
FULL PAPER

DOI: 10.1002/ejic.201101301

Heterometallic Complexes of Ruthenium and Lanthanides (Ce, Pr, Nd, Eu)
with NO2 Bridges – Synthesis, Structures, Properties
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Fivenewheterometallic complexeswitha {Ln[RuNO(μ-NO2)4-
(μ3-OH)]2Ln} (Ln = Ce, Pr, Nd, Eu) core were prepared by
reaction of Na2[RuNO(NO2)4OH] and lanthanide nitrates in
the presence of pyridine. The crystal structures of the ob-
tained compounds were determined by single-crystal X-ray
analysis. In all complexes, Ru and Ln atoms are connected
by N,O-bridging nitrite groups and OH groups. The coordi-
nation environment of Ln3+ is completed by oxygen atoms of
nitrate ions and water molecules and by nitrogen atoms of
pyridine molecules. Magnetic interactions between lanthan-

Introduction
Interest in ruthenium nitrosyl complexes including het-

eronuclear species is determined by the unique properties
of these compounds. The ability to undergo reversible light-
induced transformation to long-lived metastable isomers[1]

can be used for designing new photo-switching devices for
information storage.[2] Combined with paramagnetic cen-
ters, ruthenium nitrosyl complexes are interesting as build-
ing blocks for the synthesis of bifunctional materials with
both photochromic and magnetic properties. Several
attempts were made to combine RuNO complexes with the
paramagnetic center of another metal:[3] reversible photo-
magnetism was found for double-salt complex [RuNO-
(NH3)5][Cr(CN)6] and for the double salt of [RuNO(NH3)4-
OH]2+ and Gd3+ with the thiacalixarene anion. From this
point of view, combination of the RuNO fragment with lu-
minescent and paramagnetic lanthanides in one complex
would be interesting because of the mutual influence of the
two metals.

Another promising direction in the chemistry of hetero-
metallic Ru–Ln complexes is related to the development of
functional materials based on metallic ruthenium or mixed
Ru–Ln oxides. Catalytic systems such as Ru–CeO2 are in-
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ide atoms become apparent at temperatures lower than 40–
50 K, and at temperatures higher than 100 K, the dependen-
cies of the magnetic susceptibilities of the complexes are well
explained by the presence of two noninteracting paramag-
netic centers. Thermal decomposition of the investigated
complexes in an inert atmosphere results in a mixture of met-
allic ruthenium and the corresponding lanthanide oxide. For-
mation of mixed oxide phases RuPrOx was also detected after
decomposition of the praseodymium complex.

tensively investigated in the processes of hydrogen prepara-
tion and purification.[4] Doping of the oxide supporting
phase in Ru/Fe2O3 catalyst with different lanthanides (La,
Sm) results in an increase in the CO conversion.[5] Mixed
oxides of ruthenium and lanthanides, also doped with other
elements, are mainly interesting because of their magnetic
properties. Oxides with a Ln2Ru2O7 pyrochlore-type struc-
ture possess spin-glass properties;[6] perovskite-like ternary
oxides MLnxRu1–xO3 (M = Ca–Ba) can have different mag-
netic behavior depending on the lanthanide and the struc-
ture;[7] RuSr2LnCu2O8 has both ferromagnetic and super-
conductivity properties.[8] At present, the systems men-
tioned above are prepared from components containing
each metal separately. This allows the easy variation of the
desired composition but at the same time requires a high-
temperature synthesis (up to 900 °C in the case of mixed
oxides). A promising method is the use of heterometallic
precursors – complexes already containing two (or more)
different metals. Thermal decomposition of these precur-
sors usually occurs at lower temperatures, and the composi-
tion defined at the molecular level determines the stoichi-
ometry of the final products. Work in this area is mainly
devoted to double complex salts of nitrosyl ruthenium cat-
ions.[9]

Thus, the scientific interest in the development of new
ruthenium compounds with other transition metals, includ-
ing lanthanides, and the urgency of this problem is not to
be doubted. However, it should be noted that investigations
in this area are mainly focused on the synthesis of double
complex salts, in which the counterions containing different
metals are connected only by electrostatic interaction. Pre-
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viously, we proposed a simple technique for the synthesis
of heterometallic complexes of the first-row transition met-
als with the anion [RuNO(NO2)4OH]2– (An2–) as one of the
ligands and show that the thermal decomposition of these
compounds can be used to obtain solid solutions of Ru–M,
including the metastable ones.[10] In this paper, the tech-
nique has been used for the synthesis of heterometallic ru-
thenium complexes with lanthanides.

Results and Discussion

In contrast to the previously obtained binuclear com-
plexes with M2+ cations (Cu, Zn, Co, Ni), interaction of
lanthanide (Ce, Pr, Nd, Eu) nitrates with Na2[RuNO(NO2)4-
OH]·2H2O in the presence of pyridine leads to tetranuclear
complexes, in which the pair of lanthanide atoms are
bonded by a pair of [RuNO(NO2)4OH]2– anions with par-
ticipation of all four nitro groups and the OH group of each
anion (Figure 1). The two lanthanide atoms, a ruthenium
atom, and the bridging oxygen atom of the OH group lie
nearly in a plane. The deviation of the central oxygen atom
from the RuLn2 plane is no more than 0.1 Å, and the cen-
tral angles M–O–M are in the range 111°–122°. The angles
between the Ru1–Ln3–Ln4 and Ru2–Ln3–Ln4 planes are
within 36.6° (Ln = Pr; 2) to 37.9° (Ln = Eu; 5).

Figure 1. Coordination of lanthanide atoms by the [RuNO(NO2)4-
OH] anion in the obtained complexes.

The average Ru–NNO2 distances in complexes 1–3 and 5
are slightly shorter than those in the initial anion (Table 1).
Only in complex 4 are these distances noticeably larger
(2.181 Å). On the contrary, the Ru–OOH distances in all
complexes are smaller than those in the original anion, and
in case of 4 the distance Ru–OOH is also the largest among
those in the remaining complexes. The most interesting is
the change in the geometry of the RuNO+ fragment. In pre-
viously described Ru/M complexes of nonferrous metals,[10]

Ru–N distances are slightly shorter and N–O bond lengths
are greater as compared with those of the anion, the Ru–O
distances and Ru–N–O angles remaining practically un-
changed. In the studied lanthanide complexes there is a si-
multaneous increase in both bond lengths (0.01–0.04 Å for
Ru–NO, and up to 0.1 Å for N–O in complexes 4 and 5)
and the Ru–N–O bond angle (177.0–178.7°). (Selected dis-
tances are shown in Tables 1 and 2.)
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Table 1. Bond lengths in the ruthenium fragment and M–M dis-
tances in complexes 1–5. (Average distances are bold).

Table 2. Bond lengths in the lanthanide environment for complexes
1–5.

Depending on the nature of the lanthanide, the com-
plexes form two types of Ru/Ln units, differing in the coor-
dination environment of one of the lanthanide atoms. In
structure I (Figure 2), the coordination environment of Ce2
is formed by four oxygen atoms of bridging nitro groups,
two oxygen atoms of OH groups, and four oxygen atoms of
two nitrate ions. The coordination number is equal to 10.
In structure II, the coordination sphere of Eu2 includes six
oxygen atoms of bridging NO2 and OH groups, two oxygen
atoms of one nitrate ion, and one oxygen atom of the water
molecule. The coordination number of Eu2 is equal to 9.
The coordination environments of Ce1 and Eu1 in struc-
tures I and II, respectively, are the same – six oxygen atoms
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of bridging NO2 and OH groups, two oxygen atoms of one
nitrate ion, and one nitrogen atom of the pyridine molecule.
The coordination number is equal to 9.

Figure 2. Structure of type I (a) and type II (b) complexes. Shown
are molecules of pyridine coordinated or hydrogen-bonded to the
complex core.

The average distance between lanthanide atoms and li-
gands decreases in the sequence Ce � Pr � Nd for structure
I and Nd � Eu for structure II, corresponding to the de-
crease in the ionic radii of Ln3+. The change from structure
I to structure II in the neodymium complexes is ac-
companied by an increase in the average distance between
Nd and the ligands.

Regardless of the solvent used in the synthesis (CH2Cl2
or acetone), only a complex of structure I was obtained for
cerium and praseodymium. For neodymium, it was possible
to isolate complexes of both types, and in this case, an inter-
esting specificity to the solvent was detected. The complex
of structure I was formed in acetone as the only reaction
product, while in dichloromethane, separate crystals of
structure II could also be isolated from the reaction mixture
by slow diffusion. It should be noted that the solubility of
all complexes in dichloromethane is significantly worse than
that in acetone, resulting in lower yields due to the copre-
cipitation of the complexes with NaNO3.
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Participation of all four nitro groups of the ruthenium
fragment in coordination to the lanthanide atoms is con-
firmed by the IR spectra of the compounds. In contrast to
binuclear complexes [RuNO(NO2)4OHMLn] (M = Co, Ni,
Zn, Cu), IR spectra of the lanthanide complexes contain
only one absorption band for each of NO2 stretching vi-
bration (νas and νs). The large splitting (νas – νs = 154–
158 cm–1) corresponds to the unsymmetrical bridging coor-
dination mode. The ν(NO) band for the nitrosyl fragment
in the spectra of 1–5 is shifted to lower energy by 20–
40 cm–1 as compared with that in the initial Na2[Ru-
NO(NO2)4OH]. In binuclear complexes studied earlier,[10]

the shift does not exceed 10 cm–1, which correlates with a
bigger distortion of the Ru–NO fragment in the lanthanide
complexes. Retention of the OH group of the ruthenium
fragment after coordination to the lanthanide atom is con-
firmed by the broad band of OH vibrations with a maxi-
mum in the region 3490–3510 cm–1 for complexes of type I.
In complexes of type II, this band overlaps with the stretch-
ing vibration band of the coordinated water molecule.

According to data on magnetic moments shown in
Table 3, lanthanide atoms in heterometallic complexes
maintain an oxidation degree equal to +3. According to
this and taking into account the structural studies, elemen-
tal analysis, and IR spectra, the total charge of complex
fragment [(NO3)2Ln(An)2Ln(NO3)Py] in structure I is
equal –1, while the complex fragment [(H2O)(NO3)Ln(An)2-
Ln(NO3)Py] in structure II is neutral. Since compounds of
structure I do not contain cations of other metals, we sup-
pose that they should contain H+ as counterion. The most
probable position of this proton is between oxygen atom
O422 of the coordinated nitrate ion and the solvated pyr-
idine molecule (Figure 2). For all three compounds of struc-
ture I, the distance O422–N is short enough for hydrogen
bonding (2.82–2.99 Å). In compounds of structure II, short
contacts of this kind are absent. Intra- and intermolecular
hydrogen bonds formed by the coordinated water molecule
are shown in the figure.

Table 3. Magnetic moments (Bohr magnetons) and parameters of
Curie–Weiss equations for complexes.

Magnetic Measurements

Temperature dependencies of the magnetic moment and
inverse magnetic susceptibility (1/χ) for complexes 1–3 and
5 are shown in Figure 3 and Table 3. For all investigated
complexes except for those with europium, values of μeff at
300 K are in good agreement with theoretical values for a
system of two paramagnetic Ln3+ cations in the ground
state with the corresponding term.[11] When the temperature
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is lowered to 5 K, the magnetic moments of complexes Ce,
Pr, and Nd are reduced to 2.74–3.51 Bohr magnetons
(B.M.). The temperature dependence of 1/χ(T) in the tem-
perature range 120–300 K for the complexes of Ce, Pr, and
Nd is linear and well described by the Curie–Weiss law with
the parameters given in Table 3. For the europium complex,
the value of μeff at 300 K is 6.46 B.M. (4.24 B.M. per Eu3+

ion), which is higher than the typical value for the Eu3+

ion (3.6 B.M.). With decreasing temperature μeff gradually
decreases, reaching a value of 1.00 B.M. at 5 K. This μeff–
(T) dependence is explained by the fact that the ground
state of Eu3+ is a singlet, and there are close levels with
different J states, the population of which varies with tem-
perature; therefore, the Curie–Weiss law does not hold.

Figure 3. Temperature dependencies of magnetic moment (a) and
inverse magnetic susceptibility (b).

Magnetic interactions between paramagnetic centers
(two atoms of lanthanide) in the investigated compounds
become apparent at temperatures lower than 40–50 K, and
at temperatures above 100 K, the magnetic susceptibility of
the complexes corresponds well to the presence of two non-
interacting paramagnetic centers.
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Thermal Properties

Thermal decomposition of complexes begins at tempera-
tures of 40–100 °C. In all cases, the DTA curves show endo-
thermic heat effects in the temperature range 100–160 °C,
the weight loss approximately corresponding to the solvated
molecules of the organic compounds. These beginning de-
composition stages are mostly distinct for the thermal de-
composition of heterometallic complex 1 containing cerium
(Figure 4).

Figure 4. TG and DTA curves for the thermal decomposition of
Ce complex.

The first endothermic effect at 100 °C is accompanied by
a weight loss (11.9%) corresponding to 2.5 pyridine mole-
cules. The weight loss after the second endothermic effect
(155 °C, 30.0%) is in good agreement with removal of all
pyridine molecules including the coordinated one. In the
temperature range 230–360 °C, decomposition of the com-
plex is accompanied by a strong exothermic effect, and up
to four peaks corresponding to intermediate stages can be
selected on the DTA curve. According to literature data the
decomposition of the Ru–NO fragment in various com-
plexes takes place in a temperature range from 300 to
400 °C.[12] Thus, we suppose that the set of exothermic ef-
fects in this temperature range corresponds to the decom-
position of part of the core of the complex.

Final products of the thermal decomposition were de-
scribed by powder diffraction analysis; the corresponding
crystal phases and crystallite size are shown in Table 4. The
only products of decomposition for the cerium complex
that can be identified by XRD are metallic ruthenium and
cerium(IV) oxide. Weight loss according to thermal gravi-
metric (TG) data (66.1%) is very close to the theoretical
value for the product with formula 2Ru·2CeO2 (66.0%).
The solid residue after decomposition of the praseodymium
complex contains phases of Ru, PrRuO3, Pr2Ru2O7, and
(Pr,Ru)7O12 with a mass ratio of 25:45:9:21, respectively.
PrRuO3 has perovskite-like structure similar to orthorhom-
bic perovskites MRuO3 (M = Ca, Sr), mixed oxide
Pr2Ru2O7 has a structure similar to pyrochlore, and the
structure of displacement compound (Pr,Ru)7O12 is based
on the structure of mixed-valence oxide Pr7O12. According
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to the final mass loss (64.1 %), the gross composition of the
products is described by the formula Pr2Ru2O6.7. Taking
into account the product ratio determined from XRD
analysis, the composition of the displacement compound
should be (Pr0.4Ru0.6)7O12. The only products of decompo-
sition for the neodymium and europium complexes, accord-
ing to XRD analysis, are metallic ruthenium and Ln2O3

oxides in different phase modifications. In case of neodym-
ium compound 3, the gross composition of the final prod-
ucts according to TG data well correspond to Ru2Nd2O3

(theoretical weight loss 65.3%). For europium complex 5

Table 4. Products and the conditions of thermal decomposition for
investigated complexes.

Figure 5. HREM images of the products after the decomposition
of the cerium complex. 1, 2: Ru, 3,4: CeO2, 5,6: Ru + CeO2.
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with structure II, the final experimental weight loss is some-
what less than the theoretical, corresponding to a gross
composition of Ru2Ln2O3 (66.2%). This can be explained
by the presence of amorphous phases in the decomposition
products or by the low stability of the initial crystalline
phases and their partial decomposition at room tempera-
ture.

XRD results for the product of the thermal decomposi-
tion of the cerium complex were confirmed by data ob-
tained by high-resolution transmission electron microscopy
(HRTEM, Figure 5). The final products of thermolysis are
the dense aggregates of metallic ruthenium particles with
the size of 3–50 nm and larger particles of CeO2 (10–
200 nm). The product also contains a large individual par-
ticles of metallic ruthenium but is basically a ruthenium
deposited on cerium oxide. The phases were identified by
interplanar distances and EDX-spectra. Size of aggregates
range from 100 nm to several microns.

Conclusions

The reaction of [RuNO(NO2)4OH]2– with lanthanides
can be used to prepare tetranuclear heterometallic com-
plexes with two lanthanide atoms bonded by two ruthenium
anions. The decrease in the ionic radius in the sequence Ce,
Pr, Nd, Eu results in a transition from the complexes of
structure I (Ce, Pr, Nd) to complexes of structure II (Nd,
Eu). Magnetic interactions between two paramagnetic lan-
thanide centers become significant at temperatures below
50 K, at room temperature, these interactions are negligible.
Thermal decomposition of heterometallic lanthanide com-
plexes leads to either mixed oxides (in the case of praseo-
dymium) or a mixture of lanthanide oxide and ruthenium.
According to HRTEM analysis, the product of decomposi-
tion of the cerium complex mainly consists of metallic ru-
thenium located on the surface of larger particles of CeO2.

Experimental Section
Compounds PyH[PyM(NO3){RuNO(NO2)4OH}2M(NO3)2]·X [(1)
M = Ce, X = 4Py; (2) M = Pr, X = 4.5Py; (3) M = Nd, X =
2.5Py·C3H6O] and [PyEu(NO3){RuNO(NO2)4OH}2Eu(H2O)NO3]·
5Py·C3H6O (5): A solution of Na2[RuNO(NO2)4OH]·2H2O (1�

10–4 mol, 0.041 g) and Ln(NO3)2·6H2O (1� 10–4 mol, 0.044 g) in
acetone (3 mL) was stirred at room temperature for 40 min. After
separation of the NaNO3 precipitate, pyridine (200 mg, 2.6�

10–3 mol) was added to the filtrate, and the solution was stirred for
20 min. Then hexane (10 mL) was added to the cold reaction mix-
ture and after 1–2 h little yellow (Pr), green-yellow (Nd, Eu), or
dark-red (Ce) crystals were obtained with yields of 70–80%.
C30H33Ce2N19O29Ru2 (1606.08): calcd. C 22.4, H 2.1, N 16.6;
found C 22.8, H 2.1, N 17.3. C32.5H34.5N19.5O29Pr2Ru2 (1646.20):
calcd. C 23.7, H 2.1, N 16.6; found C 23.9, H 2.6, N 16.9.
C25.5H30.5N17.5Nd2O29Ru2 (1536.74): calcd. C 19.7, H 1.9, N 15.8;
found C 20.7, H 2.2, N 15.3. C33H40Eu2N18O28Ru2 (1642.84):
calcd. C 24.1, H 2.4, N 15.4; found C 24.6, H 2.5, N 15.1. IR
spectra: ν̃ = 3452 ν(OH), 1870 ν(NO), 1448 νas(NO2), 1294
νs(NO2), 833 δ(NO2) cm–1 for 1. ν̃ = 3466 ν(OH), 1869 ν(NO),
1448 νas(NO2), 1294 νs(NO2), 832 δ(NO2) cm–1 for 2. ν̃ = 3475
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ν(OH), 1867 ν(NO), 1450 νas(NO2), 1293 νs(NO2), 833 δ(NO2)
cm–1 for 3. ν̃ = 3493 ν(OH), 1853 ν(NO), 1452 νas(NO2), 1294
νs(NO2), 833 δ(NO2) cm–1 for 5.

[PyNd(NO3){RuNO(NO2)4OH}2Nd(H2O)NO3]·5Py·CH2Cl2. (4):
To a mixture of solid Na2[RuNO(NO2)4OH]·2H2O (0.0414 g, 1�

10–4 mol) and Nd(NO3)2·6H2O (0.0440 g, 1� 10–4 mol) in dichlo-
romethane (3 mL), was added excess pyridine (0.2 mL) with stirring
over 20–30 min by 0.03 mL portions. The solid residue was filtered.
Several crystals of 4 were separated from the solution after slow
diffusion of diethyl ether into the reaction mixture over 1–2 days
at 273 K. The same technique was also applied for the cerium and
praseodymium nitrates, but only complexes 1 and 2 were separated
with yields of 30–40% and identified by elemental analysis, IR
spectroscopy, and single-crystal X-ray diffraction. All of the pre-
pared complexes slowly lose weight at room temperature, because
of removal of solvent molecules, so for thermal analysis, elemental
analysis, and magnetic measurements, we used only freshly pre-
pared samples.

Thermal Analysis: The complexes were studied with a Netzsch STA
409 PC Luxx thermoanalyzer, Al2O3 powder being used as stan-
dard. The initial weights of the samples were in the range 20–
25 mg. The experiments were run in an open alumina crucible in a
stream of helium at a heating rate of 10 K/min. The final tempera-
tures of the experiments are reported in Table 4. Analysis of ther-
mal data was performed with Proteus analysis software.[13]

Magnetic Measurements: Magnetic measurements on polycrystal-
line samples were carried out with a SQUID (Quantum Design)
magnetometer at the 5 K and room temperature in an external
magnetic field of up to 40 kOe.

Single-Crystal and Powder X-ray Diffraction Analysis: Single crys-
tals of complexes 1–5 suitable for X-ray diffraction analysis were
obtained by slow diffusion of hexane or diethyl ether into solutions
of the complexes in acetone or CH2Cl2. Single-crystal X-ray dif-
fraction studies were carried out with a BRUKER X8 APEX CCD
diffractometer at room temperature by using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å). The absorption was cor-
rected with the SADABS program.[14] All structures were solved by
means of direct methods and refined by full-matrix least-squares
techniques with the SHELXTL program.[14] Hydrogen atoms were
calculated to their idealized positions and were refined as riding
atoms. Selected distances are shown in Tables 1 and 2. Polycrystal-
line samples were studied in the 2θ range 5–120° with a DRON
RM4 powder diffractometer equipped with a Cu-Kα source (λ =
1.5418 Å) and graphite monochromator at the diffracted beam. In-
dexing of the diffraction patterns was carried out using data for
pure metals and compounds reported in the JCPDS-ICDD datab-
ase.[15] Unit cell parameters were refined by the full-profile tech-
nique within the whole diffraction range with the POWDERCELL
2.4 program.[16] Crystallite sizes of the prepared bimetallic powders
were determined by Fourier analysis of single diffraction peaks (the
program WINFIT 1.2.1[17]).

Electron Microscopy: HRTEM (high resolution transmission elec-
tron microscopy) micrographs were obtained with a JEM-2010
(JEOL, Japan) instrument with a lattice resolution of 0.14 nm and
accelerating voltage of 200 kV. The samples for the TEM study
were prepared by ultrasonic dispersing in ethanol and consequent
deposition of the suspension upon a “holey” carbon film supported
on a copper grid. Local elemental analysis was performed with the
EDX method with an Energy-dispersive X-ray Phoenix Spectrome-
ter equipped with a Si (Li) detector with an energy resolution not
worse than 130 eV.
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CCDC-853444, -853445, -853446, -853447, and -853448 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Information on crystal data and refinement parameters.
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