sol-
vents. The crystals of compound Ia of the first type
were obtained by the slow cooling of a toluene solu-
tion, and the second type crystals (Ib) were obtained
by the addition of hexane to a solution of SQ2ZnL1 in
dichloromethane. The crystal unit cells of complexes
Ia and Ib contain molecules of solvate solvents (one
molecule of toluene or hexane, respectively, per com-
plex molecule). The crystals of compound II suitable
for XRD were obtained by the slow cooling of the
SQ2ZnL2 complex in toluene solution. The crystal unit
cell of complex II contains three solvate molecules of
toluene. Complexes Ia, Ib, and II are coordination
polymers, but their crystal packings differ crucially.
The chains of the (SQ2ZnL)n coordination polymer
are perpendicular to each other in the crystal of com-
plex Ia, while only parallel chains are observed in the
crystals of complexes Ib and II. The metal atoms in the
molecules of complexes Ia, Ib, and II exist in distorted
octahedral environments (Fig. 1). The equatorial
plane in the octahedron is occupied by the oxygen
atoms of the dioxolene ligands, and the nitrogen atoms
of the N-donor ligands are located in the axial posi-
tions. The o-semiquinone ligands in the crystals of
compounds I and II are somewhat convex to one of
the nitrogen bridging ligands. The dihedral angle
between the planes of the o-semiquinone ligands is
9.94°, 15.63°, and 42.28° for complexes Ia, Ib, and II,
respectively. This arrangement results in the non-
equivalent binding of zinc to nitrogen. The longer
bond of zinc with nitrogen is observed with the pyra-
zine (dipyridyl) moiety toward which the bending
occurs (Zn–N(2) for the crystals of complex Ia (Ib)
and Zn–N(1) in the case of complex II) (Fig. 1). The
aromatic rings of the dipyridyl ligand in the polymer
chains of compound II are noncoplanar, and the dihe-
dral angle between their planes is 49.79°. The
N(1)Zn(1)N(2) angle is 176.02°, 180°, and 178.06° in
complexes Ia, Ib, and II, respectively.

The bridging bidentate N-donor ligand in
complex III is phenazine inducing an enhanced steric
hindrance of the coordination center compared to
analogous pyrazine. This situation results in a signifi-
cantly larger bending angle along the SQ–Zn–SQ
line, and the dihedral angle between the o-semiqui-
none ligands increases over that in compound I and is
equal to 54.49°. As a result, no polymer structure is
observed in a molecule of compound III. The com-
pound represents a binuclear complex in which
phenazine binds two pentacoordinate metal centers
(Fig. 2). The zinc atoms in compound III are charac-
terized by the tetragonal pyramidal coordination
mode, the oxygen atoms of the o-semiquinone ligands
form the pyramid base, and the nitrogen atoms of
phenazine are in the apical positions. The crystal unit
cell of complex III also contains four molecules of sol-
vate toluene.

The cyano groups of the 4-cyanopyridine ligand in
complex IV are not involved in coordination bonds.
Regardless of the ratio of the initial reagents, the com-
pound containing two molecules of the neutral ligand
and the hexacoordinate metal atom is formed during
the formation of the crystalline phase (Fig. 2). On the
one hand, the pentacoordinate metal derivatives have
previously been synthesized by the reactions of
bis(3,6-di-tert-butyl-o-benzosemiquinolato)zinc with
4-imino-substituted pyridines [26]. On the other
hand, the data on the complex formation of SQ2Zn
with 4-cyanopyridine are consistent with the results
obtained by the studies of the related cobalt [27] and
manganese compounds [28]. The crystal unit cell of
compound IV contains three solvate molecules of tol-
uene per molecule of the complex. 4-Cyanopyridine is
disordered over two positions due to which the zinc
atom lies on two mutually perpendicular 2-fold axes.
As for compounds I and II, the base of the octahedral
coordination polyhedron is formed by the oxygen
atoms of the o-semiquinone ligands and the nitrogen
atoms occupy the apical positions. The Zn(1)–N(1)
bond is not orthogonal to the equatorial plane. The
nitrogen atom deviates from the rigidly vertical posi-
tion by 13.37°.

The ratio SQ2Zn : L5 = 1 : 1 is observed in
complex V. However, the second nitrogen atom is not
coordinated to the metal atom of the adjacent mole-
cules, which does not allow the coordination polymer
to be formed. The aromatic systems of the o-semiqui-
none ligands are parallel and lie in one plane (Fig. 2).
The zinc atom is disordered over two positions
arranged above and under this plane at a distance of
0.734 Å. The plane of the Zn(1)O(1)C(1)C(2)O(2)
chelate cycle forms the dihedral angle equal to 15.78°
with the plane of aromatic systems of the o-semiqui-
none ligands. The pyrimidine moiety in the molecule
of compound V is disordered over four positions.

The Zn–O and Zn–N distances in complexes I–V
lie in the ranges characteristic of compounds this type
with five- and pentacoordinate metal atoms [16, 18,
24–26]. The metal–oxygen and metal–nitrogen dis-
tances increase regularly on going from pentacoordi-
nate complexes III and V to hexacoordinate com-
plexes I, II, and IV. The C–O bond lengths and the
С–С bond length distribution in the diolate ligand are
typical of the o-semiquinolate ligands and confirm its
radical anion character. The quinoid alternation of
bonds is observed in the aromatic ring of the radical
anion ligand [29, 30].

All synthesized complexes I–V are deeply blue,
resistant to air moisture and oxygen (in the crystalline
state), and moderately soluble in organic solvents. The
polycrystalline samples of compounds I–V demon-
strate a broad unresolved EPR spectrum at both room
temperature and 77 K with the g factor equal to 2.002,
which is typical of organic free radicals. The EPR
spectra of complexes I–V in the frozen toluene matrix
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45  No. 5  2019
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Fig. 1. Molecular structures of the monomeric units in coordination polymers Ia, Ib, and II. Thermal ellipsoids of 50% proba-
bility are presented. Hydrogen atoms are omitted for clarity. 
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demonstrate a superposition of signals of several types.
All compounds are characterized by well resolved sin-
glets at g = 4 characteristic of biradical species and
attributed to the forbidden transition Δms = 2. The
superposition of the singlet responsible for the
monoradical impurity formed upon the dissociation
(association) of zinc bis-o-semiquinolates in a solu-
tion and the signal characterizing the dipole–dipole
interaction in biradical systems is observed at g = 2
(Fig. 3). For the precise determination of the splitting
parameters of complexes I–V in the zero field, their
EPR spectra recorded at 150 K were simulated using
the WinEPR Simfonia software package. The zero-
field splitting parameters of the EPR spectra of birad-
ical complexes I–V are presented in Table 3. It should
be mentioned that the spectral parameters for com-
plexes I and II are close to those observed for similar
pentacoordinate compounds [18, 26]. This fact
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
together with a good solubility of the coordination
polymers indicates the cleavage of the longer Zn–N
bond in the polymer chain. The cleavage of one of the
Zn–N coordination bonds is also indicated by the
EPR spectrum of hexacoordinate complex IV exhibit-
ing signals from two different biradical species. The
predominant signal with the parameter |D| = 179 G
(0.0167 cm–1) corresponds to the initial hexacoordi-
nate complex, whereas the second signal (minor, |D| =
204 G (0.0191 cm–1)) corresponds to the dissociation
product with the elimination of one of the cyanopyr-
idyl ligands to form the corresponding pentacoordi-
nate derivative.

The temperature dependences of the effective mag-
netic moment (μeff) for complexes I–V are presented
in Fig. 4. The high-temperature values of μeff for com-
pounds Ia, Ib, II, IV, and V (2.40, 2.43, 2.44, 2.45, and
  Vol. 45  No. 5  2019
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Fig. 2. Molecular structures of complexes III, IV, and V.
Thermal ellipsoids of 50% probability are presented.
Hydrogen atoms are omitted for clarity.

N(2)

N(1)
O(1)

C(2)
C(1)

C(1A)

C(2A)
C(3A)

C(3) O(1A)

N(1A)

N(2A)

O(1B)

O(1C)
Zn(1)

O(1A)

O(2A)

N(2)

N(1)

O(2)

O(1)

C(2)

C(1)
C(3) C(4)

C(5)
C(6)

Zn(1)

N(1)

O(2)O(1)

O(4)
O(3)

C(2)

C(15)

C(16) C(17) C(20)

C(19)
C(18)

C(1) C(3)

C(4)C(5)

C(6)

Zn(1)Zn(1A)
N(1A)

(III)

(IV)

(V)

Fig. 3. (1) Experimental and (2) simulated EPR spectra of
complex I in the frozen toluene matrix (150 K). The signal
from the monoradical impurity in the experimental spec-
trum is designated by *. The signal corresponding to the
forbidden transition Δms = 2 is presented in inset. Simula-
tion parameters: S = 1, |D| = 199 G, |E| = 5 G, gX = 2.0023,
gY = 2.0010, gZ = 2.0020, ΔHХ = 15 G, ΔHY = 12 G, ΔHZ =
15 G, and L/G = 0.2. 
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2.20 μB, respectively, at Т = 300 K) are close to the
theoretical spin-only value (2.45 μB) for two noninter-
acting SQ ligands with spins S = 1/2 at the g factor
equal to 2. The calculation for the coordination poly-
mers was based on one monomer unit. For binuclear
RUSSIAN JOURNAL OF C
complex III, the value of μeff (3.11 μB at Т = 300 K)
corresponds to the theoretical spin-only value equal to
3.46 μB for four noninteracting SQ ligands with spins
S = 1/2 at a g factor of 2 (Fig. 4). For all compounds,
the values of μeff decrease smoothly followed by the
temperature decrease down to 50 K. The values of μeff
noticeably decrease below 50 K and reach values
close to 0 μB at 5 K. This behavior of the μeff(T) depen-
dences indicates antiferromagnetic exchange interac-
tions between spins of the SQ ligands. The exchange
interaction parameters in the complexes were esti-
mated in terms of the exchange-coupled dimer model
(H = –2JS1S2). The calculated exchange interaction
parameters are presented in Table 4. The use of
the exchange-coupled dimer model for the (SQ)2Zn
moieties in coordination polymers Ia and Ib allows
one to estimate the exchange parameter only,
because the value obtained for interdimeric interac-
tions (–25 cm–1) is approximately comparable with
the exchange inside the {(SQ)2Zn} moiety. The high
parameter of intercluster exchange interactions indi-
cates that comparable exchange interactions are
observed both in the {(SQ)2Zn} moieties and between
them. However, no appropriate analytical expressions
are available at the moment for such models of
exchange-coupled chains.
OORDINATION CHEMISTRY  Vol. 45  No. 5  2019
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Table 3. Splitting parameters in the zero field of the EPR spectra of biradical complexes I–V in the frozen toluene matrix
at T = 150 K

* The distance between the radical centers calculated in the approximation of the point dipole interaction [37].

Complex |D|, G/cm–1 |E|, G/cm–1 r, Å*

I 199/0.0186 5/0.0005 5.42
II 200/0.0187 6/0.0006 5.41
III 205/0.0191 7/0.0006 5.37
IV 204/0.0190

179/0.0167
5/0.0005
7/0.0006

5.38
5.59

V 206/0.0192 6/0.0006 5.36

Table 4. Optimum values of the g factor, exchange interaction parameters J and zJ ', and the monomer impurity p for com-
plexes I–V according to the magnetochemical data

Complex g J, cm–1 zJ ', cm–1 p, %

Ia 2.07 –17.5 –24.1 3.6
Ib 2.0 (fix.) –32.5 –10 5
II 1.98 –12.3 0 0
III 2.09 –94.6 0 0.5
IV 2.04 –20.3 0 0.3
V 1.90 –45.0 0 0.4
The exchange interaction changes from ferromag-
netic to antiferromagnetic and the exchange energy
increases by the absolute value on going from the pre-
viously published hexacoordinate bis-o-semiquinone
zinc complexes with the cis-arranged radical ligands
[25] to their nearest analogs with the trans-arranged
diolate fragments (complexes I, II, and IV). In addi-
tion, an increase in the exchange energy is also favored
by the distortion of the octahedral coordination envi-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 4. (Signs) experimental and (lines) theoretical μeff(T)
dependences for complexes I–V. 
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ronment (complex IV) toward the tetragonal bipyra-
midal one with the elongation of one of the Zn–N
bonds (compounds I and II). The direct magnetic
exchange between the radical ligands was proposed
[26] as the main chanel determining the magnetic
behavior of pentacoordinate zinc bis-o-semiquino-
lates. The dependence of the exchange energy on the
distance between the centers of spin density delocal-
ization in the organic ligands was found. The data
obtained in this work are well consistent with the
results obtained previously for similar biradical zinc
compounds VI–IX [18, 26] (Scheme 2).
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Fig. 5. Energy of the antiferromagnetic exchange vs. distance
between the radical centers in biradical complexes I–XI.
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Scheme 2.

The dependence –J = f(R), where R is the distance
between the radicals determined as a separation
between the centroids built with the C(1–6), O(1),
O(2) and С(15–20), O(3), O(4) atoms, is presented in
Fig. 5. The results obtained for complexes I–V in this
study were combined with the recently published
results [26] for compounds VI–IX. The correspon-
dence of the presented results suggests that the chan-
nel of the direct magnetic exchange also predominates
in the case of compounds I–V. It is important that the
indirect exchange channel prevails for the related
biradical complexes of trivalent elements (Al, Ga, and
In) containing the valence-bonded diamagnetic anion
as an apical substituent rather than a neutral donor
ligand [31–36]. The indirect exchange channel is
related to the overlapping of the magnetic orbitals of
the organic ligands with the σ*-M–X bond (M = Ga,
Al; X is anionic apical substituent) [31, 32] or to the
inclusion of lone electron pairs of heteroatoms X into
the formation of semioccupied orbitals [35].

To conclude, the new mono-, binuclear and poly-
mer zinc bis-o-semiquinone complexes containing
various bridging bidentate N-donor ligands were syn-
thesized in this work. The molecular structures of the
synthesized complexes were determined by XRD. The
coordination polymer bearing the pyrazine bridge
forms two polymorphous crystalline modifications
differed in the mutual arrangement of the polymer
chains. All compounds studied are characterized by
the antiferromagnetic interaction between odd elec-
trons of the organic paramagnetic ligands.
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