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Jorunn Sletten c, Joan Cano d, Juan Modesto Clemente-Juan a, Francesc Lloret a, Miguel Julve a,∗
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Abstract

The use of the mononuclear complex trans-[Ru(acac)2(CN)2]− as a ligand towards the preformed species [Ni2L(H2O)2Cl2], [Co(dmphen)](NO3)2,

[Ni(dmphen)](NO3)2 and [Co(H2O)6](NO3)2 afforded the novel cyanide-bridged bimetallic compounds of formula [{Ru(acac)2(CN)2}{Ni2

(L)(H2O)2}]{Ru(acac)2(CN)2}·2H2O (1), [{Ru(acac)2(CN)2}{Co(dmphen)(NO3)}]·H2O (2) and [{Ru(acac)2(CN)2}{Ni(dmphen)(NO3)}]·H2O
(3) and [{Ru(acac)2(CN)2}2Co] (4) [Hacac = acetylacetone, dmphen = 2,9-dimethylphenanthroline and H2L = 11,23-dimethyl-3,7,15,19-
tetrazatricyclo[19.3.1.19,13]hexacosa-2,7,9,11,13(26),14,19,21(25),22,24-decaene-25,26-diol]. Their syntheses, X-ray crystal structures and

∗ Corresponding author. Tel.: +34 96 354 4440; fax: +34 96 354 4322.
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. Introduction

A well known approach to the preparation of molecule-based
agnets which can exhibit interesting electrochemical, optical

nd photophysical properties consists of using the paramagnetic
uilding block [M(CN)6](6 − m)− (M = di- or trivalent first-row
ransition metal ion) as a ligand towards fully solvated metal ions
1–23]. The recent achievement of ordering temperatures at/or
bove room temperature in these cyano-bridged compounds by
ollowing rational synthetic strategies has been one of the more
mportant results in molecular magnetism [6,8,10]. The large
mount of magneto-structural results obtained by using these
exacyanometallates as precursors contrasts with the paucity of
esults dealing with the related precursors containing 4d or 5d
etal ions. The more diffuse character of the 4d and 5d type

rbitals would lead to an enhancement of the magnetic inter-
ctions in the corresponding cyanide-bridged compounds. In
ddition, the synthetic chemist can take advantage of the more
ubstitution-inert character of these heavier precursors.

Looking at the impressive work performed with the robust
nd readily available low-spin complex [Fe(CN)6]3− (SFe = 1

2 )
hen used as a ligand [2–4,24–41], an appealing candidate

ould be the related building block [Ru(CN)6]3− (SRu = 1
2 ). In

act, theoretical calculations on [Fe(CN)6]3− and [Ru(CN)6]3−
nions reveal significantly higher spin densities on the cyanide
igands in the ruthenium unit [42] and thus, stronger magnetic
nteractions are expected through the cyanide ligand in the
orresponding cyanide-bridged ruthenium-based heterometallic
pecies. In fact, although the [Ru(CN)6]3− entity has been
nown for more than 50 years [43], its structure as a tetrapheny-
arsonium salt was reported only in 2003 [42]. The instability of

ts solutions in common polar solvents (water and alcohols) is
he reason for the poor knowledge of its coordination chemistry
44]. This accounts for the attempts to design alternative stable
yanide-bearing ruthenium(III) complexes such as the trans-

b
(
s
r

h4P[Ru(acac)2(CN)2] (PPh4
+ = tetraphenylphosphonium

ation and Hacac = acetylacetone) whose use as a ligand
owards fully solvated manganese(II) ions afforded the
iamond-like cyano-bridged bimetallic compound of for-
ula {Mn[Ru(acac)2(CN)2]}n which exhibits ferromagnetic

rdering at Tc = 3.6 K [45].
In this study, we show how the use of the trans-bis(acetyl-

cetonato)dicyanoruthenate(III) unit as a ligand toward the
artially blocked complexes [Ni2L(H2O)2Cl2], [Co(dmphen)]
NO3)2, [Ni(dmphen)](NO3)2 and the fully hydrated cobalt(II)
alt [Co(H2O)6](NO3)2 produces the novel cyanide-bridged
imetallic compounds of formula [{Ru(acac)2(CN)2}{Ni2(L)
H2O)2}]{Ru(acac)2(CN)2}·2H2O (1), [{Ru(acac)2(CN)2}
Co(dmphen)(NO3)}]·H2O (2) and [{Ru(acac)2(CN)2}{Ni
dmphen)(NO3)}]·H2O (3) and [{Ru(acac)2(CN)2}2Co] (4)
dmphen = 2,9-dimethylphenanthroline and H2L = 11,23-
imethyl-3,7,15,19-tetrazatricyclo[19.3.1.19,13]hexacosa-2,7,
,11,13(26),14,19,21(25),22,24-decaene-25,26-diol], see
cheme 1. Their preparation, X-ray crystal structures and
ariable-temperature magnetic properties are the subject of the
resent report.

. Experimental

.1. Materials

Chemicals were purchased from commercial sources
s reagents pure for analysis and they were used as
eceived. The complexes trans-PPh4[Ru(acac)2(CN)2] and
Ni2IIL(H2O)2Cl2] were prepared by following previously
eported procedures [45–47]. Ni2L(H2O)2(ClO4)2 was prepared
L.M. Toma et al. / Coordination Chemistry Reviews 250 (2006) 2176–2193 2177

magnetic properties are reported here. The structure of 1 consists of cationic cyanide-bridged chains of formula [{Ru(acac)2(CN)2}
{Ni2(L)(H2O)2}]+ and mononuclear anions [Ru(acac)2(CN)2]−. Compounds 2 and 3, which are isostructural, are made up of cyanide-bridged
neutral chains [{Ru(acac)2(CN)2}{M(dmphen)(NO3)}] with regular alternating ruthenium(III) and cobalt(II) (2)/nickel(II) (3) ions. Each cobalt
atom in 4 is tetrahedrally coordinated by four [RuIII(acac)2(CN)2]− ions through the cyano nitrogen atoms to afford a two-fold interpenetrated (6,4)
three-dimensional network which is formed by 12 gon cycles having six ruthenium and six cobalt atoms. The metal–metal separations through the
cyanide bridge are 5.2491(1) Å for 1, 5.2038(12) and 5.2426(12) Å for 2, 5.2130(12) and 5.2253(12) Å for 3 and 5.1155(15) and 5.1100(15) Å for 4.
The magnetic properties of 1–4 together with those of the mononuclear precursor trans-PPh4[Ru(acac)2(CN)2] (PPh4

+ = tetraphenylphosphonium
cation and Hacac = acetylacetone) were investigated in the temperature range 1.9–295 K. The cyano-bearing ruthenium(III) precursor exhibits the
magnetic behavior expected for a low-spin distorted octahedral ruthenium(III) system with spin-orbit coupling of the 2T2g ground term. Compound
1 exhibits an overall antiferromagnetic behavior, the magnetic coupling between the nickel(II) ions through the double phenoxo group and that
between adjacent ruthenium(III) and nickel(II) centers through the single cyano bridge being −50.0 and +6.6 cm−1, respectively. Compounds 2
and 3 behave as ferromagnetic chains. The intrachain magnetic coupling in 3 is +3.2 cm−1 whereas that in 2 could not be evaluated because of
the lack of a suitable model. No magnetic ordering is observed in 2 and 3 down to 1.9 K. Compound 4 shows an overall ferromagnetic behavior
and it exhibits ferromagnetic ordering at Tc = 5.4 K. Theoretical calculations based on density functional theory (DFT) have been employed on
the trans-[Ru(acac)2(CN)2]− mononuclear complex and on dinuclear fragments of the compounds 1–3 in order to analyze the efficiency of the
exchange pathways through the double phenoxo (1) and single cyano bridge (1–3) and to substantiate the exchange coupling parameters involved.
y the reaction of aqueous solutions of [Ni2(L)(H2O)2Cl2]
1 mmol) and silver perchlorate (2 mmol) in the darkness. After
tirring for 5 h, the white precipitate of silver chloride was
emoved by filtration and discarded. The perchlorate salt was
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Scheme 1.

btained as a green polycrystalline powder by slow evaporation
f the mother liquor at room temperature. Elemental analysis
C, H, N) was performed by the Microanalytical Service of the
niversidad Autónoma de Madrid. Values of 1:1 for the Ru:M

M = Ni (1 and 3) and Co (2)] and of 2:1 for the Ru:Co (4) molar
atios were determined by electron probe X-ray microanalysis
t the Servicio Interdepartamental of the University of Valencia.

.2. Syntheses

.2.1. [{Ru(acac)2(CN)2}{Ni2(L)(H2O)2}]
Ru(acac)2(CN)2}·2H2O (1)

Single crystals of 1 were grown by a slow diffusion
ethod using an H-shaped glass vessel. The starting solu-

ions were methanolic solutions of trans-PPh4[Ru(acac)2(CN)2]
0.033 mmol) in one arm and of Ni2IIL(H2O)2(ClO4)2
0.033 mmol) at the other one. A few weeks later after care-
ul filling of the H-tube with methanol, dark violet prisms of 1
ere formed at ambient temperature. The crystals were collected

nd dried on filter paper. Yield: ca. 40%. Anal. Calc. for C48H62

8Ni2O14Ru2 (1): C, 44.53; H, 4.83; N, 8.66. Found: C, 47.07;
, 3.98; N, 9.12%. IR stretching cyanide (KBr), cm−1: 2115 m.

.2.2. [{Ru(acac)2(CN)2}{Co(dmphen)(NO3)}]·H2O (2)
nd [{Ru(acac)2(CN)2}{Ni(dmphen)(NO3)}]·H2O (3)

Single crystals of 2 and 3 were also grown by the pro-
edure used for 1. In the present case, the starting solutions
ere a methanolic solution of trans-PPh4[Ru(acac)2(CN)2]

0.033 mmol) in one arm (2 and 3) and methanol:water 2:1
v/v) mixture containing MII(dmphen)(NO3)2 (0.033 mmol)
prepared in situ by stoichiometric reaction between
(NO3)2·6H2O and dmphen with M Co (2) and Ni
3)] in the other one. Methanol was used as the diffusion
iquid. Blue (2) and violet (3) cubes were formed after a few
eeks at ambient temperature. The crystals were collected and

s
c
a
t

ry Reviews 250 (2006) 2176–2193

ried on filter paper. Yield: ca. 45% (2 and 3). Anal. Calc. for
26H28CoN5O8Ru (2): C, 44.71; H, 4.04; N, 10.03. Found: C,
6.67; H, 4.78; N, 9.46%. Anal. Calc. For C26H28NiN5O8Ru
3): C, 44.73; H, 4.01; N, 10.03. Found: C, 44.49; H, 3.90; N,
.95%. IR stretching cyanide (KBr), cm−1: 2128 m (2) and
137 m (3).

.2.3. [{Ru(acac)2(CN)2}2Co] (4)
X-ray quality crystals of 4 were also grown in an H-

haped tube by slow diffusion of methanolic solutions contain-
ng trans-PPh4[Ru(acac)2(CN)2] (0.033 mmol) in one arm and
o(NO3)2·6H2O (0.033 mmol) in the other one. Blue prisms of
were formed on standing at room temperature after 3 weeks.
he yield is about 40%. Anal. Calc. for C24H32CoN4O8Ru2 (2):
, 37.66; H, 4.21; N, 7.33. Found: C, 38.62; H, 5.02; N, 8.67%.

R stretching cyanide (KBr), cm−1: 2127 m (4).

.3. Physical measurements

The IR spectra (KBr pellets) were performed on a Nicolet
vatar 320 FT-IR spectrophotometer. Magnetic susceptibility
easurements on polycrystalline samples of the mononuclear

omplex trans-PPh4[Ru(acac)2(CN)2] and 1–4 were carried out
ith a Quantum Design SQUID magnetometer in the tempera-

ure range 1.9–300 K and under applied magnetic fields ranging
rom 50 G to 1 T. Magnetization versus magnetic field mea-
urements of 1–4 were carried out at 2.0 K in the field range
–5 T. Diamagnetic corrections of the constituent atoms were
stimated from Pascal constants [48] as −414 × 10−6 (mononu-
lear precursor), −623 × 10−6 (1), −348 × 10−6 (2 and 3) and
318 × 10−6 (4) [per one (the mononuclear precursor, 2 and 3)

nd two (1 and 4) mol of Ru(III)].

.4. Computational details

The theoretical calculations were carried out with the hybrid
3LYP method [49–51], implemented in the Gaussian 03
rogram [52]. In order to choose the appropriate basis sets
or the ruthenium atom, several calculations were carried out
n the mononuclear trans-[RuIII(acac)2(CN)2]− complex (see
in Fig. 19). We have used Los Alamos (LanL2DZ) and

tuttgart/Dresden (SDD) electron core potentials (ECP) basis
ets [53,54] for the ruthenium atom. The valence electrons in
hese basis sets are described by a double-ζ functions and the
ore electrons by potential functions. Also, one all-electron
ouble-ζ (3-21G) basis set proposed by Dobbs and Hehre
as used [55]. Several ECP (LanL2DZ, SDD) and all-electron
ouble-ζ (3-21G and SV) and triple-ζ (6-31G and TZV) quality
asis sets were used for the remaining atoms [56–61]. Different
ombinations of basis sets have been used, but only a correct
escription for the doublet spin state of the complex trans-
RuIII(acac)2(CN)2]− (I in Fig. 19) was found when the 3-21G
asis set was used for the ruthenium atom. So, only this basis

et was considered in the calculations to evaluate the exchange-
oupling constants. For the last purpose, the broken-symmetry
pproach has been employed to describe the unrestricted solu-
ions of the antiferromagnetic spin states [62–65]. In order to
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nalyze the magnetic interactions between the metal ions in
–3, several dinuclear and trinuclear models (II–V in Fig. 19)
ave been built from the experimental crystal structures. In some
ases, a quadratic convergence method was used to determine the
ore stable wave functions in the SCF process [66]. Finally, the

tomic spin densities were obtained from Natural Bond Orbital
NBO) analysis [67–69].

.5. Crystallographic data collection and refinement of the
tructures

Diffraction data were collected with a Bruker-AXS SMART
K CCD (1 and 2) and a Bruker-Nonius KappaCCD diffrac-

ometer (3 and 4) at 293 K. Crystal parameters and refinement
esults are summarized in Table 1. In the case of compound 4
here the crystals are twinned, partial overlapping of diffrac-

ion spots made it impossible to collect data from only one
f the twins, even when the sample to CCD detector distance
as increased to 110 mm. Instead, the approach selected was to
ecrease the distance to 35 mm in order to measure the com-
ined overlapping spots. The structures were solved by direct
ethods and refined by full-matrix least-squares based on F2,

ncluding all reflections. Non-hydrogen atoms were anisotrop-
cally refined, except crystallization water oxygen in 1 and all
toms in 4. In compounds 1 and 2, hydrogen atoms bound to

arbon were included in the models at idealized positions, those
f coordinated water in 1 were located in a difference Fourier
ap, and those of crystal water could not be located in either of

he compounds. Refinement of hydrogen atoms was performed

3

R

able 1
rystal data and structure refinement for [{Ru(acac)2(CN)2}{Ni2(L)(H2O)2}]{Ru
{Ru(acac)2(CN)2}{Ni(dmphen)(NO3)}]·H2O (3) and [{Ru(acac)2(CN)2}2Co] (4)

Compound

1 2

mpirical formula C48H62Ni2N8O14Ru2 C26H28CoN5

w 1294.62 698.53
(K) 293(2) 293(2)
(Å) 0.71073 0.71073
pace group P-1 P-1
(Å) 10.9719(10) 10.317(2)
(Å) 11.2023(10) 11.328(3)
(Å) 11.6848(11) 13.649(3)
(◦) 87.827(2) 103.477(5)
(◦) 86.995(2) 99.826(5)
(◦) 75.919(2) 107.327(5)
(Å3) 1390.6(2) 1430(5)

1 2
(Mg m−3) 1.546 1.622
(mm−1) 1.267 1.164

θ (◦) 4.6–64.0 4.3–50.2
eflections collected 12940 8755

ndependent reflections 8656 [R(int) = 0.0141] 5053 [R(int)
efl. with I > 2σ(I) 7034 3516
ata/restraint/parameters 8656/0/337 5053/0/379
a [I > 2σ(I)] 0.0377 0.0636

w
b [I > 2σ(I)] 0.1135 0.1544

a R = Σ|Fo| − |Fc|/Σ|Fo|.
b Rw = [Σw(F2

o − F2
c )

2
/Σw(F2

o )
2
]
1/2

.

ry Reviews 250 (2006) 2176–2193 2179

ccording to the riding model. The acac and water hydrogen
toms in 3 were located from difference Fourier maps and refined
ith isotropic temperature factors. The acac groups in compound
were disordered over two sites with 0.64:0.46 occupancies, and

n this case hydrogen atoms were not included.
The crystal packing in 1 leaves relatively much open space

etween cation and anion units. There is some electron density
two peaks above 1.0 e Å−3) in the voids, and it is possible that
his is due to some additional disordered crystal water, but no

odel could be reasonably fitted.
Data collection and data reduction were done with the

MART and SAINT programs (1 and 2) [70] and COLLECT
nd EVALCCD (3 and 4) [71]. Empirical absorption correc-
ions were carried out using SADABS for all compounds [72].
alculations for structure solution, and refinement were done by

tandard procedures using WINGX (3 and 4) [73], SHELXS-97,
HELXL/PC, SHELX-97 and XP programs [74]. The final geo-
etrical calculations of 3 and 4 were carried out with PARST97

75] and final graphical manipulations of all compounds with
RYSTALMAKER [76] programs. Selected bond distances and
ngles are listed in Tables 2–5 for (1)–(4), respectively. CCCD
eference numbers are 279523 (1), 279524 (2), 279525 (3) and
79526 (4).

. Results and discussion
.1. Crystal structure of 1

The structure of 1 consists of cationic cyanide-bridged
uIII–NiII chains of formula [{Ru(acac)2(CN)2}{Ni2(L)

(acac)2(CN)2}·2H2O (1) [{Ru(acac)2(CN)2}{Co(dmphen)(NO3)}]·H2O (2)

3 4

O8Ru C26H28N5NiO8Ru C24H32CoN4O8Ru2

698.29 765.61
293(2) 293(2)
0.71073 0.71073
P-1 P2nm
10.318(2) 13.342(3)
11.255(2) 12.199(3)
13.658(29) 9.219(3)
103.66(2) 90
100.11(2) 90
107.468(1) 90
1417.3(6) 1500.5(7)
2 2
1.621 1.695
1.242 1.589
12.8–50.3 2.0–55.0
12539 9558

= 0.0406] 4882 [R(int) = 0.0780] 3165 [R(int) = 0.0414]
2916 2653
4882/0/377 3165/1/145
0.0642 0.0663
0.1424 0.1426
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Table 2
Selected bond lengths (Å) and angles (◦)a for 1

Nickel coordination sphere
Ni(1)–N(1) 2.006(2) Ni(1)–O(1) 2.0318(16)
Ni(1)–N(2a) 2.026(2) Ni(1)–N(3) 2.096(2)
Ni(1)–O(1a) 2.091(17) Ni(1)–O(2) 2.1909(19)
N(1)–Ni(1)–N(2a) 98.53(9) O(1a)–Ni(1)–N(3) 90.87(8)
N(1)–Ni(1)–O(1a) 169.29(8) O(1)–Ni(1)–N(3) 93.42(8)
N(2a)–Ni(1)–O(1a) 91.44(8) N(1)–Ni(1)–O(2) 88.56(9)
N(1)–Ni(1)–O(1) 90.63(8) N(2a)–Ni(1)–O(2) 87.99(8)
N(2a)–Ni(1)–O(1) 169.17(8) O(1a)–Ni(1)–O(2) 87.90(7)
O(1a)–Ni(1)–O(1) 79.07(7) O(1)–Ni(1)–O(2) 86.48(7)
N(1)–Ni(1)–N(3) 92.67(9) N(3)–Ni(1)–O(2) 178.77(9)
N(2a)–Ni(1)–N(3) 91.91(9)

Ruthenium coordination sphere
Ru(1)–O(4) 2.000(2) Ru(2)–O(6) 2.0061(19)
Ru(1)–O(3) 2.007(2) Ru(2)–O(5) 2.007(2)
Ru(1)–C(18) 2.066(3) Ru(2)–C(24) 2.066(3)
O(4b)–Ru(1)–O(4) 180.00(15) O(6c)–Ru(2)–O(6) 180.000(1)
O(4)–Ru(1)–O(3) 90.24(13) O(6)–Ru(2)–O(5c) 89.45(9)
O(4)–Ru(1)–O(3b) 89.76(13) O(6)–Ru(2)–O(5) 90.55(9)
O(3)–Ru(1)–O(3b) 180.00(19) O(5c)–Ru(2)–O(5) 180.000(1)
O(4)–Ru(1)–C(18b) 88.25(10) O(6)–Ru(2)–C(24) 89.62(10)
O(3)–Ru(1)–C(18b) 87.43(10) O(5)–Ru(2)–C(24) 87.37(11)
O(4)–Ru(1)–C(18) 91.75(10) O(6)–Ru(2)–C(24c) 90.38(10)
O(3)–Ru(1)–C(18) 92.57(10) O(5)–Ru(2)–C(24c) 96.63(11)
C(18c)–Ru(1)–C(18) 180.00(15) C(24)–Ru(2)–C(24c) 180.000(1)

Cyano ligands
N(3)–C(18) 1.146(3) N(4)–C(24) 1.142(4)
C(18)–N(3)–Ni(1) 166.4(3) N(4)–C(24)–Ru(2) 178.0(3)
N(3)–C(18)–Ru(1) 174.3(2)

Acac ligands
O(3)–C(14) 1.303(5) O(5)–C(20) 1.266(4)
O(4)–C(16) 1.263(5) O(6)–C(22) 1.278(4)
C(13)–C(14) 1.505(7) C(19)–C(20) 1.512(5)
C(14)–C(15) 1.394(8) C(20)–C(21) 1.391(5)
C(15)–C(16) 1.338(8) C(21)–C(22) 1.378(5)
C(16)–C(17) 1.493(7) C(22)–C(23) 1.506(5)
C(14)–O(3)–Ru(1) 121.7(3) O(4)–C(16)–C(17) 115.4(6)
C(16)–O(4)–Ru(1) 124.0(3) C(15)–C(16)–C(17) 119.1(5)
C(20)–O(5)–Ru(2) 123.5(2) O(5)–C(20)–C(21) 125.0(3)
C(22)–O(6)–Ru(2) 123.0(2) O(5)–C(20)–C(19) 114.9(3)
O(3)–C(14)–C(15) 124.3(4) C(21)–C(20)–C(19) 120.0(3)
O(3)–C(14)–C(13) 112.3(6) C(22)–C(21)–C(20) 126.5(3)
C(15)–C(14)–C(13) 123.3(5) O(6)–C(22)–C(21) 125.6(3)
C(16)–C(15)–C(14) 127.3(4) O(6)–C(22)–C(23) 113.4(3)
O(4)–C(16)–C(15) 125.4(4) C(21)–C(22)–C(23) 121.0(3)

L ligand
O(1)–C(3) 1.305(3) C(4)–C(11) 1.407(4)
N(1)–C(1) 1.278(3) C(4)–C(5) 1.450(4)
N(1)–C(8a) 1.470(4) C(6)–C(7) 1.510(5)
N(2)–C(5) 1.282(3) C(7)–C(8) 1.499(5)
N(2)–C(86) 1.483(3) C(8)–N(1a) 1.470(4)
C(1)–C(2) 1.455(4) C(9)–C(10) 1.378(4)
C(2)–C(9) 1.406(3) C(10)–C(11) 1.381(4)
C(2)–C(3) 1.416(3) C(10)–C(12) 1.517(4)
C(3)–C(4) 1.424(3)
C(3)–O(1)–N(1a) 129.39(15) N(1)–C(1)–C(2) 127.9(2)
C(3)–O(1)–Ni(1) 128.63(15) C(9)–C(2)–C(3) 120.4(2)
Ni(1a)–O(1)–Ni(1) 100.93(7) C(9)–C(2)–C(1) 114.8(2)
C(1)–N(1)–C(8a) 115.6(2) C(3)–C(2)–C(81) 124.7(2)
C(1)–N(1)–Ni(1) 124.66(18) O(1)–C(3)–C(2) 121.9(2)
C(8a)–N(1)–Ni(1) 119.71(19) O(1)–C(3)–C(4) 121.3(2)
C(5)–N(2)–C(6) 115.0(2) C(2)–C(3)–C(4) 116.9(2)
C(5)–N(2)–Ni(1a) 123.24(18) C(11)–C(4)–C(3) 119.9(2)

Table 2 (Continued )

C(6)–N(2)–Ni(1a) 121.60(18) C(11)–C(4)–C(5) 114.7(2)
C(3)–C(4)–C(5) 125.4(2) C(10)–C(9)–C(2) 122.8(3)
N(2)–C(5)–C(4) 128.9(2) C(9)–C(10)–C(11) 116.9(2)
N(2)–C(6)–C(7) 113.3(2) C(9)–C(10)–C(12) 121.8(3)
C(8)–C(7)–C(6) 115.7(3) C(11)–C(10)–C(12) 121.3(3)
N(1a)–C(8)–C(7) 112.8(3) C(10)–C(11)–C(4) 123.0(3)

D H A D· · ·A (Å) H· · ·A (Å) D–H· · ·A (◦)

Hydrogen bondsb

O(2) H(01) N(3a) 3.096(3) 2.25 162
O(2) H(02) N(4d) 2.811(3) 2.03 169
O(7) O(2) 2.923(9)
O(7) O(3e) 3.110(9)

a Estimated standard deviations in the last significant digits are given in paren-
theses. Symmetry transformations: (a) −x, 1 − y, −z; (b) −x, −y, −z; (c) 1 − x,
1 − y, 1 − z; (d) x, y, z − 1; (e) x, 1 + y, z.

b A = acceptor, D = donor.

Table 3
Selected bond lengths (Å) and angles (◦)a for 2

Cobalt coordination sphere
Co(1)–N(1) 2.050(6) Co(1)–N(2) 2.136(6)
Co(1)–N(4) 2.057(5) Co(1)–O(4) 2.202(6)
Co(1)–N(3) 2.100(5) Co(1)–O(3) 2.219(6)
N(1)–Co(1)–N(4) 173.9(2) N(3)–Co(1)–O(4) 109.7(2)
N(1)–Co(1)–N(3) 92.8(2) N(2)–Co(1)–O(4) 169.7(2)
N(4)–Co(1)–N(3) 91.4(2) N(1)–Co(1)–O(3) 90.9(2)
N(1)–Co(1)–N(2) 94.3(2) N(4)–Co(1)–N(3) 84.1(2)
N(4)–Co(1)–N(2) 90.8(2) N(3)–Co(1)–O(3) 168.2(2)
N(3)–Co(1)–N(2) 78.6(2) N(2)–Co(1)–O(3) 112.2(3)
N(1)–Co(1)–O(4) 91.3(2) O(4)–Co(1)–O(3) 59.0(2)
N(4)–Co(1)–O(4) 83.0(2)

Ruthenium coordination sphere
Ru(1)–O(2) 2.003(4) Ru(2)–O(7) 2.005(5)
Ru(1)–O(1) 2.004(5) Ru(2)–O(6) 2.013(5)
Ru(1)–C(6) 2.071(6) Ru(2)–C(21) 2.072(8)
O(2)–Ru(1)–O(2a) 180.00(1) O(7b)–Ru(2)–O(7) 180.0(3)
O(2)–Ru(1)–O(1) 89.9(2) O(7)–Ru(2)–O(6b) 89.8(2)
O(2a)–Ru(1)–O(1) 90.1(2) O(7)–Ru(2)–O(6) 90.2(2)
O(1)–Ru(1)–O(1a) 180.0(3) O(6b)–Ru(2)–O(6) 180.000(2)
O(2)–Ru(1)–C(6) 89.4(2) O(7)–Ru(2)–C(21b) 86.4(2)
O(2b)–Ru(1)–C(6) 90.6(2) O(6)–Ru(2)–C(21b) 85.4(2)
O(1)–Ru(1)–C(6) 92.9(2) O(7)–Ru(2)–C(21) 93.6(2)
O(1)–Ru(1)–C(6a) 87.1(2) O(6)–Ru(2)–C(21) 94.6(2)
C(6)–Ru(1)–C(6a) 180.0(3) C(21b)–Ru(2)–C(21) 180.0(3)

Cyano groups
N(1)–C(6) 1.128(8) N(4)–C(21) 1.132(9)
C(6)–N(1)–Co(1) 170.2(6) C(21)–N(4)–Co(1) 176.9(7)
N(1)–C(6)–Ru(1) 172.4(6) N(4)–C(21)–Ru(2) 172.4(7)

Acac ligands
O(1)–C(2) 1.279(9) O(6)–C(23) 1.262(9)
O(2)–C(4) 1.262(9) O(7)–C(25) 1.266(9)
C(1)–C(2) 1.502(11) C(22)–C(23) 1.504(11)
C(2)–C(3) 1.382(11) C(23)–C(24) 1.396(11)
C(3)–C(4) 1.394(11) C(24)–C(25) 1.390(11)
C(4)–C(5) 1.485(10) C(25)–C(26) 1.507(12)
C(2)–O(1)–Ru(1) 120.9(5) C(23)–O(6)–Ru(2) 123.2(5)
C(4)–O(2)–Ru(1) 124.1(5) C(25)–O(7)–Ru(2) 122.1(5)
O(1)–C(2)–C(3) 125.2(7) O(6)–C(23)–C(24) 124.9(7)
O(1)–C(2)–C(1) 114.0(8) O(6)–C(23)–C(19) 114.9(3)
C(3)–C(2)–C(1) 120.8(8) C(24)–C(23)–C(22) 120.8(8)
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Table 3 (Continued )

C(2)–C(3)–C(4) 126.1(8) C(25)–C(24)–C(23) 125.6(8)
O(2)–C(4)–C(3) 123.8(7) O(7)–C(25)–C(24) 126.1(8)
O(2)–C(4)–C(5) 115.9(7) O(7)–C(25)–C(26) 113.5(8)
C(3)–C(4)–C(5) 120.3(8) C(24)–C(25)–C(26) 120.3(8)

Nitrato ligand
O(3)–N(5) 1.290(11) O(5)–N(5) 1.234(11)
O(4)–N(5) 1.262(10)
N(5)–O(3)–Co(1) 90.6(5) O(5)–N(5)–O(3) 122.5(10)
N(5)–O(4)–Co(1) 92.1(6) O(4)–N(5)–O(3) 117.3(8)
O(5)–N(5)–O(4) 120.1(11)

Dmphen ligand
N(2)–C(8) 1.323(9) C(11)–C(29) 1.421(10)
N(2)–C(20) 1.369(9) C(12)–C(13) 1.348(11)
N(3)–C(17) 1.341(8) C(13)–C(14) 1.436(11)
N(3)–C(19) 1.373(9) C(14)–C(15) 1.389(11)
C(7)–C(8) 1.506(12) C(14)–C(19) 1.406(10)
C(8)–C(9) 1.410(12) C(15)–C(16) 1.371(11)
C(9)–C(10) 1.335(12) C(16)–C(17) 1.394(10)
C(10)–C(11) 1.394(12) C(17)–C(18) 1.498(10)
C(11)–C(12) 1.421(12) C(19)–C(20) 1.423(10)
C(6)–N(1)–Co(1) 170.2(6) C(8)–N(2)–C(20) 118.3(6)
C(8)–N(2)–Co(1) 129.1(5) C(15)–C(14)–C(19) 118.4(7)
C(20)–N(2)–Co(1) 112.6(4) C(15)–C(14)–C(13) 123.1(7)
C(17)–N(3)–C(19) 118.1(6) C(19)–C(14)–C(13) 118.5(7)
C(17)–N(3)–Co(1) 128.1(5) C(16)–C(15)–C(14) 119.1(7)
C(19)–N(3)–Co(19) 113.7(4) C(15)–C(16)–C(17) 120.3(8)
N(2)–C(8)–C(9) 120.9(8) N(3)–C(17)–C(16) 122.0(7)
N(2)–C(8)–C(7) 117.2(7) N(3)–C(17)–C(18) 117.5(6)
C(9)–C(8)–C(7) 121.9(8) C(16)–C(17)–C(18) 120.5(7)
C(10)–C(9)–C(8) 121.2(8) N(3)–C(19)–C(14) 122.0(7)
C(9)–C(10)–C(11) 120.5(8) N(3)–C(19)–C(20) 117.3(6)
C(10)–C(11)–C(12) 125.3(8) C(14)–C(19)–C(20) 120.6(7)
C(10)–C(11)–C(20) 115.9(8) N(2)–C(20)–C(21) 123.2(7)
C(12)–C(11)–C(20) 118.8(8) N(2)–C(20)–C(19) 117.5(6)
C(13)–C(12)–C(11) 121.7(7) C(11)–C(20)–C(19) 119.4(7)
C(12)–C(13)–C(14) 121.0(8)

D A D· · ·A (Å)

Possible hydrogen bondsb

O(8) O(5) 2.95(2)
O(8) O(5c) 3.23(2)

a Estimated standard deviations in the last significant digits are given in paren-
t
(

(
[
w
f
[
c
u
r

i
a
d
E
a
a

Table 4
Selected bond lengths (Å) and angles (◦)a for 3

Nickel coordination sphere
Ni(1)–N(1) 2.025(7) Ni(1)–N(2) 2.087(7)
Ni(1)–N(4) 2.053(7) Ni(1)–O(4) 2.153(7)
Ni(1)–N(3) 2.061(6) Ni(1)–O(3) 2.196(7)
N(1)–Ni(1)–N(4) 173.6(3) N(3)–Ni(1)–O(4) 108.9(2)
N(1)–Ni(1)–N(3) 93.3(3) N(2)–Ni(1)–O(4) 169.5(3)
N(4)–Ni(1)–N(3) 91.1(2) N(1)–Ni(1)–O(3) 89.9(3)
N(1)–Ni(1)–N(2) 94.1(3) N(4)–Ni(1)–N(3) 84.9(3)
N(4)–Ni(1)–N(2) 91.2(3) N(3)–Ni(1)–O(3) 167.2(3)
N(3)–Ni(1)–N(2) 80.4(3) N(2)–Ni(1)–O(3) 111.7(3)
N(1)–Ni(1)–O(4) 90.1(3) O(4)–Ni(1)–O(3) 58.6(3)

Ruthenium coordination sphere
Ru(1)–O(2) 2.005(5) Ru(2)–O(7) 1.993(6)
Ru(1)–O(1) 2.002(6) Ru(2)–O(6) 2.007(5)
Ru(1)–C(6) 2.101(9) Ru(2)–C(21) 2.063(9)
O(2)–Ru(1)–O(2a) 180.0(1) O(7b)–Ru(2)–O(7) 180.0(3)
O(2)–Ru(1)–O(1) 89.3(2) O(7)–Ru(2)–O(6b) 89.1(2)
O(2a)–Ru(1)–O(1) 90.7(2) O(7)–Ru(2)–O(6) 90.9(2)
O(1)–Ru(1)–O(1a) 180.0(3) O(6b)–Ru(2)–O(6) 180.0(2)
O(2)–Ru(1)–C(6) 89.7(3) O(7)–Ru(2)–C(21b) 86.2(3)
O(2b)–Ru(1)–C(6) 90.3(2) O(6)–Ru(2)–C(21b) 85.9(3)
O(1)–Ru(1)–C(6) 92.9(3) O(7)–Ru(2)–C(21) 93.6(3)
O(1)–Ru(1)–C(6a) 87.1(3) O(6)–Ru(2)–C(21) 94.1(3)
C(6)–Ru(1)–C(6a) 180.0(1) C(21b)–Ru(2)–C(21) 180.0(3)

Cyano groups
N(1)–C(6) 1.130(10) N(4)–C(21) 1.138(10)
C(6)–N(1)–Ni(1) 170.1(7) C(21)–N(4)–Ni(1) 176.8(7)
N(1)–C(6)–Ru(1) 172.9(7) N(4)–C(21)–Ru(2) 172.4(8)

Acac ligands
O(1)–C(2) 1.288(11) O(6)–C(23) 1.272(11)
O(2)–C(4) 1.260(11) O(7)–C(25) 1.285(11)
C(1)–C(2) 1.517(15) C(22)–C(23) 1.507(12)
C(2)–C(3) 1.381(13) C(23)–C(24) 1.386(14)
C(3)–C(4) 1.365(14) C(24)–C(25) 1.388(13)
C(4)–C(5) 1.515(12) C(25)–C(26) 1.515(14)
C(2)–O(1)–Ru(1) 119.6(6) C(23)–O(6)–Ru(2) 122.6(6)
C(4)–O(2)–Ru(1) 123.0(6) C(25)–O(7)–Ru(2) 122.6(6)
O(1)–C(2)–C(3) 125.5(9) O(6)–C(23)–C(24) 124.5(8)
O(1)–C(2)–C(1) 112.7(9) O(6)–C(23)–C(19) 114.8(9)
C(3)–C(2)–C(1) 1201.8(10) C(24)–C(23)–C(22) 120.7(10)
C(2)–C(3)–C(4) 126.6(9) C(25)–C(24)–C(23) 127.2(10)
O(2)–C(4)–C(3) 125.0(8) O(7)–C(25)–C(24) 124.3(8)
O(2)–C(4)–C(5) 114.3(9) O(7)–C(25)–C(26) 112.1(9)
C(3)–C(4)–C(5) 120.7(9) C(24)–C(25)–C(26) 123.6(9)

Nitrato ligand
O(3)–N(5) 1.236(11) O(5)–N(5) 1.236(12)
O(4)–N(5) 1.262(11)
N(5)–O(3)–Co(1) 91.0(6) O(5)–N(5)–O(3) 121.8(11)
N(5)–O(4)–Co(1) 92.2(6) O(4)–N(5)–O(3) 117.0(10)
O(5)–N(5)–O(4) 121.1(11)

Dmphen ligand
N(2)–C(8) 1.328(10) C(11)–C(29) 1.414(12)
N(2)–C(20) 1.389(10) C(12)–C(13) 1.339(13)
N(3)–C(17) 1.342(9) C(13)–C(14) 1.445(13)
N(3)–C(19) 1.386(10) C(14)–C(15) 1.361(12)
C(7)–C(8) 1.523(14) C(14)–C(19) 1.443(12)
C(8)–C(9) 1.438(14) C(15)–C(16) 1.364(13)
C(9)–C(10) 1.354(14) C(16)–C(17) 1.420(12)
heses. Symmetry transformations: (a) −x, 1 − y, 1 − z; (b) 2 − x, 2 − y, 2 − z;
c) 1 − x, 1 − y, 2 − z.
b A = acceptor, D = donor.

H2O)2}]+ (Figs. 1 and 2) mononuclear counterions trans-
Ru(acac)2(CN)2]− (Fig. 3) and crystallization water molecules,
hich are held together by hydrogen bonds and van der Waals

orces. The cationic chains are made up by centrosymmetric
Ni2(L)(H2O)2]2+ dinuclear motifs connected through the two
yanide groups in trans position of the {Ru(acac)2(CN)2}−
nits, affording bimetallic RuIII–NiII–NiII–RuIII chains which
un along the b-axis.

Disregarding the sp3 hybridized carbon atoms, the remain-
ng part of the macrocyclic ligand L is almost planar (maximum
tomic deviation 0.13 Å), and encloses two distorted octahe-

ral nickel(II) centers, bridged by phenoxide oxygen atoms.
ach nickel atom has two imine–nitrogen [N(1), N(2a) at Ni(1)
nd N(2), N(1a) at Ni(1a)] and two phenoxide–oxygen [O(1)
nd O(1a)] atoms forming the strictly planar N2O2 equatorial

C(10)–C(11) 1.402(13) C(17)–C(18) 1.482(12)
C(11)–C(12) 1.421(14) C(19)–C(20) 1.398(11)
C(6)–N(1)–Ni(1) 170.1(7) C(8)–N(2)–C(20) 118.5(8)
C(8)–N(2)–Ni(1) 129.4(6) C(15)–C(14)–C(19) 118.8(9)
C(20)–N(2)–Ni(1) 112.0(5) C(15)–C(14)–C(13) 123.9(9)
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Table 4 (Continued )

C(17)–N(3)–C(19) 118.6(7) C(19)–C(14)–C(13) 117.3(9)
C(17)–N(3)–Ni(1) 128.9(5) C(16)–C(15)–C(14) 120.0(8)
C(19)–N(3)–Ni(1) 112.4(5) C(15)–C(16)–C(17) 120.3(8)
N(2)–C(8)–C(9) 120.0(9) N(3)–C(17)–C(16) 121.1(8)
N(2)–C(8)–C(7) 117.5(9) N(3)–C(17)–C(18) 116.6(7)
C(9)–C(8)–C(7) 122.4(9) C(16)–C(17)–C(18) 122.2(8)
C(10)–C(9)–C(8) 121.3(9) N(3)–C(19)–C(14) 120.8(8)
C(9)–C(10)–C(11) 120.1(9) N(3)–C(19)–C(20) 118.0(7)
C(10)–C(11)–C(12) 124.8(9) C(14)–C(19)–C(20) 121.2(8)
C(10)–C(11)–C(20) 116.4(9) N(2)–C(20)–C(21) 123.5(8)
C(12)–C(11)–C(20) 118.7(9) N(2)–C(20)–C(19) 117.0(7)
C(13)–C(12)–C(11) 122.9(9) C(11)–C(20)–C(19) 119.5(8)
C(12)–C(13)–C(14) 121.4(9)

D A D· · ·A (Å)

Possible hydrogen bondsb

O(8) O(5) 3.11(3)
O(8) O(5c) 3.24(3)

a Estimated standard deviations in the last significant digits are given in paren-
t
(

d
m
t
p
t
a
a
o
(
a
[

F
[
g
−

Table 5
Selected bond lengths (Å) and angles (◦)a for 4

Ruthenium coordination sphere
Ru(1)–O(11) 1.95(2) Ru(1)–O(21) 2.09(2)
Ru(1)–O(12) 2.02(2) Ru(1)–O(22) 2.02(2)
Ru(1)–C(1) 2.026(13) Ru(1)–C(2A) 2.048(11)
O(11)–Ru(1)–O(12) 93.0(8) O(21)–Ru(1)–O(22) 87.9(7)
O(11)–Ru(1)–O(21) 176.2(7) O(12)–Ru(1)–O(21) 84.6(7)
O(11)–Ru(1)–O(22) 94.5(8) O(12)–Ru(1)–O(22) 172.4(7)
O(11)–Ru(1)–C(1) 94.8(6) O(21)–Ru(1)–C(1) 87.8(6)
O(12)–Ru(1)–C(1) 83.7(6) O(22)–Ru(1)–C(1) 94.7(6)
O(11)–Ru(1)–C(2a) 85.7(6) O(21)–Ru(1)–C(2a) 91.4(5)
O(12)–Ru(1)–C(2a) 91.4(6) O(22)–Ru(1)–C(2a) 90.1(5)
C(1)–Ru(1)–C(2a) 175.1(5)
Ru(2)–O(31) 2.08(2) Ru(2)–O(41) 1.94(2)
Ru(2)–O(32) 2.04(2) Ru(2)–O(42) 1.96(2)
Ru(2)–C(1) 2.026(13) Ru(2)–C(2a) 2.048(11)
O(31)–Ru(2)–O(32) 86.3(8) O(41)–Ru(2)–O(42) 91.4(9)
O(31)–Ru(2)–O(41) 175.6(8) O(32)–Ru(2)–O(41) 90.6(9)
O(31)–Ru(2)–O(42) 91.7(9) O(32)–Ru(2)–O(42) 177.9(8)
O(32)–Ru(2)–C(1) 91.2(7) O(41)–Ru(2)–C(1) 85.4(7)
O(32)–Ru(2)–C(1) 84.2(6) O(42)–Ru(2)–C(1) 96.4(8)
O(31)–Ru(2)–C(2a) 88.2(6) O(41)–Ru(2)–C(2a) 95.5(6)
O(32)–Ru(2)–C(2a) 100.6(6) O(42)–Ru(2)–C(2a) 78.8(8)
C(1)–Ru(2)–C(2a) 175.1(5)

Cobalt coordination sphere
Co(1)–N(1) 1.965(11) Co(1)–N(2b) 1.978(11)
N(1)–Co(1)–N(1b) 118.9(6) N(2)–Co(1)–N(2b) 119.7(7)
N(1)–Co(1)–N(2) 104.0(4) N(1)–Co(1)–N(2b) 105.5(5)

Acac ligandb

O(11)–C(12) 1.24(4) O(12)–C(14) 1.25(3)
C(12)–C(11) 1.49(5) C(14)–C(15) 1.54(4)
C(12)–C(13) 1.40(4) C(14)–C(13) 1.49(4)
heses. Symmetry transformations: (a) −x, 1 − y, 1 − z; (b) 2 − x, 2 − y, 2 − z;
c) 1 − x, 1 − y, 2 − z.
b A = acceptor, D = donor.

onor set [maximum atomic deviation 0.020 Å] whereas a water
olecule [O(2)] and a cyanide–nitrogen [N(3)] fill the axial posi-

ions. The nickel atom is shifted by 0.078 Å from the N2O2 basal
lane in the direction of the axial cyano ligand. An inversion cen-
er is located the middle of Ni2O2 plane. The two nickel atoms
re separated by 3.1320(6) Å with a Ni(1a)–O(1)–Ni(1) bridge
ngle of 100.93(7)◦, values which compare well with those

bserved in the ionic salt [Ni2(L)(H2O)4][Cr(bipy)(ox)2]2·H2O
bipy = 2,2′-bipyridine and ox = oxalate dianion) [3.117 Å
nd 100.28(6)◦] [77] and in the tetranuclear complex
{MIII(phen)(CN)4}2{Ni2(L)(H2O)2}]·2CH3CN (M = Fe and

ig. 1. Perspective drawing of the building block of the cationic chain
{Ru(acac)2(CN)2}{Ni2(L)(H2O)2}]+ (1) showing the atom numbering. Hydro-
en atoms were omitted for simplicity. Symmetry codes: (a) −x, 1 − y, −z; (b)
x, −y, −z.

O(21)–C(22) 1.23(3) O(22)–C(24) 1.15(2)
C(22)–C(21) 1.56(4) C(24)–C(25) 1.43(3)
C(22)–C(23) 1.33(3) C(24)–C(23) 1.47(4)
O(31)–C(32) 1.21(3) O(32)–C(34) 1.38(3)
C(32)–C(31) 1.57(4) C(34)–C(35) 1.73(5)
C(32)–C(33) 1.47(4) C(34)–C(33) 1.16(4)
O(41)–C(42) 1.26(4) O(42)–C(44) 1.14(4)
C(42)–C(41) 1.64(5) C(44)–C(45) 1.67(5)
C(42)–C(43) 1.43(4) C(44)–C(45) 1.52(5)

a Estimated standard deviations in the last significant digits are given in paren-
t
−

C
M

u
[
t
n
c
a
e
d
2
i
r
o

heses. Symmetry transformations: (a) x + 1/2, −y + 3/2, z + 1/2; (b) −x − 1,
y + 1, z − 1.
b The acac groups are disordered over two sites with 0.64:0.46 occupancies.

r; phen = 1,10-phenanthroline) [3.098(2) Å and 99.66(9)◦ for
= Fe and 3.101(1) Å and 99.69(11)◦ for M = Cr] [78].
Two crystallographically independent ruthenium-containing

nits [Ru(1) and Ru(2)] occur in 1, one remaining isolated
Ru(2)] and the other acting as a bismonodentate ligand [Ru(1)]
owards the [Ni2(L)(H2O)2]2+ unit through its two trans coordi-
ated cyanide peripheral groups. This leads to the unprecedented
yano-bridged heterometallic-RuIII–NiII2–RuIII-chains. The Ru
toms of both the cationic chain and the free anion have an
longated octahedral coordination, with four acac oxygen atoms
efining the equatorial plane [Ru–O bond distances ranging from

.000(2) to 2.007(2) Å] and two cyanide–carbon atoms occupy-
ng the axial positions [Ru–C(cyano) = 2.066(3) Å in the two
uthenium units]. As the ruthenium atoms are situated at centers
f symmetry, their equatorial planes show no deviation from
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Fig. 2. A view of the cationic chain in 1 along th

lanarity. The values of the cyanide C–N bonds at Ru(1) are
.146(3) (in the cationic chain) and 1.142(4) Å (in the anionic
nit). The Ru–C–N angles are almost linear: 174.3(2)◦ (in the
hain) and 178.0(3)◦ (for the counteranion). The Ni(1)–N–C
nit at the bridging cyanide is significantly bent 166.4(2)◦. The
ihedral angle between the equatorial planes of Ni(1) and Ru(1)
n the cationic chain is 22.9◦. The Ni· · ·Ru distance across the
yano bridge in the cationic chain is 5.2491(5) Å.

The bond distances and angles for the macrocyclic ligand L
n 1 are in agreement with those observed for this ligand in its
omodinuclear metal complexes with nickel(II) [77,78], cop-
er(II) [79–83], cobalt(II) [84] and iron(II) [85] ions.

A view of the crystal packing (Fig. S1) reveals that the anions
re situated within the channels created by the parallel cationic
hains. In addition to the ionic forces, hydrogen bonds between
oordinated water in the cation and the anion cyano groups,
tabilize the supramolecular arrangement (see end of Table 2).

he coordinated water molecule also participates in hydrogen
onding within the chain. Although hydrogen atoms could not
e located on the crystallization water, interatomic distances
how that it likely forms hydrogen bonds to cation coordinated

ig. 3. Perspective drawing of the anion of complex 1 showing the atom num-
ering. Symmetry code: (c) 1 − x, 1 − y, 1 − z.

a
a
2
2
t

F
(
a

is. Hydrogen atoms were omitted for simplicity.

ater and to an acac oxygen atom of the anion. The short-
st metal–metal distance between the cationic chain and anion
ccurs between nickel and ruthenium linked via a hydrogen
ond involving the coordinated water and the cyano nitrogen
6.8543(5) Å for Ni(1)· · ·Ru(2d); (d) = x, y, z − 1].

.2. Crystal structure of 2 and 3

The structure of complexes 2 and 3 is made up of neutral
imetallic chains [{RuIII(acac)2(CN)2}{MII(dmphen)(NO3)}]
M Co (2) and Ni (3)] and crystallization water molecules. The
uilding block and asymmetric unit of this structure is shown
n Fig. 4. The two crystallographically independent ruthenium
toms [Ru(1) and Ru(2)] are situated at centers of symmetry,
nd the chain structure with regular alternating M(II) and Ru(III)
ons bridged by single cyano groups, is revealed through appli-
ation of these symmetry operations (Fig. 5). Each ruthenium
tom has elongated octahedral surroundings, four acac–oxygen

toms constituting the equatorial plane [Ru–O ranging from
.003(4) to 2.013(5) Å and from 1.993(69) to 2.007(5) Å for
and 3, respectively] and the cyanide–carbon atoms occupying

he axial positions [Ru–C distances of 2.071(6) and 2.072(8) Å

ig. 4. A view of the asymmetric unit and building block in 2 (M = Co) and 3
M = Ni) with the atomic numbering scheme. The water molecule and hydrogen
toms were omitted for simplicity.
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compound {Mn[Ru(acac)2 (CN)2]}n [Ru–O = 1.995(3) and
2.001(3) Å] [45]. The maximum atomic deviation from the
mean equatorial plane in 4 is 0.04(2) Å. Two cyano–carbon
atoms fill the apical positions, the Ru–C bond distances
ig. 5. Fragment of the chain structure of 2 (M = Co) and 3 (M = Ni) running p

or 2 and of 2.101(9) and 2.063(9) Å for 3]. The M atom dis-
lays a compressed cis-distorted octahedral coordination geom-
try, binding to bidentate dmphen and nitrate groups in the
quatorial plane [M–N of 2.136(6) and 2.100(5) Å (M = Co)
nd 2.061(6) and 2.087(7) Å (M = Ni); M–O of 2.220(6) and
.203(6) Å (M = Co) and 2.153(7) and 2.196(7) Å (M = Ni)], and
o cyanide–nitrogen atoms in the axial positions [2.050(6) and
.058(5) Å for Co–N and 2.025(7) and 2.053(7) Å for Ni–N].
he chelating nitrato ligand results in an appreciable distortion
f the bond angles in the equatorial plane as the O(3)–M(1)–O(4)
ngle is only 59.0(2)◦ (2) and 58.6(3)◦ (3). The dmphen lig-
nd is planar and its bond lengths and angles are in agreement
ith those reported for the free molecule [86,87]. The values
f the angle subtended by the dmphen ligand at the cobalt(II)
78.76(2)◦ for N(2)–Co(1)–N(3)] and nickel(II) [80.4(3)◦ for
(2)–Ni(1)–N(3)] ions also agrees with those observed in other

tructurally characterized dmphen-containing cobalt(II) [88–92]
nd nickel(II) [88,92–105] complexes. The equatorial plane of
ach ruthenium atom is exactly planar due to symmetry require-
ents. The equatorial plane at the M atom is essentially planar

maximum atomic deviation 0.019 (2) and 0.011 Å (3)] and this
tom is displaced by 0.092 (2) and 0.073 Å (3) from the mean
lane in the direction of N(1). The dihedral angles between the
quatorial planes of Ru and M atoms in the chain are 21.0 (2) and
1.4(2)◦ (3) [Ru(1)] and 12.8 (2) and 13.0(2)◦ (3) [Ru(2)]. The
ntrachain M· · ·Ru distances are 5.2038(12) and 5.2426(12) Å
or 2 and 5.2130(12) and 5.2353(12) Å for 3.

Parallel neighboring chains in the crystals are loosely linked
nto sheets through hydrogen bonds between coordinated nitrate
nd crystal water (Fig. S2 and end of Tables 3 and 4), and through
slight �–� overlap between dmphen ligands (interplanar dis-

ance 3.45 Å), the two types of interactions alternating along the
hains.

.3. Crystal structure of 4

The structure of 4 consists of two-fold interpenetrated

6,4) three-dimensional networks build up from trans-
RuIII(acac)2(CN)2]− anions and Co(II) cations where each
obalt atom is tetrahedrally coordinated by four [RuIII(acac)2
CN)2]− units through the cyano-nitrogen atoms (Fig. 6). In

F
e
t

to the a-axis. Symmetry codes: (a) −x, 1 − y, 1 − z; (b) 2 − x, 2 − y, 2 − z.

recent report [45], the reaction of this ruthenium build-
ng block with manganese(II) ions in methanol afforded the
hree-dimensional polymer of formula {Mn[Ru(acac)2(CN)2]}n

here the manganese atoms have the same environment than that
f the cobalt ones in 4 but the resulting structure is a diamond-
ike one.

The two crystallographically independent ruthenium atoms
Ru(1) and Ru(2)] exhibit a slightly distorted octahedral
nvironment [see Fig. 7 for Ru(1)]. A high standard deviation at
he Ru–O(acac) bond distances is observed due to the disorder
f the acac groups. This feature does not allow us to determine
f the polyhedra around the ruthenium atoms are elongated or
ompressed. Four planar acac–oxygen atoms build the equato-
ial plane around the ruthenium atoms, the Ru–O bond distances
anging from 1.95(2) to 2.09(2) Å. These values agree with those
bserved in the low-spin trans-Ph4P[Ru(acac)2(CN)2] [Ru–O =
.98(2)–2.03(2) Å] [45] and trans-Ph4As[Ru(acac)2Cl2]
Ph4As+ = tetraphenylarsonium) [Ru–O = 2.010(3)–2.016(3) Å]
46] mononuclear species as well as in the three-dimensional
ig. 6. Projection along the [110] direction of a fragment the two-fold interpen-
trated (6,4) three-dimensional RuIII–CoII network in 4. The edges correspond
o Co–Ru–Co motifs whereas the vertexes are occupied by the cobalt atoms.
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ig. 7. Perspective view along the [110] direction of the environment of the
u(1) atom in 4 with the atom numbering.

arying in the range 2.026(11)–2.048(13) Å. The ruthenium
tom is shifted by 0.0134(8) Å from the mean equatorial
lane towards the C(1) carbon atom. The values of the Ru–C
onds in 4 are very close to those observed in the low-spin
rans-Ph4P[Ru(acac)2(CN)2] [Ru–C = 2.06(3) and 2.09(3) Å]
45] and (Ph4As)3[Ru(CN)6] [Ru–C = 2.023–2.066 Å] [42]
ononuclear complexes.
Each cobalt atom is placed on a two-fold axis and it is sur-

ounded by four cyano-nitrogen atoms [the Co–N bond distances
eing 1.965(11) and 1.968(11) Å] which define a somewhat
istorted tetrahedral environment (see Fig. 8). The maximum
eviation of the N–Co–N bond angle from the ideal tetrahe-
ron corresponds to 104.0(4)◦ for N(1)–Co(1)–N(2). The Co–N
ond lengths in 4 are shorter than the Mn–N bond distances
bserved in the related {Mn[Ru(acac)2(CN)2]}n compound
Mn–N = 2.076(3) Å] [45], as expected due the decrease of the
onic radii when going from Mn(II) to Co(II).

Four crystallographically independent acac groups with 0.64
nd 0.46 occupancies are present in 4 due to the twinned
ature of the crystals. Each acac group chelates the ruthe-
ium atom through its oxygen atoms, forming thus six-
embered rings which exhibit slightly distorted envelop con-

ormations. The values of the angle subtended at the metal
tom by the acac groups are 93.0(8)◦ [O(11)–Ru(1)–O(12)],
7.9(7)◦ [O(21)–Ru(1)–O(22)], 86.3(8)◦ [O(31)–Ru(1)–O(32)]
nd 91.4(9)◦ [O(41)–Ru(1)–O(42)].

The mononuclear cyano-containing [Ru(acac)2(CN)2]−

nits act as bis-monodentate ligands towards the cobalt(II)
ations through its two trans-coordinated cyano groups, afford-
ng twelve gon cycles which are constituted by six ruthenium
nd six cobalt atoms with regular alternating of cobalt and ruthe-

p
(
i
1

ig. 8. Perspective view of the environment of the cobalt atom in 4 with the
tom numbering.

ium atoms (see Fig. 9a). The C(1)–N(1) and C(2)–N(2) bond
istances are 1.134(14) and 1.124(14) Å [to be compared with
he values of 1.12(3) and 1.15(3) Å in the mononuclear trans-
h4P[Ru(acac)(CN)2] complex]. The Ru–C–N and Co–C–N
ond angles are quite linear: 176.7(11)◦ and 172.2(10)◦ [at
u(1)] and 170.0(11)◦ and 173.2(11)◦ [at Co(1)]. The val-
es of the distance between adjacent ruthenium and cobalt
toms within the ten gon cycle are 5.1155(15) and 5.1100(15) Å
or Ru(1)· · ·Co(1) and Ru(1)· · ·Co(1a), respectively [symmetry
ode: (a) x + 1/2, −y + 3/2, z + 1/2].

Each cobalt atom is cyano-bridged to four ruthenium atoms
eading thus to a (6,4) three-dimensional network [see Fig. 9b].
inally, two three-dimensional networks interpenetrate each
ther to form the crystal structure of 4 (see Fig. 6).

.4. Magnetic properties of 1–4

Although the magnetic properties of the mononuclear com-
lex trans-Ph4P[Ru(acac)2(CN)2] were published elsewhere
45], we decided to reinvestigate them in order to analyze
roperly the magnetic behavior of compounds 1–4 where the
Ru(acac)2(CN)2]− unit is present as a ligand (1–4) and coun-
erion (2). The temperature dependence of χMT for the trans-
h4P[Ru(acac)2(CN)2] compound [χM is the molar magnetic
usceptibility] is shown in Fig. 10. The value of χMT at 270 K
s 0.51 cm3 mol−1 K (µeff = 1.96 �B) and χMT exhibits a quasi
inear dependence with T in the temperature range investigated
eaching a value of 0.44 cm3 mol−1 K at 2.0 K. This behavior
s the expected one for a low-spin distorted octahedral ruthe-
ium(III) system (t5

2g, SRu = 1
2 ) with spin-orbit coupling of the

T2g ground term. The low spin nature of this Ru(III) com-

lex is corroborated by the magnetization versus H plot at 2.0 K
see inset of Fig. 10). One can see there how the magnetization
ncreases linearly at low fields and it tends to a saturation value of
.08 BM at 5 T. The Q-band EPR spectrum of a polycrystalline
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Fig. 9. Perspective view of the twelve gon cycle of 4 in the b

ample of this compound at 67 K (Fig. 11) shows a rhom-
ic pattern with g1 = 2.55, g2 = 2.21 and g3 = 1.69 (gav = 2.15).
he calculated value for Msat (Msat = gS = 2.15/2 �B) is practi-
ally identical to the experimental one (1.08 �B). In order to
nalyze the magnetic properties of the low-spin complex trans-
h4P[Ru(acac)2(CN)2], one must take into account that its 2T2g
round term in Oh symmetry is split under a rhombic distor-
ion (C2v symmetry) into a singlet low-lying state (2A1) and
wo excited doublets (2B1 + 2B2) which are considered quasi

egenerated, in a first approach, and separated by an energy gap,
enoted �. Having in mind these considerations, we treated the
agnetic data of the compound trans-Ph4P[Ru(acac)2(CN)2]

hrough a Hamiltonian which takes into account the rhombic

ig. 10. Thermal dependence of the χMT product for the trans-
h4P[Ru(acac)2(CN)2] mononuclear complex under an applied magnetic field
f 1 T: (©) experimental data; (—) best-fit curve (see text). The inset shows
he magnetization vs. H plot at 2.0 K: (©) experimental data; (—) Brillouin
unction for a spin doublet with g = 2.15.

s
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ne (a) which forms the (6,4) three-dimensional network (b).

istortion, spin-orbit coupling and the Zeeman effect [106].
est-fit parameters are: ∆ = 1627(10), λ = −1067(5) cm−1 and
= 0.89(1), where λ is the spin-orbit coupling and k is the orbital

eduction factor.
The magnetic properties of complex 1 in the form of χMT

lot [χM is the magnetic susceptibility per Ni2IIRu2
III unit] are

hown in Fig. 12. χMT at 280 K is equal to 3.41 cm3 mol−1 K,
value which is as expected for a four spin system made

p of two spin triplets (SNi = 1 with gNi ca. 2.20) and two
pin doublets (SRu = 1

2 with gRu ca. 2.15). Upon cooling,

MT continuously decreases, reaches a quasi plateau at 10–8 K
χMT = 0.85 cm3 mol−1 K] and further decreases to a value
f 0.66 cm3 mol−1 K at 1.9 K. These features are characteris-
ic of an overall antiferromagnetic behavior. Keeping in mind

ig. 11. Q-band EPR spectra of a polycrystalline sample of trans-
h4P[Ru(acac)2(CN)2] at 67 K.
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ig. 12. Thermal dependence of χMT for complex 1 under an applied magnetic
eld of 1 T: (©) experimental data; (—) best-fit curve (see text).

he alternating chain structure of 1, two intrachain exchange
athways are involved: the double phenoxo bridge [between
wo nickel(II) ions] and the single cyanide bridge [between a
ickel(II)–ruthenium(III) pair]. As a strong antiferromagnetic
nteraction between the nickel(II) ions through the double phe-
oxo bridge has been demonstrated in previous works [−J val-
es varying in the range 44.4–72 cm−1, the Hamiltonian being
efined as Ĥ = −JŜNi ŜNia] [78,85,107] and a weak ferromag-
etic interaction is expected for the Ni(II)–Ru(III) pair through
he single cyano bridge (case of strict orthogonality between the
nteracting magnetic orbitals [eg (Ni) versus t2g (Ru)], the for-
er interaction would account for the decrease of χMT in Fig. 12

ntil very low temperatures. The expected intrachain spin topol-
gy [relatively strong antiferromagnetic interaction between the
ickel(II) ions through the double phenoxo bridge and a weak
erromagnetic coupling between adjacent nickel(II) and ruthe-
ium(III) ions through the single cyano bridge] would lead to
singlet ground spin state (S = 0). The presence of the mag-

etically isolated [Ru(acac)2(CN)2]− unit in 1 accounts for the
alue of χMT at very low temperatures (ca. 0.45 cm3 mol−1 K).
here is no theoretical model to analyze properly the magnetic
ata of this chain. However, we can calculate the magnetic sus-
eptibility of a Heisenberg linear chain by using a closed-chain
omputational procedure [108] as a function of the exchange
nteraction between first neighbors. In this procedure, the infi-
ite chain behavior can be obtained by extrapolation from the
xact result for the increasing ring length. In the case of com-
lex 1, the isotropic exchange Hamiltonian can be written as
Eq. (1)]

ˆ = −
N/3−1∑

J Ŝ Ŝ
i=0

1 3i+1 3i+2

−
N/3−1∑

i=0

J2(Ŝ3i+2Ŝ3i+3 + Ŝ3i+3Ŝ3i+4) (1)

a
R
a
i
t
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here N is the total number of interacting spins which is limited
ere to four pairs of triplets and four pairs of doublets and J1
nd J2 are the exchange coupling parameters associated to the
wo exchange pathways [one through the double phenoxo group
etween nickel(II) ions and the other through the single cyano
ridge between low-spin ruthenium(III) and nickel(II) ions].
n average Landé factor g was considered for both nickel(II)

nd low-spin ruthenium(III) ions. A constant χMT term was
lso introduced to account for the presence of the uncoordi-
ated trans-[Ru(acac)2(CN)2]− anion. We have assumed that
he N = 12 ring is the closer solution to the exact one in the
hole experimental temperature range. Due to the exchange

opology of the system, it is not possible to find a set of spin
uantum numbers for which the eigenmatrix is diagonal. So,
here is no analytical expression for the energy values as a
unction of the exchange parameters and numerical methods
re needed to evaluate and diagonalize the eigenmatrix. These
alculations were performed with the magnetic package MAG-
ACK [109,110]. The best-fit parameters were J1 = −50.0 cm−1,
2 = +6.6 cm−1 and g = 2.12. The calculated curve matches very
ell the experimental data in the whole temperature range

xplored (1.9–295 K).
In the light of the available data (see above), it is clear

hat J1 (−50.0 cm−1) corresponds to the magnetic coupling
etween the nickel(II) ions through the double phenoxo group.
his value is very close to those observed in the tetranuclear
ompounds [{MIII(phen)(CN)4}2{Ni2(L)(H2O)2}]·2CH3CN
M = Fe (J = −44.4 cm−1) and Cr (J = −44.6 cm−1)], this
imilarity being due to the close values of the nickel–nickel
eparation through the double phenoxo group [3.1320(6) Å in
versus 3.098(2) Å (M = Fe) and 3.101(1) Å (M = Cr)] and the

ngle at the phenoxo bridge [100.93(7)◦ in 1 versus 99.66(9)◦
M = Fe) and 99.69(11)◦ (M = Cr)] [78]. J2 would correspond
o the magnetic interaction between adjacent Ni(II) and Ru(III)
ons and its ferromagnetic nature is as expected for a strict
rthogonality between the interacting magnetic orbitals (see
elow). To our knowledge, this is the first time that such an
nteraction has been evaluated and consequently, no comparison
an be made.

The magnetic properties of complex 2 in the form of χMT
ersus T plot [χM is the magnetic susceptibility per CoIIRuIII

nit] are shown in Fig. 13. At room temperature, χMT is equal
o 3.15 cm3 mol−1 K, a value which is as expected for a pair
f magnetically isolated high-spin cobalt(II) (SCo = 3

2 ) and low-
pin ruthenium(III) (SRu = 1

2 ) ions with orbitally degenerate 4T1g
nd 2T2g single ion ground states, respectively. As the temper-
ture is lowered, the χMT product smoothly decreases, exhibits
minimum at 28 K (χMT being 2.99 cm3 mol−1 K), and further

ncreases sharply to reach a value of 11.3 cm3 mol−1 K at 1.9 K.
he fact that the value of χMT at the minimum is well above

hat calculated for a high-spin Co(II) and a low-spin Ru(III)
agnetically non-interacting pair, supports the occurrence of
n intrachain ferromagnetic interaction between the Co(II) and
u(III) centers, the smooth decrease of χMT in the high temper-
ture range being due to spin-orbit coupling effects of both metal
ons. No magnetic ordering, is observed above 1.9 K showing
hat the ferromagnetic chains are well isolated from each other.
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isotropic exchange Hamiltonian may be written as [Eq. (2)]
ig. 13. Thermal dependence of the χMT product for complex 2 under applied
agnetic fields of 1 T (T ≥ 50 K) and 100 G (T < 50 K): (©) experimental data;

—) eye-guide line. The inset shows the χMT plot in the vicinity of the minimum.

he M versus H plot at 2.0 K for 2 (see Fig. 14), M being the
agnetization per RuIIICoII unit, confirms the ferromagnetic

ature of the intrachain magnetic coupling. The magnetization
ends to a saturation value close to 3.07 �B at 5 T (the maximum
vailable field in our SQUID). This is consistent with the par-
llel alignment of two spin doublets, one from the Ru(III) with
Ru = 2.15 and the other from the Co(II) with gCo ca. 4.3 [at low
emperatures, only the ground Kramers doublet of an octahe-

ral cobalt(II) ion is thermally populated and gCo = (10 + 2Aκ)/3
ith values of A and κ of ca. 1.5 and 0.8, respectively] [111]. The

ntrachain magnetic coupling in 2 cannot be evaluated due to the

ig. 14. Magnetization vs. H plot for complex 2 at 2.0 K: (©) experimental
ata; (—) eye-guide line.
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F
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(
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ack of a suitable model to analyze its magnetic properties. The
ncreasing ring size methodology to mimic a chain that we have
sed in the case of compound 3 (see below) does not apply in the
ompound 2 because the problems associated to the occurrence
f a significant orbital contribution of the octahedral high-spin
obalt(II) ion which dominates the magnetic behavior of 2 in a
ide range of temperature.
The magnetic properties of complex 3 in the form of χMT

ersus T plot [χM is the magnetic susceptibility per RuIIINiII

nit] are shown in Fig. 15. The shape of this plot is typical
f a ferromagnetic interaction. At room temperature, χMT is
qual to 1.60 cm3 mol−1 K, a value which is as expected for
pair of magnetically isolated nickel(II) (SNi = 1) and low-spin

uthenium(III) (SRu = 1
2 ) ions. χMT continuously increases when

ooling and reaches a value of 4.10 cm3 mol−1 K at 1.9 K. No
agnetic ordering, was observed above 1.9 K showing that the

erromagnetic chains are well isolated from each other, as in 2.
he M versus H plot at 2.0 K for 3 (see inset of Fig. 15), M being

he magnetization per RuIIINiII unit, confirms the ferromagnetic
ature of the intrachain magnetic coupling. The magnetization
ncreases sharply at very low fields at it reaches a value of 3.0 �B
t 5 T (the maximum available field in our SQUID). This value is
lose to that expected for the parallel alignment of a spin triplet
SNi = 1) and a spin doublet (SRu = 1

2 ). Compound 3 behaves thus
s a ferromagnetic chain with regular alternating nickel(II) and
uthenium(III) ions.

In the lack of a theoretical model to analyze the magnetic data
f this chain compound, we tried to get a numerical expression
y considering closed spin chains of increasing length contain-
ng regular alternating of a spin doublet and a spin triplet. The
ˆ = −
N−1∑

i=1

JŜiŜi+1 (2)

ig. 15. Thermal dependence of the χMT product for complex 3 under applied
agnetic fields of 1 T (T ≥ 50 K) and 100 G (T < 50 K): (©) experimental data;

—) best-fit curve (see text). The inset shows the: (©) experimental data; (—)
ye-guide line.
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he calculations were limited up to N = 12 (six pairs of spins
– 1

2 ). We have assumed that the N = 12 ring is the closer solution
o the exact one in the full experimental temperature range. As for
, due to the exchange topology of the system, it is not possible
o find a set of spin quantum number for which the eigenmatrix is
iagonal. So, there is no analytical expression for the energy val-
es as a function of the exchange parameter and we need to use
umerical methods to evaluate and diagonalize the eigenmatrix.
hese calculations were performed with the magnetic pack-
ge MAGPACK [109,110]. Best-fit values are J = +3.2 cm−1,
= 2.20 and R = 2.1 × 10−5 [R is the agreement factor defined
s R = ∑

[(χMT )exp(i) − (χMT )calcd(i)]2/
∑

[(χMT )exp(i)]2].
he calculated curve matches very well the experimental data

n the whole temperature range investigated (1.9–295 K). The
ature of this magnetic coupling is the same than that observed
or the similar cyano-bridged Ru(III)–Ni(II) unit in 1 given that
he strict orthogonality between the interacting magnetic orbitals
lso applies in 3. The difference in the magnitude of the two fer-
omagnetic couplings (+6.6 cm−1 in 1 versus +3.2 cm−1 in 3) is
ost likely due to subtle structural differences such as the dif-

erent chomophore around the nickel atom (NiO4N2 in 1 versus
iO2N4 in 3) [112] and the greater distortion of the environment
f the nickel atom in 3 due to the coordination of the nitrate group
s an asymmetrical bidentate ligand.

The magnetic properties of complex 4 in the form of χMT
ersus T plot [χM is the magnetic susceptibility per Ru2

IIICoII

nit] are shown in Fig. 16. At room temperature, χMT is equal
o 3.70 cm3 mol−1 K, a value which is somewhat above that
xpected for a high-spin tetrahedral Co(II) center and two low-
pin Ru(III) ions. χMT continuously increases when cooling
rom room temperature to 10 K, then exhibits a sharp increase

o reach a maximum value of 242 cm3 mol−1 K at 4.5 K and
urther decreases linearly with T to 120 cm3 mol−1 K at 1.9 K.
hese features suggest a long-range ferromagnetic ordering. In

ig. 16. Thermal dependence of the χMT product for complex 4 under applied
agnetic fields of 1 T (T ≥ 50 K) and 100 G (T < 50 K): (©) experimental data;

—) eye-guide line. The inset shows the FCM plot in the low temperature region
t 100 G.

m
h
m
o

F
s
o

ata; (—) eye-guide line. The inset shows the hysteresis loop of complex 4 at
.0 K.

act, the field-cooled magnetization (FCM) of 4 under 100 G
inset of Fig. 16) increases abruptly below 6.5 K indicating the
nset of a long-range magnetic phase transition with Tc below
.5 K. The magnetization of 4 at 2.0 K increases rapidly at low
elds and reaches a quasi saturation value of 5.0 �B at 5 T, which

s very close to the expected one for a parallel alignment of the
agnetic moments of two low-spin Ru(III) ions and one tetra-
edral Co(II) center. A characteristic hysteresis loop of a soft
agnet is observed at 2.0 K (see inset of Fig. 17) with values

f the remnant magnetization and coercive field of 0.40 �B and

ig. 18. Thermal dependence of the in-phase (©) and out-of-phase (�) ac
usceptibility signals for 4 in the lack of applied external field and under an
scillating magnetic field of ±1 G and a frequency of 1000 Hz.
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ig. 19. Mononuclear trans-[Ru(acac)2(CN)2]− (I), heterodinuclear RuIII–CN
omodinuclear NiIIO2NiII (V) models used in the DFT calculations concerning

0 G, respectively. Finally, the ferromagnetic ordering temper-
ture Tc = 5.4 K was further confirmed from the maximum of
he out-of-phase ac susceptibility at zero external field (Fig. 18).
o significant frequency dependence was observed in the ac
easurements of 4.

.5. Analysis of the exchange pathways in 1–4

The models to analyze the exchange interactions in com-
lexes 1–3 through DFT type calculations are shown in Fig. 19.
odels IV and V correspond to complex 1. The analysis of both
odels allow us to study the influence of the presence of RuIII
n the value of the magnetic coupling of the double phenoxo-
ridged nickel(II) unit. As indicated in the computational para-
raph, we have used a 3-21G basis set for the ruthenium atom. In
rder to analyze the possible influence of the basis set on the eval-

u
t
t
n

able 6
alculated values of the magnetic couplinga for the models II–V

asis setb JRu–Ni (II) JRu–Co (III)

-21G/3-21G +107.7 +7.6
-31G/3-31G +111.1 +6.4
-31G/6-31G +95.6 +6.7
V/SV +93.9 +5.6
7V/SV +93.7 +5.7
7V/T7V +93.2 +5.7

a The values of the magnetic coupling are given in cm−1.
b The description of the basis sets is given in the paragraph of the computational st
hereas the second one concerns the remaining atoms.
(II) and RuIII–CN–CoII (III), heterotrinuclear RuIII–CN–NiIIO2NiII (IV) and
ounds 1–3.

ation of the magnetic couplings, we have used different basis
ets for the atoms other than ruthenium. The results obtained
re listed in Table 6. One can see there that similar results are
btained independently of the basis set used. In most of the
ases, a smaller variation in the values of the results is observed
hrough the basis sets proposed by Ahlrichs. Consequently, the
se of simpler basis sets (SV) leads to the same quality results
han that of more extended ones (TZV). From a qualitative
oint of view, the results obtained by DFT calculations on the
odels III–V agree well with the experimental values, in par-

icular in IV and V where they can be compared with the J
alues of complex 1. So, in agreement with the experimental val-

es, an antiferromagnetic interaction between the nickel(II) ions
hrough the double phenoxo-bridge is found which is stronger
han the ferromagnetic coupling between the ruthenium(III) and
ickel(II) ions through the single cyano bridge in the same com-

JRu–Ni (IV) JNi–Ni (IV) JNi–Ni (V)

+5.2 −27.9 −23.3
+3.7 −33.1 −25.7
+4.3 −37.9 −25.7
+3.6 −34.5 −21.3
+3.6 −33.6 −18.9
+3.9 −41.4 −32.2

rategy. The first basis set is that used for the metal atoms other than ruthenium
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ig. 20. Spin density map for model I. The values of the atomic spin densities i
alues are given for the atoms other than ruthenium. Spin density is plotted wit

lex (−41.4 and +3.9 cm−1, respectively). The fact that the
alculated values of the JNi–Ni parameter in IV and V are sim-
lar validates the models chosen. Anyway, the more complete

odel IV provides values of the JNi–Ni parameter which are
loser to the experimental one of complex 1 and those given in
efs. [78,85,107]. This induces us to conclude that a larger frag-
ent of bimetallic chain would provide more accurate values of

Ni–Ni.
A weak ferromagnetic interaction is predicted for the mag-

etic coupling between the ruthenium(III) and the cobalt(II) ions
hrough the single cyano bridge whose value cannot be computed
rom the experimental data because of the spin-orbit coupling
f the octahedral cobalt(II) ion. Anyway, the shape of the χMT
ersus T plot of 2 in the low temperature range agrees with
he occurrence of a weak ferromagnetic interaction. The lack of

agneto-structural data concerning this type of cyano-bridged
eterometallic unit precludes any comparison with the calcu-
ated magnetic coupling by DFT.

The nature of the magnetic coupling (weak ferromagnetic
nteraction) found between the low-spin ruthenium(III) and
ither the nickel(II) (1 and 3) or cobalt(II) ions (2) is as expected
aking into account the symmetry of the magnetic orbitals
nvolved (t2g versus eg type magnetic orbitals). The orientation
f the magnetic orbital of the trans-[Ru(acac)2(CN)2]− is not
he more appropriate to mediate strong magnetic interactions
hrough bridging cyano in 1–3. As shown in Fig. 20, the unpaired
lectron of this mononuclear unit is roughly located in the equa-
orial plane defined by the four acetylacetonato-oxygens (dx2-y2

ype orbital), the spin density on the cyano groups (which define
he z-axis) being negligible. Having this in mind and under ideal
onditions, a very weak ferromagnetic interaction or lack of
agnetic coupling can be expected even for complex 4 where

he cobalt(II) ion is tetrahedral (half filled t2g orbitals, e4
gt32g).

he experimental results and the theoretical calculations on the
odels III and IV agree with this prediction. This inappropriate

rientation of the magnetic orbital of the low-spin ruthenium(III)
nit accounts for the weaker ferromagnetic interaction in the sin-
le cyano-bridged Ru(III)–Ni(II) unit [J values of +6.6 (1) and
3.2 cm−1 (2)] when compared to that found in the related single

yano-bridged Fe(III) (low-spin)–Ni(II) entity (J = +17.4 cm−1)
78]. The more favorable orientation of the magnetic orbital
n the low-spin [Fe(phen)(CN)4]− unit (the magnetic orbital
s perpendicular to the mean phen plane) leads to a significant

t
n
b
n

tron units are: +0.86 (Ru), +0.04 (O), −0.02 (Ccyano), +0.01 (Ncyano). Average
ff at 0.010 e.

erromagnetic coupling between the low-spin iron(III) and
ickel(II) ions.

However, a relatively strong ferromagnetic interaction is
btained by DFT calculations on the model II (see Table 6).
t this respect, it deserves to be noted that (i) firstly, the nature
f the magnetic interaction is correctly predicted by the cal-
ulations and (ii) secondly, several reasons would account for
he overestimation of the magnitude of the magnetic coupling.
hey can be summarized as follows: (a) uncommon difficulties

o reach convergence have been found in the present case (model
I); (b) the quality and reliability of the basis set of the second
ow transition metal ions are poorer than those of the 3d metal
ons; (c) the relativistic effects characteristic of the heavier ele-

ents may be present in the ruthenium atom; (d) finally, the
verestimation of the magnitude of the exchange coupling by
FT calculations in other cyano-bridged polynuclear systems
as been noted by us previously [78,113,114]. In an attempt
o overcome this problem, a possible solution for a near future
ould be to consider more extended models and also to intro-
uce the solid effects by a dielectric medium.

. Conclusions

We have shown how the use of the building block trans-
icyanobis(acetylacetonato)ruthenate(III) as a ligand towards
oordinatively unsaturated preformed metal complexes and fully
olvated metal ions allowed the preparation of new magnetic
aterials namely, three bimetallic chains (1–3) and one three-

imensional compound (4) where the ruthenium unit adopts a
is-monodentate bridging mode through its two cyanide groups.
hereas 2 and 3 behave as magnetically isolated ferromag-

etic chains without any magnetic ordering in the temperature
ange explored (1.9–295 K), 4 exhibits ferromagnetic order-
ng at very low temperatures (Tc = 5.5 K). The nature of the

agnetic orbital of the low-spin ruthenium(III) complex trans-
Ru(acac)2(CN)2]− (which is roughly localized in the equato-
ial plane defined by the four acetylacetonate-oxygen atoms)
ccounts for the weak ferromagnetic coupling between Ru(III)
nd M(II) ions [M = Ni(II) (1 and 3) and Co(II) (2 and 4)] through

he bridging cyano. Given that the spin density of this mag-
etic orbital on the cyanide groups is very poor, the use of this
uilding block to get cyano-bridged species with strong mag-
etic interactions is ruled out. A more appropriate orientation
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f the magnetic orbital of the cyano-bearing ruthenium(III) unit
s required (changing the nature and/or number of the blocking
igands, for instance) to improve its efficiency as mediator of

agnetic interactions.
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