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Abstract—Nickel, copper, and zinc complexes with salicylidenehydrazone of iminodiacetic acid (H4L):
Cu,L - 2Py - 2CH;0H and Cu,ML(CH;COO), (M= Ni, Cu, Zn) were synthesized and studied by thermo-
gravimetric analysis and IR and ESR spectroscopy. The crystal structure of the complex Cu,ZnL(CH;COO), -
4Py - CH;OH was studied by X-ray diffraction: space group C2/c, a = 31.6974(12) A, b=10.3023(4) A, c =
16.4714(7) A; B = 119.7460(10)°; Z = 4; 3513 reflections with 7> 25(]); R = 0.0382, R,, = 0.1010. The tem-
perature dependences of the ESR spectra of liquid solutions and the magnetic susceptibility of polycrystalline
samples were studied. The ESR spectra of the binuclear copper complex and the trinuclear dicopper zinc
complex exhibited hyperfine structure of seven lines, indicating exchange interaction of unpaired electrons

with two equivalent copper nuclei.
DOI: 10.1134/50036023615050125

Polynuclear coordination compounds of metals
with nitrogen-containing organic ligands arouse
enhanced interest as structural and functional models
of metalloproteins [1, 2]. The interest in trinuclear
copper(Il) complexes is related, first of all, to studies
of mechanisms of some biochemical reactions [3—6].
The exchange-coupled polynuclear copper(Il) com-
plexes can also serve as the base for the design of
porous magnetic materials [7].

According to published data, salicylidenehydra-
zones of pyridinedicarboxylic and iminodiacetic acids
are convenient ligands for the design of trinuclear cop-
per(Il) complexes [8—10]. Usually these complexes
form oligomeric or polymeric structures. The molecu-
lar trinuclear complexes obtained from these ligands
are only few in number [9]. This communication
describes the binuclear copper(1l) complex with
bis(salicylidenehydrazone) of iminodiacetic acid
(H,L) and heteronuclear complexes based on this
ligand.

EXPERIMENTAL

Synthesis of Cu,L - 2Py - 2CH;OH (I). Salicylalde-
hyde (1.35 g, 11 mmol) was added to a suspension of
iminodiacetic acid hydrazide (0.81 g, 5 mmol) in
methanol (30 mL). The reaction mixture was magnet-
ically stirred at reflux for 2 h. The precipitate was
allowed to stand for 12 h. Copper(Il) acetate monohy-
drate (2.0 g, 10 mmol) was added to the resulting sus-
pension and the mixture was stirred at reflux. After 12 h,
a dark green precipitate formed, which was filtered off

and dried in air. The compound thus obtained was dis-
solved in a minimum amount of pyridine, and water
(200 mL) was added. After 24 h, the precipitate that
formed was filtered off, washed with a small amount of
ethanol and water, and dried in air to a constant
weight. The yield of the complex was 85% of the theo-
retically possible yield.

Cu,L - 2Py - 2CH;0H (I).

For C;,H,;N,0,Cu, (M = 704.65) anal. calcd. (%):
C,51.18; H, 3.27; N, 13.93.

Found (%): C, 50.55; H, 4.16; N, 13.59.

IR (KBr), v, cm™': 1616, 1601, 1532, 1443, 1416,
1292, 1199, 1152, 906, 754.

Synthesis of Cu,NiL(CH;COO), - 4Py - CH;0H
(IT). Pyridine was added dropwise to a suspension of
complex I (1.1g, 2 mmol) in ethanol (30 mL) until the
solid dissolved. An equivalent amount of nickel ace-
tate (2 mmol) was added to the resulting solution and
the mixture was stirred with heating for 1 h. The solu-
tion was filtered and allowed to stand for 24 h. The
dark green precipitate that formed was filtered off,
washed with a small amount of ethanol, and dried in
air to a constant weight. The yield of the complex was
60% of the theoretically possible yield.

Cu,NiL(CH;COO0), - 4Py - CH;OH (II).

For C,;H44NyOyCu,Ni (M = 1016.66) anal. calcd.
(%): C, 51.01; H, 4.68; N, 12,51.

Found (%): C, 50.74; H, 4.33; N, 12.39.

IR (KBr), v, cm~': 1539, 1443, 1384, 1335, 1303,
1197, 1149, 906, 754, 698.
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The synthesis of Cu,ZnL(CH;COQ), - 4Py -
CH;OH (III) was carried out using zinc acetate by the
same procedure as compound II. The product yield
was 60%.

Cu,ZnL(CH;COO), - 4Py - CH,OH (I1I).

For C;;H 4 NyOyCu,Zn (M = 1023.36) anal. calcd.
(%): C,51.01; H, 4.68; N, 12.31.

Found (%): C, 50.62; H, 4.22; N, 12.45.

IR (KBr1), v, cm™": 1620, 1544, 1448, 1378, 1298,
1198, 1152, 1074, 904, 755, 698.

The synthesis of Cu;L - 4Py - CH;OH (IV) was car-
ried out by the same procedure using copper acetate.
The product yield was 65%.

Cu;L - 4Py - CH;OH (IV).

For C;;H44NgOgCuy (M = 1021.52) anal. calcd.
(%): C, 50.37; H, 4.95; N, 12.17.

Found (%): C, 49.41; H, 4.31; N, 12.34.

IR (KBr), v, cm~!: 1618, 1598, 1545, 1445, 1380,
1305, 1202, 756, 700.

The IR spectra of samples pressed with KBr were

studied in the 4000—400 cm~! range on a Perkin Elmer
Spectrum BX FT IR spectrometer.

The elemental analysis for carbon, hydrogen, and
nitrogen was performed on a Perkin-Elmer 240C ana-
lyzer by burning the sample in an oxygen flow and sub-
sequent chromatography of the gaseous products in a
helium flow.

The thermograms were measured on a Paulik-Pau-
lik-Erdey Q-derivatograph in a static air atmosphere,
at a heating rate of 10 K/min, using a ceramic crucible
without a lid as the sample holder and calcined alu-
mina as the reference.

The ESR spectra of liquid solutions (C ~ 3 x
1073 mol/L) were recorded on an ADANI PS 100.X
spectrometer in the X-range. A toluene—pyridine mix-
ture (1 : 1 v/v) was used as the solvent and DPPH
served as the reference.

The spectra were theoretically simulated with a
program package described in a monograph [11]. The
sum of Lorentzian and Gaussian functions was used as
the line shape function. According to the relaxation
theory, one-center contributions to the line width were
specified by the expression

AH, = o+ Bmy + ymy, 1))

where my is the nuclear spin projection; a, B, and y are
line width parameters. The term o takes into account
broadening effects that are the same for all HFES lines.
The [ factor is defined as the product of the g-tensor
by the hyperfine coupling tensor. The y factor is related
to the HFS anisotropy and depends on the correlation
time of the paramagnetic species rotational motion in
the liquid.

The simulation also takes into account the contri-

bution caused by the intramolecular motion in the
binuclear complex
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AH(1,2) = 8(my — mp)*. ()

The parameters gy, ac,, O, 3, ¥, and & were varied to
reach a minimum of the error functional.

F ﬁ{ﬁ‘,(xﬁ —Y,»T)z}. 3)

i=1

The temperature varioations of the magnetic sus-
ceptibility were measured on a SQUID magnetometer
(MPMS-XL7, Quantum Design) in the temperature
range of 2—-300 K at an external magnetic field
strength of 5000 Oe. The experimental data were cor-
rected with allowance for the diamagnetic contribu-
tion of the ligands using the Pascal additive scheme
[12].

The X-ray diffraction analysis of a single crystal of
III grown from a methanol—pyridine mixture was per-
formed at 296 K on a Bruker Smart APEX II diffrac-
tometer equipped by a CCD detector (MoK, graphite
monochromator) using a standard procedure [13].
The absorption corrections were applied by the azi-
muthal scanning method. The structure was solved by the
direct method and refined by least squares in the full-
matrix anisotropic approximation using SHELXS-97
and SHELXL-97 software [14]. The hydrogen atoms
were generated geometrically and refined in the
“riding” model. The X-ray experiment and structure
solution and refinement details are summarized in the
table. The full set of data is deposited with the Cam-
bridge Crystallographic Data Centre (No. CCDC
1025187 deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

Previously it was shown that the reaction of sali-
cylidenehydrazone of iminodiacetic acid with cop-
per(1l) perchlorate or nitrate in 1 : 3 ratio and subse-
quent recrystallization of the reaction product from
dimethyl sulfoxide gives a coordination polymer in
which trinuclear complexes are linked into a chain via
phenoxide bridges [10]. According to our study, the
reaction of iminodiacetic acid salicylidenehydrazone
with copper(Il) acetate in 1 : 2 ratio followed by treat-
ment of the product with pyridine yields the binuclear
complex in which the monomeric subunits are linked
by the iminodimethylene bridge. Owing to the pres-
ence of free donor sites, this complex can be used as a
synthon in the preparation of trinuclear coordination
compounds. For instance, reactions of complex I with
nickel, copper, or zinc acetate gave trinuclear com-
plexes containing a heterometallic copper---nickel
(copper, zinc)---copper chain.
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The composition of complexes was confirmed by
elemental analysis data. Unfortunately, the thermo-
grams of most compounds proved to be of little use due
to overlap of desolvation and oxidative destruction of
the organic ligand. In the thermogram of complex I,
these processes are recorded separately. In the 60—
200°C temperature range, a 9% mass loss takes place
accompanied by a small endotherm with a minimum
in the DTA curve at 110°C corresponding to the
removal of two methanol molecules. In the 200—
250°C temperature range, the mass loss is 11%, the
minimum in the DTA curve being at 230°C, which
corresponds to the loss of one pyridine molecule.
Immediately after completion of this process, ther-
mooxidative destruction of the complex starts and
then smoothly transforms into burning-out of the
organic residue, which is accompanied by a broad exo-
therm; the maximum in the DTS curve is at 400°C.
The process is completed at 650°C at 73% mass loss of
the sample.

The IR spectra of complexes I-IV no longer
exhibit the amide-1 band observed in the spectra of
free salicylidenehydrazone at 1661 cm~! but exhibit a
new absorption band with a peak at 1532—1544 cm™!,
which was assigned to the stretching vibrations of the
azomethine bond system >C=N—-N=C<. Attention is
drawn by the disappearance of the bands with peaks at
3190 and 3050 cm™!, corresponding to NH and OH
vibrations of salicylidenehydrazone, indicating that
the ligand has been protonated upon coordination.

The asymmetric stretching mode of the carboxyl group
in the IR spectrum of complex IV occurs at 1620 cm™!,
which is typical of coordinated monodentate carboxy-
late ligands. For complexes II and III, the v, (COO™)
mode is shifted to lower frequency and is superim-
posed onto the azomethine stretching band. This may

be caused by both the bidentate coordination of the
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X-ray experiment details and structure solution and refine-
ment data for complex 111

Parameter Value
Molecular formula C4HysCuyNgO,Zn
Crystal size, mm 0.45 % 0.50 x 0.30
FwW 1060.32
System Monoclinic
Space group C2/c
a, A 31.6974(12)
b, A 10.3023(4)
c, A 16.4714(7)
B, deg 119.7460(10)
Z 4
v, A3 4670.1(3)
T,K 296(2)
p, mm™! 1.482
Pealed> & €M™ 1.543
Range of 6, deg 2.11-26.50
Range of indices —39<h<30
—12<k<10
—20<17<20
The number of measured reflections 22499
The number of independent reflec- 4832
tions
The number of reflections with 3513
1>2c(])
The number of refined parameters 319
R* 0.0382
R ; 0.1010
GOOF 1.060
AP s MPrnins € A7 0.723, —0.523

acetate anion and the formation of strong hydrogen
bonds, which mitigates the difference between the
asymmetric and symmetric stretching frequencies.
Previously, a similar phenomenon was described for
zinc 2-methyl-4-chlorophenoxyacetate in which the
formation of strong hydrogen bonds reduces the
Av(COO") of the monodentate carboxyl group to a
value typical of coordinated bidentate carboxylate
anions (170 cm™) [15, 16].

The unambiguous structure determination for the
complexes was based on single crystal X-ray diffrac-
tion of IIl. The general view of the molecule and the
lengths of bonds involving metal cations are summa-
rized in Fig. 1.

The complex has a molecular structure with usual
bond lengths and bond angles [17, 18]. The coordina-
tion polyhedron of the copper cation can be described

No. 5 2015



598 KONNIK et al.

Fig. 1. Molecular structure of Cu,ZnL(CH;COO), - 2Py - 4H,O (III). Lengths of bonds involving metal cations: Zn(1)—0(3),
2.0388(19); Zn(1)—N(2), 2.076(2); Zn(1)—N(3), 2.139(5); Zn(1)—0 (3), 2.0388(19); Zn(1)—N(2), 2.076(2); Zn(1)—N(3),
2.139(5); Cu(1)—0(1), 1.903(2); Cu(1)—0(2), 1.9900(19); Cu(1)—N(5), 2.279(3); Cu(l)—N(1), 1.940(2); Cu(1)—N#4),

2.042(2) A.

as a distorted tetragonal pyramid with the Addison
parameter T = 0.34 [19]. The copper atom deviates
from the pyramid base by 0.264 A toward the nitrogen
atom that forms the vertex. The chelate rings are
somewhat arched and non-coplanar, the angle
between them being 6.1°.

The coordination polyhedron of the zinc cation is
a highly distorted trigonal bipyramid with the N(2)

| 1 |

1

B, G

|
3000 3100 3200 3300

Fig. 2. ESR spectrum of complex I at 293 K (pyridine—tol-
uene). The continuous line is the experimental spectrum,
the dotted line is the simulated spectrum.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol. 60

and N(2)' atoms at the vertices (t = 0.86). The imine
nitrogen atom N(3) and the hydrogen atom it bears are
disordered over two positions around a twofold axis.
The acetate anions are bonded to zinc in the mono-
dentate fashion; the oxygen—carbon bond lengths dif-
fer considerably from one another. Water molecules
are located in the outer sphere and are bonded by
strong hydrogen bonds to one another and to the oxy-
gen atoms of the coordinated acetate anions.

According to powder X-ray diffraction data, com-
plexes II and IV are isostructural to the copper—zinc
analog.

The binuclear structure of complex I is confirmed
by the ESR spectrum. At room temperature, the spec-
trum shows poorly resolved hyperfine structure due to
the two equivalent copper nuclei (Fig. 2). An increase
in the solution temperature to 353 K improves the
spectrum quality; in this case, the HFS consisting of
seven lines with intensity ratioof 1 : 2:3:4:3:2:1
can be clearly seen, which is indicative of exchange
interaction of unpaired electrons with two equivalent
copper nuclei (Fig. 3). The spin Hamiltonian param-
eters remain almost invariable (g, = 2.117 and a¢, =
36.6 X 10~*cm™"), while line width parameters o, 3, and
v regularly decrease and & increases from 0.002 to 1.38.

The ESR spectrum of the solution of the copper
zinc complex III at room temperature exhibits a
poorly resolved signal of seven HFS lines with effective
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Fig. 3. ESR spectrum of complex I at 353 K (pyridine—tol-
uene). The continuous line is the experimental spectrum,
the dotted line is the simulated spectrum.

spin Hamiltonian parameters close to those of the ini-
tial spacered copper complex. A temperature rise to
353 K enhances the spectral resolution, and the seven
HES lines are clearly seen (Fig. 4). The g-factors and
the HFS constants of complexes I and III (g, = 2.118
and ac, = 34.1 X 10~* cm™!) differ insignificantly, which
indicates either elimination of the zinc cation in solu-
tion or weak effect of the diamagnetic cation on the
exchange channels if the trinuclear structure is
retained. The complexes differ noticeably in the line
width parameters, which attests for the retention of the
trinuclear structure. This is especially true for the
parameter & related to the intramolecular motion of
the copper coordination polyhedra relative to each
other; in complex III this parameter is zero. Evidently,
the zinc cation coordinates the donor nitrogen atoms
of two mononuclear subunits, thus preventing them
from moving relative to each other.

The spectrum of a solution of complex III frozen at
77 K is typical of axially symmetric systems (g, = 2.04;
g, = 2.30). In the parallel orientation region, the HFS
due to two equivalent copper nuclei can be clearly seen
(4= 120 G) (Fig. 5).

In the earlier studies of spacered binuclear cop-
per(IT) complexes by the static magnetic susceptibility
technique, weak intramolecular exchange interactions
comparable in energy with intermolecular interac-
tions, were detected [20, 21]. Magnetochemical inves-
tigation of complexes I and III lead to a similar result.

The temperature dependence curve of magnetic
susceptibility for complex I is shown in Fig. 6. As can
be seen from the Figure, a decrease in temperature
induces smooth and then fast increase in the magnetic
susceptibility to reach a maximum at 6 K. Further
lowering of the temperature results in a decrease in .
The effective magnetic moment of the complex at 300 K
is 2.65 puB and is close to 2.45 uB, which is a value
expected for two non-interacting copper(II) cations.
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| 1 1 1
3000 3100 3200 3300 B, G
Fig. 4. ESR spectrum of a solution of III at 353 K (pyri-

dine—toluene). The continuous line is the experimental
spectrum, the dotted line is the simulated spectrum.

Lowering the temperature to 4 K results in a decrease
in the effective magnetic moment to 0.66 uB (Fig. 6),
indicating the occurrence of antiferromagnetic inter-
actions between the paramagnetic centers. The exper-
imental data are well approximated by the modified
Bleany—Bowers equation [22]

_ 5y NVase’ 1
kT 3 +exp(-2J/kT)

x(l—p)+mp+Noc
4kT ’

x
“

where —2J, p, and N, are the singlet—triplet splitting
energy, the paramagnetic monomer impurity, and the
temperature-independent paramagnetism. The other
designations are usual.

L 1 | | |

2250 2625 3000 3375 B,G

Fig. 5. ESR spectrum of a frozen solution of III at 77 K
(pyridine—toluene).
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Fig. 6. y and g vs. temperature for I (The continuous line
is the theoretical curve).

The exchange interaction parameters determined
upon the simulation are close to the values observed pre-
viously for other spacered binuclear copper(Il) com-
plexes (—=2J = 6.6 cm™! and g = 2.095; R = Z(Yyneor —
Xexp)z/z“()(.exp)2 =2.2x 1074)-

Study of the temperature dependence of the mag-
netic susceptibility for complex III also attests to weak
exchange interactions. The simulation of the temper-
ature dependence of the magnetic susceptibility by the
Bleany—Bowers equation in terms of the isolated dimer
model gives the following values of the variable parame-
ters:g=2.089 and —2/=3.75cm™; R=2.5 x 1075,

To elucidate the effect of the nature of the central
atom on the magnetic properties of heteronuclear
complexes, temperature variations of the magnetic
susceptibility for IT and IV were studied. The magnetic
moment of the heteronuclear complex II at room tem-
perature is 3.41 uB, i.e., it is lower than the value
expected for a non-interacting system Cu(ll)—
Ni(IT)—Cu(II) (4.11 pB). As the temperature is low-
ered, the effective magnetic moment decreases to
reach a constant value of .= 1 at 21 K. The temper-
ature dependence of the magnetic susceptibility shows
that the nickel ion with S = 1 is antiferromagnetically
coupled with the terminal copper(Il) ions with § =
1/2. As the temperature decreases, 7 slightly increases
to reach a maximum at 100 K, then decreases to 30 K,
and sharply increases below 17 K (Fig. 7).

The use of spin Hamiltonian (5), which takes into
account the interaction of the nickel cation with two
copper cations and neglects the interaction of the cop-
per cations with each other, makes it possible to derive
equation (6), describing the temperature dependence
of magnetic susceptibility for complex II.

H = =2J(ScuSni + ScuSni) (5)
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Fig. 7. y and pg vs. temperature for II (The continuous
line is the theoretical curve).

4J[kT eZJ/kT

2NB’g’ 1+ 5eM/T 4
x= KT \3 4 5pW/KT | 2I[KT 3 20IKT |’ (6)

The correction for the paramagnetism of the
monomeric impurity with the mole fraction p was per-
formed using equation (7) [23].

, NBzg2
= 1-p)+——=-x3.5p+ N, (7
Am xu(d—p) T )4

N, =400 % 10~¢ cm?/mol.

The theoretical simulation of the temperature
dependence of the magnetic susceptibility gives the
following values of variable parameters: g = 1.91 and
—2J=42cm™; R=5.7 x 10~*.

The temperature dependence of the magnetic sus-
ceptibility and the effective magnetic moment for tri-
nuclear complex IV is presented in Fig. 8. At room tem-
perature, the effective magnetic moment is 2.54 uB,
which is much lower than the value expected for three
non-interacting copper ions (3.23 uB for g = 2.15
characteristic of this type of complexes).

The decrease in the magnetic moment with tem-
perature decrease indicates the occurrence of rather
strong exchange interaction between the paramag-
netic centers. Below 70 K, the magnetic moment
almost does not decrease, being 1.83 uB, which
implies the ground state with .§ = 1/2. If the interac-
tion between the terminal copper atoms is neglected,
the spin Hamiltonian for the Cu—Cu—Cu system has
the form [24]:

H =-2J(ScuScw + ScurScw)- (8)

The expression for the temperature dependence of

the magnetic susceptibility derived using Hamiltonian
(8) has the form
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The simulation of the temperature dependence of the
magnetic susceptibility within the framework of this
model givesg=2.111and —/=207cm™'; R=1.4 x 1075,

Thus, the results of the study indicate that the use
of bis(salicylidenehydrazone) of iminodiacetic acid as
the proligand allows the synthesis in good yields of lin-
ear homo- and heterometallic coordination com-
pounds distinguished by intense antiferromagnetic
exchange interactions of the paramagnetic cation that
occupies the central position with the terminal ions.
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