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Three heterobimetallic cyanido-bridged copper(ll) nitroprusside-based complexes of the compositions
[Cu(tet)Fe(CN)sNO] - H,0 (1), where tet=N,N'-bis(3-aminopropyl)ethylenediamine, [Cu(hto)Fe(CN)sNO] -
2H,0 (2), where hto=1,3,6,9,11,14-hexaazatricyclo[12.2.1.15°]octadecane and [Cu(nme),Fe(CN)sNO]-
H,0 (3), where nme=N-methylethylenediamine, were synthesized and characterized by elemental
analyses, >’Fe Méssbauer and FTIR spectroscopies, thermal analysis, magnetic measurements and single-
crystal X-ray analysis. The products of thermal degradation processes of 2 and 3 were studied by XRD,
57Fe Méssbauer spectroscopy, SEM and EDS, and they were identified as mixtures of CuFe,04 and CuO.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

A number of bimetallic cyanido-bridged complexes have been
studied from the perspectives of the magneto-structural relationship
[1], nanosized powders and molecular sieves [2]. Specifically, the
compounds containing the nitroprusside [Fe(CN)sNOJ]>~ anion
provide a rich variety of photo-physical properties. Combined with
a suitable paramagnetic transition metal ion, the nitroprusside
complexes become more interesting due to the magneto-optical
correlation. The [Fe(CN)sNOJ>~ anion is diamagnetic, but exhibits a
photo induced transition to two long-live metastable states MS; and
MS, upon irradiation with light in the wavelength range
350-580 nm at temperatures not higher than 160K [3]. In addition,
the incorporation of the nitroprusside anion can result in various
molecular dimensionalities of the coordination compounds, which is
of the great interest in supermolecular chemistry. Up to now, there
exist 16 copper(Il) cyanido-bridged structurally characterized com-
plexes containing the nitroprusside anion (Cambridge Structural
Database, v5.30) [4]. Most of them are dinuclear species of the type
[(L)xCu-(u-NC)-Fe(CN)4NO] - yH,0, where L are usually N-donor
bidentate (x=2) or tetradentate (x=1) ligands and number of water
molecules varies between 0 and 2 [3d] [5]. There is only one example
of a trinuclear complex: [(CN)4(NO)Fe-(u-CN)-Cu(H,L)-(u-NC)-
Fe(CN)4NO]- 4H,0, where L=3,10-bis(2-aminoethyl)-1,3,5,8,10,12-
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hexaazacyclotetradecane [6]. In four cases, the nitroprusside anion
behaves as a bridging ligand forming one-dimensional (1D) molecular
structures of the type [Fe(CN);NO-(u-NC),-Cu(L),],, - ynH,0, where x
is equal to 1 or 2, and y varies between 0 and 4 [7]. More-dimensional
polymeric structures are rare, the 2D structure is observed in
[Cuy(oxpn)Fe(CN)sNO]  (Hyoxpn=N,N'-bis(3-aminopropyl)oxamide)
[8] and the 3D structure is formed only in a “pure inorganic”
compound [Cu(H,0)Fe(CN)sNO] - H,0 [9].

Herein, we report the syntheses, X-ray structures, thermal and
magnetic properties of three heterobimetallic cyanido-bridged Cu(Il)-
Fe(Il) complexes, [Cu(tet)Fe(CN)sNOJ-H,O (1), where tet=N,N-
bis(3-aminopropyl)ethylenediamine, [Cu(hto)Fe(CN)sNO]-2H,0 (2),
where hto=1,3,6,9,11,14-hexaazatricyclo[12.2.1.15°]octadecane and
[Cu(nme),Fe(CN)sNO] - H,0 (3), where nme=N-methylethylenedia-
mine. In the case of 3, structural and magnetic data have been re-
interpreted and the obtained results compared with those published
in the literature [7e]. The re-investigation of the magnetic properties
led to different results than discussed in the cited literature.

Furthermore, the compounds 2 and 3 were tested as possible
precursors for preparation of the copper spinel ferrite CuFe;04. It
has been widely used in the electronics industry due to its useful
semiconducting and magnetic properties [10]. Recently, CuFe,04
was studied also as a catalyst for removal of NO, and diesel soot
particulates [11] or catalytic performance enhancer for steam
reforming of dimethyl ether [12]. In general, there are several
methods to prepare spinel (nano)crystals, such as mechanical
milling, hydrothermal synthesis, coprecipitation, micelle techni-
que and others. However, the utilization of the coordination
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compounds as starting materials for thermal degradation with the
aim to prepare copper ferrite spinel structures is rare [13] based
on a literature research and this work should enrich this field of
material chemistry.

2. Experimental

2.1. Materials

All chemicals purchased were chemically pure, of analytical
reagent grade and used without further purification.

2.2. Synthesis

Compound 1: First, the solid dark purple crystals of
[Cu(tet)](ClO4);-H,0 were prepared by mixing of a solution
of Cu(ClO4),-6H,0 (0.37g; 1mmol) in 15ml of water and
N,N’-bis(3-aminopropyl)ethylenediamine (tet; 0.17 ml; 1 mmol).
[Cu(tet)](ClO4), - H,0 (0.45g; 1 mmol) was dissolved in 40 ml of
water, and then, a water solution (15ml) of Na,[Fe(CN)s
NO] - 2H,0 (0.30 g; 1 mmol) was added. After a week, dark purple
crystals formed, which were filtered off, washed with a small
amount of cold water and dried on air.

Yield: ~50%. Anal. Calc. for [Cu(tet)Fe(CN)sNO]-H,0 (Cy3H25Cu
FeN1002): C, 33.0; N, 29.6; H, 5.3. Found: C, 33.0; N, 29.8; H, 5.4%.
(Note: It has been found that a number of crystal water molecules
determined by X-ray analysis (1.5 H,0) and other indirect techniques
(i.e. CHN and TG/DSC analyses, 1H,0) differs due to a length of the
time interval in which the corresponding experiments were
performed.) IR (cm™1): 3805w, 3452s, 3312s, 3712s, 3251s, 3173sh,
2951 m, 2882m, 2145m, 2132s, 1914vs, 1611 m, 1597 m, 1458w,
1433w, 1290w, 1156 m, 1066 m, 1026 m, 661 m, 632sh, 509w, 408s.

Compound 2: To a solution of [Cu(hto)CI|ClO4-H,0 (0.47 g,
1 mmol) (prepared according to the literature [14]) in H,O (20 ml),
a water solution (10ml) of Na,[Fe(CN)sNO]-2H,0 (0.30g;
1 mmol) was added. After several days, purple crystals formed.
They were filtered off, washed with a small amount of cold water
and dried on air. Yield: ~60%. Anal. Calc. for [Cu(hto)Fe(CN)s
NO]J - 2H,0 (Cy7H30N1205Fe Cuy): C, 35.8; N, 29.5; H, 5.3. Found: C,
35.9; N, 29.6; H, 5.2%. IR (cm~'): 3811w, 3482s, 3379s, 3226 m,
3140 m, 2885 m, 2144s, 2134s, 1916vs, 1638 m, 1469w, 1283w,
1086 m, 1066 m, 834 m, 660 m, 416s.

Compound 3: A liquid N-methylethylenediamine (nme,
0.18 ml, 2mmol) was added to a water solution (20ml) of
Cu(ClO4), - 6H,0 (0.37 g, 1 mmol). Na,[Fe(CN)sNO]-2H,0 (0.30¢g,
T1mmol) in 10ml of water was added during stirring to the
reaction mixture. After several days, dark purple crystals formed.
They were filtered off, three-times carefully washed with a very
small amount of cold water and dried on air. Yield: ~70%.
Anal. Calc. for [CU(nme)zFe(CN)sNO] -H,0 (C]1H22N1002F€1CU1):
C, 29.6; N, 31.4; H, 5.0. Found: C, 29.7; N, 31.2; H, 5.0%. (Note: It
has been found that a number of crystal water molecules
determined by X-ray analysis (0.5 H,0) and other indirect
techniques (i.e. CHN and TG/DSC analyses, 1H,0) differs due to
length of time interval in which the corresponding experiments
were performed). IR (cm~'): 3830w, 3613 m, 3435s, 3320s, 3267s,
3249s, 2952w, 2142s, 2135s, 1930vs, 1593w, 1456w, 1138w,
1090w, 1047w, 1034w, 983 m, 660 m, 412s. Caution: Although no
problems were encountered during this work with perchlorate
salts, it should be regarded as potentially explosive.

2.3. Physical measurements

Elemental analyses (C, H, N) were performed on a Fisons
EA1108 CHN analyzer. IR spectra (400-4000 cm ~!) were obtained

by a ThermoNicolet NEXUS 670 FT-IR spectrometer using KBr
pellets. The transmission >’Fe Mdéssbauer spectra were collected
using a Mossbauer spectrometer in a constant acceleration mode
with a >’Co(Rh) source and all presented data are relative to
natural o-iron foil. The measurements were carried out at room
temperature and at 25K using a closed-helium-cycle cryostat.
Variable temperature and variable magnetic field magnetization
measurements on polycrystalline samples were carried out with
an MPMS XL-7 Quantum Design SQUID magnetometer. The
experimental data were corrected for the diamagnetism of
the constituent atoms by using Pascal’s constants [15], and for
the diamagnetism of the sample holder. Also, the tempera-
ture independent paramagnetism (TIP) parameter orp=0.75 x
10°m>3mol ! for Cu(ll) was used during the fitting procedures.
Simultaneous thermogravimetric (TG) and differential thermal
(DTA) analyses were performed using an Exstar TG/DTA 6200
thermal analyzer (Seiko Instruments Inc.) in a ceramic crucible in
dynamic air atmosphere (150 mLmin~!) from laboratory tem-
perature to 1000 °C (gradient 5 °C min~!). The thermal degradation
products were prepared as follows: the complex compounds were
heated in the oven with the temperature gradient of 5°Cmin~'.
After reaching 850 °C, the temperature in the oven was stabilized
for the next 4 h. Scanning electron microscopy (SEM) images were
obtained on Hitachi SU-6600 (FEG, SE image resolution 1.2 nm at
30KkV). The pictures were collected with high voltage of 5kV at a
working distance of 10 mm. The sample material was fixed on
carbon conductive discs. No coating method was used. Energy
dispersive X-ray spectra (EDS) were collected by a Si(Li) X-ray
detector together with NORAN System 7 (Thermo Scientific)
mounted on SEM.

2.4. X-ray data collection and refinement

X-ray experiments were carried out on a four circle x-axis
Xcalibur™?2 diffractometer equipped with a CCD detector
Sapphire2 using graphite monochromated Mo-Ko radiation,
(Oxford Diffraction, UK). The CrysAlis program package (version
1.171.32.11, Oxford Diffraction) was used for data collection and
reduction [16]. The structures of the complexes were solved by
the direct methods using SHELXS-97 program [17]. All non-
hydrogen atoms of the compounds 1-3 were refined anisotropi-
cally by the full-matrix least-squares procedure [SHELXL-97] [17].
As for 1, all H-atoms, except for those of both water molecules,
were found from Fourier difference maps and refined using a
riding model (AFIX 13, AFIX 23 and AFIX 137 instructions were
used). Hydrogens belonging to the crystal water molecules were
not involved into calculation. In the case of 2 and 3, all H-atoms
were found from Fourier difference maps and refined using a
riding model, except for those of crystal water molecules which
were refined freely with fixed Ueq parameters. As for 3, a part
of the nme ligand was refined as disordered over two positions
with the occupancy factor of 53% for the first component and 47%
for the second one. Additional calculations were performed using
the DIAMOND program [18]. Crystal data and structure refine-
ment of 1-3 are summarized in Table 1 while selected interatomic
parameters are given in Table 2.

3. Results and discussion
3.1. Infrared spectroscopy
Infrared spectroscopy confirmed the presence of lattice water

and amino-ligands in the compounds 1-3 as proved by observa-
tion of the v(O-H) and v(N-H) vibrations in the 3600-3200cm '
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Table 1

Crystal data and structure refinements for 1-3.
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Data 1 2 3

Empirical formula CsyHggCuyFesN4o010 Cq7H30CuFeN;,05 CyH3gCuyFe;Nyp05

Formula weight 1911.18 569.92 869.50

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

2 (A) 0.71073 0.71073 0.71073

Crystal system Orthorhombic Monoclinic Triclinic

Space group Pc a2, P24/n1 P-1

a(A) 10.1644(9) 10.2389(2) 7.52830(10)

b (A) 13.009(3) 12.5798(2) 9.42600(10)

c (A) 15.229(3) 19.0070(3) 13.8474(2)

a (deg.) 90 90 86.3768(13)

B (deg.) 90 97.0098(17) 81.0979(14)

y (deg.) 90 90 71.3285(15)

Vv (A3) 2013.7(6) 2429.86(7) 919.61(2)

V4 1 4 1

Deaic (gcm—3) 1.576 1.558 1.570

1 (mm~1) 1.810 1517 1.969

Min/max trans. 0.6604/0.5700 0.6589/0.6187 0.6942/0.5064

hkl ranges —-12<h<12 —-12<h<12 —-8<hx<s8
-15<k<15 —10<k<14 -11<k<10
—-18<I<15 —22<1<22 —-15<1<16

Total reflections 12618 14649 6244

Unique reflections 2961 4277 3221

R (int) 0.0929 0.0103 0.0097

Parameters/restraints 278/1 319/4 250/2

R; (all data) 0.0531 0.0532 0.0259

Ry (I>20(I)) 0.0512 0.0515 0.0234

WR; (all data) 0.1277 0.1165 0.0832

WR; (I>2a(1)) 0.1267 0.1159 0.0742

Max/min residual (e A=3) 0.728/-0.493 1.174/-0.738 0.724/-0.423

G.O.F. 1.116 1.326 1.249

Table 2
Selected bond lengths (A) and angles (°) of 1-3.

Compound 1° Compound 2 Compound 3°

Fel-N6 1.651(6) Fel-N1 1.665(4) Fel-N6 1.6632(18)

Fel-C5 1.931(8) Fe1-C3 1.929(4) Fel-C4 1.939(2)

Fe1-C2 1.939(8) Fe1-C5 1.932(4) Fel-C2 1.939(2)

Fel-C4 1.940(7) Fe1-C6 1.937(4) Fe1-C3 1.941(2)

Fe1-C1 1.942(8) Fe1-C2 1.938(5) Fe1-C5 1.947(2)

Fel-C3 1.944(7) Fel-C4 1.949(4) Fel-C1 1.947(2)

Cul-N5#1 2.361(8) Cul-N10 1.986(3) Cul-N9 2.0302(19)

Cul-N7 2.024(6) Cul-N7 2.009(4) Cul-N10 2.0535(18)

Cul-N10 2.039(6) Cul-N8 2.045(3) Cul-N2 2.4503(19)

Cul-N8 2.049(6) Cul-N9 2.060(3) Cu2-N8 2.0112(19)

Cul-N9A 2.114(13) Cul-N5 2.259(4) Cu2-N7 2.047(2)

Cul-N9 1.962(17) Cu2-N5 2.565(2)

Cul-N2 2.5946(84)

01-N6 1.134(9) 01-N1 1.131(5) 01-N6 1.139(2)

N6-Fe1-C2 177.1(3) N1-Fe1-C4 178.32(17) N6-Fe1-C5 174.73(9)

C5-Fe1-C1 170.7(4) C3-Fe1-C5 170.95(17) C4-Fel-C2 170.51(9)

C4-Fel1-C3 170.3(3) C3-Fe1-C5 169.20(19) C3-Fel-C1 168.55(9)

01-N6-Fel 176.9(7) 01-N1-Fel 177.5(4) 01-N6-Fel 174.29(17)

N7-Cul-N9 166.6(5) N10-Cul-N7 168.21(16) N9-Cul1-N9#1 180.00(10)

N7-Cul-N9A 174.1(4) N8-Cul-N9 168.23(15) N10-Cu1-N10#1 180.0

N10-Cu1-N8 173.0(3) N2-Cul-N2#1 180.0

N2-Cul-N5%1 177.7(3) N8-Cu2-N8#1 180.0

N7-Cu2-N7%2 180.0
N5-Cu2-N5%2 180.0

Fe1-C2-N2 177.2(7) Fe1-C5-N5 176.6(4) Fe1-C2-N2 176.95(19)

Cul-N2-C2 138.3(7) Cul-N5-C5 156.3(4) Cul-N2-C2 139.48(17)

Fe1-C5-N5 179.3(8) Fe1-C5-N5 175.2(2)

Cu142-N5-C5 161.8(8) Cu2-N5-C5 126.54(18)

Symmetry transformations used to generate equivalent atoms:

a8l —x+3/2,y,z—1/2; #82: —x+3/2,y, z+1/2.
D gl: —x+1, —y+2, —z; #2: —x+1, —y+1, —z+1.
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region. Characteristic vibrations of the nitroprusside anion
[Fe(CN)sNOJ]?>~ were also observed for all compounds. The two
absorption peaks in 2132-2135cm~! and 2142-2145cm™!
regions can be assigned to the terminal, and bridging cyanido
groups, respectively [19]. The strong absorption peaks in the
1914-1930cm~"! region for 1-3 obviously correspond to the
v(N=0) vibration [20].

3.2. X-ray crystallography

The single crystal X-ray analysis of 1 revealed a cyanido-
bridged zig-zag chain structure in which iron(ll) is six-coordinated
by one nitrogen atom of the nitrosyl group and five carbon atoms
of the cyanido ligands, while copper(ll) is six-fold coordinated by
four nitrogen atoms of the tet ligand in the equatorial plane and
two nitrogen atoms from different bridging cyanido groups in
apical positions. The in-plane Cu-N bond lengths range from
1.962(17) A [for Cu(1)-N(9)] to 2.114(13) A [for Cu(1)-N(9A)],
while the apical Cu-N distances are significantly longer with the
Cu-N distances of 2.361(8) A [for Cu(1)-N(5)] and 2.5946(84) A
[for Cu(1)-N(2)], resulting in the elongated tetragonal bipyramide
symmetry of a {CuNg} chromophore. The nitroprusside anions are
coordinated in such a way that the copper(Il) ions are bridged
through the cyanido groups in a cis fashion and the Fe-C distance

in the bridged CN groups is shortened [Fe(1)—C(5)=1.931(8)A,
Fe(1)—(C2)=1.939(8)A] in comparison with the remaining and
free CN groups in which the average distance is 1.942 A. For
comparison, average values of the Fe—C and Fe-N bond lengths, as
determined by the analysis of 69 complexes involving the
Fe(CN)sNO motif and deposited within the Crystallographic
Structural Database (CSD version 5.30, Update May 2009) [4],
have been found to be 1.937 A, and 1.653 A, respectively. On the
other hand, the average Cu-N distance in the (CN)4(NO)Fe-
(u-CN)-CuNs motif, as determined from 17 complexes, is 2.172 A.
The Cu...Fe separations alternate in the cyanido-bridged zig-zag
chain structure of 1 and have been found to be 5.3761(15), and
5.2727(13)A, respectively, while the average value found from 19
compounds involving the (CN)4(NO)Fe-(u-CN)-Cu motif equals
5.122 A. The crystal structure of 1 is stabilized by a network of the
N-H...O and N-H...N hydrogen bonds. A part of the crystal
structure of 1 is shown in Fig. 1, while selected bond lengths and
angles are listed in Table 2.

The asymmetric unit of the crystal structure of 2 comprises the
binuclear unit in which the copper(Il) cation has a penta-fold
coordination, consisting of four nitrogen atoms of the hto ligand
forming the equatorial plane, while the nitrogen atom of the
cyanido group of the nitroprusside anion is coordinated in
the apical position—Fig. 2(top). The Cu-N bond lengths within

Fig. 1. Top: the asymetric unit of [Cu(tet)Fe(CN)sNO] - 1.5H,0 (1) showing the disordered tet ligand. Bottom: a part of the crystal structure showing the zig-zag chain motif.

The water molecules and hydrogen atoms are omitted for the sake of clarity.
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Fig. 2. Top: the molecular structure of [Cu(hto)Fe(CN)sNO] - 2H,0 (2). Only the hydrogen atoms incorporated into the hydrogen bonds (dashed lines) are displayed for the
sake of clarity. Bottom: a part of the crystal structure showing the hydrogen bonds (dashed lines), a view down along the b axis.

the [Cu(hto)]** core are similar and range from 1.986(3) to
2.060(3)A. The apical Cu-N distance is considerably longer with
the Cu(1)-N(5) bond length value of 2.259(4)A. The Fe—C
distances in the nitroprusside anion for monodentate
coordinated cyanido ligands vary from 1.929(4) to 1.949(4)A,
while the same distance associated with a bridging CN group is
1.932(4)A. The Cu...Fe separations have been found to be
5.2035(8)A within the crystal structure of 2. The crystal
structure contains two molecules of crystal water. The first
water molecule (containing the O2 atom) forms hydrogen bonds
among the different nitroprusside anions, while the second
one (containing the O3 atom) is bonded to the other cyanido
group of nitroprusside anions and also to the N-H atoms of the
hto ligand-Fig. 2(bottom). Thus, the crystal structure of 2 is
stabilized by a network of the O-H...0, O-H...N, N-H...O
N-H...N hydrogen bonds, whose parameters are summarized in
Table 3.

The X-ray structure of [Cu(nme),Fe(CN)sNO]-H,0 3 has been
already determined at 293K and published [7e], with the
following crystal data and refinement parameters: T=293K,
R(int)=0.021. a=7.6429(10), b=9.4444(12), c=13.9990(18),
«=85.602(2), p=81.544(2), y=71.681(2). FO000)=458.
R1=0.0352. wR2=0.0862 (for 3051 independent reflections).
Max/min residual (e A=3)=0.920/—0.607. Owing to the fact that
we have decided to re-interpret the magnetic data of this complex,
we have performed structural re-investigation of [Cu(nme),.
Fe(CN)sNO]-0.5H,0 (3) at 100K with the aim to support the
interpretation of magnetic data. The crystal data and structure
refinement of 3 are given in Table 1, while selected interatomic
parameters are listed in Table 2. The Cu...Fe separations have been
found to be 4.9925(3) and 5.1684(3) A within the crystal structure
of one-dimensional chain complex 3. A part of the crystal structure
of 3, showing the 1D chain motive, is depicted in Fig. A1 (see
Appendix A, Supplementary Material).
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Table 3
Hydrogen bond lengths (A) and angles (deg.) for 1-3.

D-H---A D-H H---A DA D-H---A

Compound 1?2

N9-H9E---03 0.93 2.21 2.93(2) 132.9
N9A-H9AA.--N2 0.93 2.60 3.061(17) 111.2
N7-H7C---N143 0.92 2.48 3.324(14) 152.0
N7-H7D---N4%4 0.92 2.25 3.120(9) 157.2
N8-H8C---02 0.93 2.28 2.814(13) 1159
N10-H10A---N4 0.92 2.57 3.397(10) 149.1
N10-H10B---N4#4 0.92 2.36 3.261(9) 166.7
Compound 2P

N10-H10C---03 0.93 1.95 2.849(5) 160.9
02-H2W---N6 0.90(3) 2.05(3) 2.948(5) 173(5)
03-H3W.-.02 0.92(3) 1.85(3) 2.751(5) 167(5)
N7-H7C---N3#1 0.93 2.34 3.079(6) 136.0
02-HV...N2#2 0.91(3) 1.93(3) 2.818(5) 166(5)
Compound 3¢

N9-H9D---N1 0.92 2.68 3.421(3) 137.7
N7-H7C-.-02 0.77(4) 2.42(4) 2.855(5) 117(3)
N8-H8A---N4#3 0.92 2.15 3.008(3) 154.6
N9-HOE---N324 0.92 2.28 3.095(3) 147.7
N10-H10C---N3#5 0.93 2.23 3.097(3) 155.6
02-H2W-.-N3#2 1.01(3) 2.49(4) 3.429(5) 155(5)
02-H2V-.-N146 0.99(3) 1.90(3) 2.881(4) 174(6)
N7-H7C..-N4#2 0.77(4) 2.57(4) 3.293(3) 158(4)

Symmetry transformations used to generate equivalent atoms:

431 x+1,y, z; #4: x+1/2, —y+2,z.

b1 x+1,y, z; #2: x—1/2, —y+3/2, z—1/2.

€820 —x+1, —y+1, —z+1; #3: —x+2, —y+1, —z+1; #4: x, y+1, z; #5: x—1,
y+1,z; $6: —x+1, —y+2, —z+1.

3.3. Magnetic properties

The compounds 1 and 3 form infinite one-dimensional (1D)
chains, in which the paramagnetic Cu(ll) centers are bridged
through the diamagnetic nitroprusside anions; their magnetic
data scaled per one Cu(II) ion are depicted in Fig. 3 and Fig. A2 (see
Appendix A, Supplementary Material). The effective magnetic
moment at room temperature is 1.86 and 1.91 ug, for 1, and 3,
respectively. These values are close to the expected value for non-
interacting copper(Il) complexes with S=1/2 and g > 2.0 due to
the orbital momentum contribution [21]. Upon cooling, the
effective magnetic moments stay almost constant to about 20K,
and then, start to decrease gradually to reach 1.71 ug at 2K for
both compounds. The mean susceptibility of 1 and 3 can be fitted
to the Curie-Weiss law (in SI units)

2 2
Amol = NA'UOM:?;(S-’_]) T‘%@ M
using the following parameters g=2.13, ®=-1.34K and g=2.20
and ©=-133K, respectively. Based on these facts, the
antiferromagnetic exchange between the Cu(Il) ions is present
both in 1 and 3. The isothermal magnetizations measured at
T=2K saturate at Mp,o/(Napts)=1.02 for 1 and 1.07 for 3. These
values are close to the expected saturation limit of Mpe/
(Naug)=1.0 for g=2.0 and S=1/2. In order to quantitatively
evaluate the magnetic exchange among paramagnetic copper(Il)
ions, the following spin Hamiltonian for the uniformly coupled
one-dimensional infinite chain should be applied

H=-]"Si-Sii1+u» B-gSi 2
i=1 i=1
Unfortunately, the analytical expression for the molar suscept-
ibility cannot be derived, but a numerically derived expression by
Johnston et al. can be used with a high accuracy [22]. The best-fit
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Fig. 3. Magnetic data for 1. Left: temperature dependence of the effective
magnetic moment (calculated from the temperature dependence of magnetization
at B=1T). Inset: temperature dependence of the molar susceptibility. Empty
circles: experimental points. Full line: the best fit to the experimental data
calculated using Eq. (2) with J= —0.28 cm~! and g=2.10. Right: field dependence
of magnetization at T=2.0K. Empty circles: experimental points. Dashed line: the
Brillouin law for the isolated copper(II) ion.

parameters to the magnetic susceptibility, which were calculated
from the temperature dependence of the magnetization mea-
sured at 1T, resulted in the following parameters: J= —0.28cm ™!,
g=2.10 for 1 and J=—-0.43cm™~"!, g=2.16 for 3—Figs. 3 and A2.
The small value of the isotropic exchange can be readily explained
by a long distance superexchange pathway between the copper
ions mediated by the diamagnetic nitroprusside anion and is
comparable with recently published values J=—0.12cm ™! [7a],
J=-1.06cm~! [7c] and J=—1.7cm~"! [7b]. Also, the Brillouin
functions, calculated at T=2K for S=1/2 using the resulted
g-factors, are slightly above the experimental data, which
confirms antiferromagnetic nature of the isotropic exchange
among the paramagnetic centers. The comparison of the pre-
viously published magnetic data for [Cu(nme),Fe(CN)sNO]-H,0
with those found for (3) in this work is depicted in Fig. A4 (see
Appendix A, Supplementary Material), and it clearly shows that
the authors did not apply diamagnetic corrections and the
temperature-independent paramagnetism, which resulted in
misinterpretation of the magnetic exchange. (Note: A number of
crystal water molecules in 3 as determined by X-ray analysis
(0.5 Hy0) and other indirect techniques (i.e. CHN and TG/DSC
analyses, 1H,0) differs probably due to time interval between the
corresponding experiments.)

Moreover, the advanced theoretical approach was used, in which
the both experimental datasets (the magnetizations vs. temperature
and vs. magnetic field) were treated simultaneously. There is no
numerical or analytical formula for the isothermal magnetization of
the infinite uniform 1D chain for non-zero temperature, so we
treated the problem as follows: the spin Hamiltonian for the
seventeen-nuclear closed ring was postulated as

X 16 17
=g Y846 S0 f i > B &S, 3)

i=1 i=1

in order to mimic the infinite chain properties. Such a procedure is
generally used for the infinite chains to calculate their physical
properties, e.g. susceptibility or heat capacity. To examine the
limits for this model, the zero-field susceptibilities, hence the
effective magnetic moments, were calculated using Johnston’s
equation [22] and finite-size ring model (Eq. (3)) at the lowest
experimental temperature T=2 K (the plot comparing these two
calculations is given in Supplementary material, Appendix A,
Fig. A5). It was found that both models provide similar results for
varying |J| up to 8 cm~'. Below this value, the discrepancy is less
than 0.01 ug, which is much smaller than the experimental error.
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The 17 centers with S;=1/2 result in 131 072 magnetic states. In
order to reduce the dimensions of the matrices to be diagonalized,
the coupled basis set was chosen labeled as |xSMs)», where «
stands for the intermediate quantum numbers denoting the
coupling path. The final interaction matrices were calculated
using irreducible tensor operators technique [23]. Having only the
isotropic exchange in play and also all local g-factors equal, the
matrices can be factorized according to the final spin S and it is
possible to treat only zero-field magnetic states [«S ). The largest
dimension of the sub-matrix is 7072 for S=3/2 (see Table A1; in
Appendix A, Supplementary material). As a result, the magnetic
levels can be easily calculated as g(aSMs)=z¢;o(aS)+ 1sgMsB,
where ¢;o(aS) are zero-field energy levels. Finally, the formula
for the molar magnetization for any temperature and magnetic
field can be applied as

>~iMs exp[—e&;(«SMs) /KT
> exp[—&j(«SMs)/KT]

The best fit for 1 was obtained using J=—0.23cm™!, g=2.10
(Fig. 4) and for 3 using J=—0.38cm~!, g=2.16 (Fig. A3). The
calculated g-parameters from both fits are practically identical. On
the contrary, the J constants differ by more than 10%. The reason for
this discrepancy lies in the large field applied for measuring the
temperature dependence of magnetization. The formula by
Johnston et al. [22] was derived upon presumption that the
magnetic field is close to zero (B—0). The effect of the magnetic
field on the effective magnetic moment is demonstrated in Fig. A6
(see Appendix A, Supplementary Material). Based on these facts,
the second set of the fitted parameters is more reliable.

The magnetic data of the binuclear complex 2 are presented in
Fig. 5. The room temperature value of the effective magnetic
moment is 1.81 up and it is almost constant up to 50K, and then, it
starts to decrease and reaches the value of 1.50 ug at T=2 K. First,
the susceptibility was fitted to the Curie-Weiss law (Eq. (1)) and
resulted in g=2.09 and ®=-0.72 K. With the aim to utilize also
the isothermal magnetization data, the spin Hamiltonian
incorporating the Zeeman term and the molecular field correc-
tion was used

Mmol = NA :uBg (4)

H= HBngz—Zj<~§z >~§z 5

where zj is the common molecular-field parameter, which is due
to intermolecular interactions and <S,) is a thermal average of
the spin projection [23]. Both sets of experimental data were
fitted simultaneously and resulted in g=2.09 and zj=-2.37 cm !
(Fig. 5). Such antiferromagnetic molecular mean-field interactions
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Fig. 4. Magnetic data for 1. Left: temperature dependence of the effective
magnetic moment (calculated from the temperature dependence of magnetization
at B=1T). Inset: temperature dependence of the molar magnetization. Right: field
dependence of magnetization at T=2.0 K. Empty circles: experimental points. Full
line: the best fit to the experimental data calculated using Eqgs. (3) and (4) with
J=-023cm™ ' and g=2.10.
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Fig. 5. Magnetic data for 2. Left: temperature dependence of the effective
magnetic moment (calculated from the temperature dependence of magnetization
at B=1T). Inset: temperature dependence of molar magnetization. Right: field
dependence of magnetization at T=2.0K. Empty circles: experimental points. Full
line: the best fit to the experimental data calculated using Eq. (5) with g=2.09 and
zj=—237cm™ L.
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Fig. 6. TG and DTA curves of complex 3.

might be explained by the presence of a variety of non-covalent
interactions in the crystal structure of 2 (see Fig. 2).

3.4. Thermal studies

The thermogravimetric (TG) and differential thermal (DTA)
analyses were carried out for all three complexes. The thermal
degradation of the compound 3 began at about 30 °C and it may be
connected with the partial elimination of the crystal water molecule
(weight loss found/calcd. 2.6/4.0%)—Fig. 6. This elimination can be
also seen from the DTA curve as an endoeffect with minimum at
74°C. The existence of an anhydrous complex of 3 was proved
within the temperature interval of 95-141°C. Then, the decay
proceeds in a few steps which are accompanied by two sharp
exoeffects with the maxima at 161 and 293 °C. The first peak could
correspond to the degradation of the N-methylethylenediamine
molecule attached to the Cu" central atom, and the second peak to
the overall decomposition of the complex, which is finished at
568°C. The degradation product of the complex 3 has been
identified as a mixture of CuFe,04 and CuO in a molar ratio of 1:1
(proved by X-ray powder diffraction, CuO [01-089-5896] [24],
CuFe,0, [01-001-9258] [25]—see Fig. A7, in Appendix A,
Supplementary Material). The thermal decomposition processes of
the complexes 1 and 2 are very similar. In both cases, a mixture
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of CuFe,04 and CuO was determined as a final product of the
conversion.

3.5. Méssbauer spectroscopy

The room temperature >’Fe Méssbauer spectra (see Fig. 7) for
compounds 1-3 show well defined doublets with almost the same
isomer shift parameters ¢ (between —0.25 and —0.26 mm/s),
which are characteristic for diamagnetic low-spin Fe(IIl)
complexes. The quadrupole splitting parameters AE, were found
to be 0.95mm/s for 1, 0.88 mmy/s for 2, and 0.93 mm/s for 3, and
clearly reflect a slightly lower degree of deformation (higher
symmetry) in the vicinity of the iron atom in 2 as compared to 1
and 3. The Méssbauer spectra for compounds 2 and 3 were
measured at 25K and their fitting resulted in §=-0.17mms !,
AEp=0.89mms~!, and 6=-0.16mms~', AE;=0.94mms~ ',
respectively. The changes in the isomer shift values between
300 and 25K are due to the second-order Doppler effect [26],
while the minimum changes in quadrupole splitting indicate a
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Fig. 7. Top: >’Fe Méssbauer spectra for complex 2 measured at T=25 and 300 K.
Bottom: the room temperature °’Fe Mdssbauer spectrum of the decomposition
product of 2, including two fitted subspectra corresponding to octahedral (Oy) and
tetrahedral (T4) positions in the CuFe,04 structure. The cross symbols represent
the experimental data and the lines represent the best fit data.

negligible effect of temperature on degree of deformation in the
vicinity of iron atoms.

Moreover, the thermal degradation products 2T and 3T of the
complexes 2, and 3, respectively, were also characterized by
Mossbauer spectroscopy. The room temperature >’Fe Mossbauer
spectra showed the presence of two Fe(Ill) positions in the spinel
structure of CuFe;O,4. The experimental data for 2T can be
successfully described by two sextets with different hyperfine
parameters, 5;=0.26mms ™', AEg;=—0.02mms" !, By =48.2T
and §,=036mms~!, AEp=-0.14mms~"', B,p=50.9T, with
the relative area ratio of A;:A,=70:30—Fig. 7. The first sextet
can be assigned to Fe(Ill) in tetrahedral (T4) positions while
the second one to Fe(Ill) in octahedral (Oy) positions within the
spinel structure [27]. The 3T sample exhibited comparable
spectral characteristics and the experimental data were simulated
using §;=027mms~', AEg;=—-0.03mms"~!, B,;=47.9T, and
3,=037mms ™', AEgz= —0.17 mms ™", B =50.8 T, with the area
ratio of A{:A,=76:24.

3.6. Electron microscopy techniques

Scanning electron microscope (SEM) images of the thermal
degradation products 2T and 3T show the presence of well
developed nanocrystals exhibiting the various sizes and morpho-
logy—Fig. 8. Nevertheless, the deeper analysis of the particles
observed in decomposition products indicate two types of crystals

Fig. 8. SEM images of mixtures of CuFe,04 and CuO nanoparticles prepared by
thermal treatment of 2 (top) and 3 (bottom) as the precursors.
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differing in size. The smaller particles ranging between 50 and
150nm would be assigned to CuFe,O,4, while the bigger ones
(250-550nm) could correspond to CuO, as clearly confirmed by
EDS analysis (see Fig. A8; in Appendix A, Supplementary Material).

4. Conclusions

In this work, three bimetallic copper(ll)-iron(Ill) complexes
containing the nitroprusside anion were prepared and characterized
by a broad spectrum of physical techniques. The X-ray analysis
revealed the one-dimensional molecular structure of 1 and 3 and
binuclear structure of 2. The Mdssbauer spectroscopy showed that
the iron(Il) centers are in the low-spin diamagnetic state in the whole
temperature interval. The magnetic measurements confirmed the
weak antiferromagnetic exchange among the paramagnetic Cu(Il)
centers in 1D chains of 1 and 3 and quite intense intermolecular
interactions of the antiferromagnetic nature in case of compound 2
mainly due to hydrogen bonds. The presented compounds were also
tested as potential candidates for the thermal preparation of spinel
structure CuFe,0,4 nanoparticles.

5. Supplementary materials

CCDC 753577, 753578 and 753579 contain the supplementary
crystallographic data for 1, 2, and 3, respectively. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retriev
ing.html, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223 336 033; or
e-mail: deposit@ccdc.cam.ac.uk. Figs. A1-A4 contain additional
structural and magnetic data of 3, Figs. A5 and A6 and Table Al
support magnetic modeling, Fig. A7 shows XRD data of thermal
degradation products of 2 and 3, Fig. A8 shows SEM and EDS patterns
of 2.
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