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Magneto-Structural Variety of New 3d-4f-4(5)d 

Heterotrimetallic Complexes 

Diana Visinescua,*, Maria-Gabriela Alexandrub, Augustin M. Madalanb, 
Céline Pichonc,d, Carine Duhayonc,d, Jean-Pascal Sutterc,d*

 and Marius Andruhb,* 

Three families of heterotrimetallic chains (Type 1 - Type 3), with different topologies, have 
been obtained by reacting the 3d-4f complexes, [{Cu(L1)}xLn(NO3)3] with x = 1 or 2, 
formed in situ by reaction of Schiff-base bi-compartmental [CuII(L1)] complexes and 
lanthanide(III) salts, with (NHBu3)3[M(CN)8] (M = MoV, WV). For type 1 series of 
compounds, 1-D coordination polymers, with the general formula 
[{Cu2(valpn)2Ln}{M(CN)8}]·nH2O·mCH3CN (where H2valpn = 1,3-propanediylbis(2-
iminomethylene-6-methoxy-phenol), result from the association of trinuclear {Cu2

IILnIII} 
trinuclear moieties and [MV(CN)8]

3- anions acting as a tri-connecting spacers [Ln = La (1), 
Ce (2), Eu (3), Tb (4), Ho (5), M = Mo; Ln = Tb (6), Ho (7), M = W; m = 0, n =1 (5), 1.5 (7) 
and n = 2 (1-4, 6); m = 1 (5)]. Type 2 family has the general formula 
[{Cu(valdp)Ln(H2O)4}{M(CN)8}]·2H2O⋅CH3CN (where H2valdp = 1,2-propanediylbis(2-
iminomethylene-6-methoxy-phenol) and also consists in heterotrimetallic chains but 
involving binuclear {CuIILnIII} units linked to [M(CN)8]

3- anions coordinating through two 
cyano groups [Ln = Gd (8), Tb (9), Dy (10); M = Mo; Ln = La (11), Gd (12), Tb (13), Dy 
(14); M = W]. With large LnIII ions (LaIII and PrIII), the type 3 family of heterotrimetallic 
compounds are assembled: [{Cu2(valdp)2Ln(H2O)4}{Mo(CN)8}]·nCH3OH·mCH3CN, n, m = 
0, Ln = La (15); n = m = 1, Pr (16), in which the trinuclear {Cu2

IILnIII} nodes are connected 
to [MoV(CN)8]

3- anions, that act as tetra-connecting spacers. For TbIII derivatives of type 1 

family (compounds 4 and 6), the DC magnetic properties indicate a predominant 
ferromagnetic CuII-TbIII interaction, while the AC magnetic susceptibility (in the presence of 
a static magnetic field, HDC = 3000 Oe) emphasize the slow relaxation of the magnetization 
(Ueff/kBT = 20.55 K and τ0 = 5.5⋅10-7 s for compound 4, Ueff/kBT = 15.1 K and τ0 = 1.5 10-7 s 
for compound 6). A predominant ferromagnetic CuII-LnIII interaction was also observed in 
the type 2 series (compounds 8-10 and 12-14) as a result of the magnetic coupling between 
copper(II) and lanthanide(III) ions via the phenoxo-bridge. The magnetic behavior for the 
LaIII derivatives reveals that weak ferromagnetic interactions are also operative between the 
CuII and the 4d/5d centers. 

Introduction 

 The interest in the chemistry of polynuclear complexes 
arises from their rich properties that make them very attractive 
for obtaining molecule-based materials: porous systems,1 
catalysts,2 luminophores for photo- and electroluminescent 
devices,3 or magnetic materials.4 The rational design of 
heterometallic complexes marked a step forward in the 
developement of molecular magnetism. The presence of two or 
more paramagnetic metal ions within the same molecular 
entity, with a specific spin topology, leads to diverse and 
interesting magnetic phenomena, such as ferro- and 

ferrimagnetism,5 complexes showing irregular spin-state 
structures6 or molecular magnets with high Tc.

7 More recently, 
numerous heterometallic complexes with high-spin ground 
states and magnetic anisotropy were found to show slow 
relaxation of the magnetization (Single-Molecule Magnet, 
SMMs and Single-Chain Magnets, SCMs).8 In this respect, an 
important goal in molecular magnetism is to design, synthesize 
and explore the properties of new classes of heterometallic 
nanomagnets relevant for applications such as high-density 
storage devices or molecular electronics.9 

 The useful concepts of metallo-supramolecular chemistry 
have stimulated the development of bottom-up methods, which 
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are efficient in controlling the nuclearity or dimensionality of 
the desired polynuclear complexes. Heterobimetallic complexes 
were largely exploited to generate molecule-based magnets.10 
The forthcoming step, namely complexes with three different 
spin carriers, represents an alternative way to design high-spin 
molecules. The access to such compounds is not 
straightforward and heterotrimetallic complexes are rather rare 
species. Since the first examples reported by Chaudhuri et al.,11 
only ca. 60 examples of heterotrimetallic complexes were 
reported to date. Several interesting heterotrimetallic 
compounds have been obtained serendipitously, from one-pot 
reactions.12 However, such procedures are difficult to be 
expanded into synthetic strategies especially because of the 
formation of mixtures of different compounds. The scrambling 
of the metal ions represents another difficulty in the synthesis 
of such compounds, and can be avoided using stepwise 
approaches. Ones of the first examples of designed 
heterotrimetallic complexes were the two-dimensional 
coordination polymers obtained from the reaction of pre-
formed rigid oxamidato-based complexes with anionic 
complexes with potentially bridging ligands (metallo-ligands).13 
Linear trinuclear {M2

IILnIIIL} complexes (M = Co, Cu; Ln = 
La, Gd, L = 2,6-di(acetoacetyl)pyridine) also provided suitable 
platforms to assemble heterotrimetallic 3-D molecular magnets 
or SCMs.14 
 A very efficient strategy for the synthesis of systems 
carrying three different paramagnetic metal ions, largely 
developed by us, consists in the self-assembly process 
involving heterobimetallic complexes with Schiff-base 
compartmental ligands15 (macrocyclic16, 17 or side-off type18-23) 
and oxalato- or cyano-based metallo-ligands. The success of 
this strategy is mainly due to the availability of a rich library of  
3d-3d’ or 3d-4f heterobimetallic complexes with 
compartmental ligands that can be used as precursors.24 The 
complexes involving transition and rare-earth ions are 
particularly interesting for the design of heterotrimetallic 
nanomagnets because: (i) the exchange interaction between the 
3d and 4f ions is often ferromagnetic;25 (ii) trivalent 4f cations 
bring large magnetic moments and, (iii) in the case of LnIII = 
Dy, Tb, Ho strong magnetic anisotropy.26 As a result, many 
heterobimetallic complexes containing phenoxo-bridged CuII-
LnIII or NiII-LnIII pairs (LnIII = Tb, Dy) exhibit SMM 
properties.27 
 Cyano-based complexes of the second and third transition 
metal rows became very popular building-blocks in designing 
molecular magnetic materials.28 Paramagnetic MoV/WV 
polycyano anions, proved to be efficient units to form cyano-
bridged heteropolymetallic assemblies with substantial 
exchange interactions due to the more diffuse 4(5)d magnetic 
orbitals.29 The variable geometry and versatile coordination 
modes of these metallo-ligands led to discrete polynuclear 
complexes or extended structures with various network 
topologies.30 The MoV/WV-containing cyanometallate anions 
are increasingly employed in the aggregation of 3d-4f-4(5)d 
type heterotrimetallic systems, generating either oligonuclear 
complexes or chains.14b, 19-21 

 The slight structural modifications of the Schiff-base ligand 
correlated with different possible coordination modes of the 
octacyanometallate units influence the topology and 
dimensionality of the resulting heterotrimetallic complexes.20 
For example, by using valpn2- as ligand (H2valpn = 1,3-
propanediylbis(2-iminomethylene-6-methoxy-phenol), we 
obtained 3d-4f-4(5)d heterotrimetallic chains, in which the 
{CuII

2LnIII} trinuclear moieties are linked by {MV(CN)8} 
spacers (M = Mo, W).20a A more rigid compartmental ligand, 
valen2- (H2valen = N,N’-ethylenediaminato bis(3-
methoxyiminate) ligand), gave rise either to a zigzag 1-D 
coordination polymer or a discrete trinuclear complex, made up 
from binuclear {CuIILnIII} units and [W(CN)8]

3- metallo-
ligands.20b 
 Subtle factors such as the nature of the ligands, the size 
(ionic radii) of 4f ions may account for the various structural 
topology and dimensionality of these heterotrimetallic systems. 
In order to reveal their effective influence, we have examined a 
series of {CuIILnIII} Schiff-base complexes with various LnIII 
ions and two types of Schiff-bases ligands, namely valpn2- and 
valdp2- (H2valdp = 1,2-propanediylbis(2-iminomethylene-6-
methoxy-phenol). The resulting 3d-4f-4(5)d heterotrimetallic 
chains have been systematically characterized and their 
magnetic behaviors investigated. 
 

Experimental 

 
Materials. The chemicals used, i.e. o-vanillin, 1,3-
diaminopropane and 1,2-diaminopropane, and Ln(NO3)3⋅ xH2O, 
as well as the acetonitrile were of reagent grade and were 
purchased from commercial sources. [Cu(valpn)], 
[Cu(valdp)]18b and (NHBu3)[M(CN)8]⋅2H2O

31 (M = Mo, W) 
were prepared as described in literature. 
Synthesis of the heterotrimetallic compounds.  

 Type 1. Complexes 1-7 were obtained following the same 
general method: an acetonitrile solution (20 cm3) of 
(NHBu3)3[M(CN)8]⋅2H2O (0.04 mmol, M = Mo, W) was 
poured into another acetonitrile solution (20 cm3) containing 
[Cu(valpn)] (0.037 mmol) or [Cu(valdp)] and the corresponding 
lanthanide salt, Ln(NO3)3 ⋅ 6H2O (0.034 mmol) [Ln = La (1), 
Ce (2), Eu(3), Tb (4), Ho (5), M = Mo; Ln = Tb (6), Ho (7),  
MV = W]. Slow evaporation of the green solutions at room 
temperature afforded, after a few days, green prisms for all 
compounds belonging to type 1 family (compounds 1-7). Anal. 
Calcd for C46H44Cu2LaMoN12O10 (1): C, 42.89; H, 3.41; N, 
13.05. Found: C, 42.70; H, 3.01; N, 13.20 % (Yield = 60 %). 
Anal. Calcd/ for C46H44Cu2CeMoN12O10 (2): C, 42.85; H, 3.41; 
N, 13.04. Found: C, 42.31; H, 3.15; N, 13.50 % (Yield = 55 %). 
Anal. Calcd. for C46H44Cu2EuMoN12O10 (3): C, 42.46; H, 3.38; 
N, 12.92. Found: C, 42.75; H, 3.10; N, 13.31 % (Yield 44 %). 
Anal. Calcd. for C46H44Cu2TbMoN12O10 (4): C, 42.23; H, 3.36; 
N, 12.85. Found: C, 42.5; H, 3.30; N, 13.51 % (Yield 70 %). 
Anal. Calcd. for C48H45Cu2HoMoN13O9 (5): C, 43.11; H, 3.36; 
N, 13.62. Found: C, 42.95; H, 3.34; N, 13.5 % (Yield = 60 %). 
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Table 1. Crystal data and details of the crystal determinations for compounds 1-6 (Type 1). 

 
 
Anal. Calcd. for C46H44Cu2TbWN12O10 (6): C, 39.57; H, 3.15; 
N, 12.04. Found: C, 40.51; H, 3.10; N, 12.45 % (Yield = 35 %). 
Anal. Calcd. for C46H40Cu2HoWN12O9.5 (7): C, 39.66; H, 2.87; 
N, 12.07. Found: C, 40.72; H, 3.12; N, 12.52 % (Yield = 55 %). 
Main IR peaks (cm-1): 3422 (m) (1), 3435 (m) (2), 3446 (m) 
(3), 3430 (m) (4), 3468 (m) (5), 3440 (m) (6), 3448 (m) (7), 
ν(C≡N)cyano: 2157 (m), 2143 (m), 2090 (m) (1); 2158 (m), 2145 
(m), 2108 (m) (2); 2163 (m), 2143 (m), 2107 (m) (3); 2167 (m), 
2143 (m), 2111 (m) (4); 2165 (m), 2143 (m), 2110 (m) (5); 
2168 (m), 2144 (m), 2100 (m) (6); 2168 (m), 2144 (m), 2106 
(m) (7); ν(C=N)imine: 1627 (s), 1474 (s) (1); 1627 (s), 1474 (s) 
(2); 1628 (s), 1474 (s) (3); 1628 (s), 1474 (s) (4); 1627 (s), 1475 
(s) (5); 1627 (s), 1472 (s) (6); 1627 (s), 1474 (s) (7). 
 Type 2. Red-brownish prisms of compounds 9-14 have 
been obtained following a similar procedure as for type 1 series 
[Ln = Gd (8), Tb (9), Dy (10); M = Mo; Ln = La (11), Gd (12), 
Tb (13), Dy (14); M = W]. Anal. Calcd. for 
C29H35CuGdMoN11O10 (8): C, 34.30; H, 3.45; N, 15.18 Found: 
C, 33.5; H, 3.5; N, 14.89 % (Yield = 80 %). Anal. Calcd. for 
C29H35CuTbMoN11O10 (9): C, 34.24; H, 3.44; N, 15.15. Found: 
C, 34.5; H, 3.14; N, 15.65 % (Yield = 35 %). Anal. Calcd. for 
C29H35CuDyMoN11O10 (10): C, 34.12; H, 3.43; N, 15.10. 
Found: C, 34.5; H, 3.6; N, 15.83 % (Yield = 45 %). Anal. 
Calcd. for C29H35CuLaWN11O10 (11): C, 32.10; H, 3.22; N, 

14.20. Found: C, 33.46; H, 3.42; N, 15.05 % (Yield = 35 %). 
Anal. Calcd. for C29H35CuGdWN11O10 (12): C, 31.56; H, 3.17; 
N, 13.97. Found: C, 32.48; H, 3.15; N, 14.34 % (Yield = 70 %). 
Anal. Calcd. for C29H35CuTbWN11O10 (13): C, 31.52; H, 3.17; 
N, 13.94. Found: C, 32.12; H, 3.18; N, 14.23 % (Yield = 45 %). 
Anal. Calcd. for C29H35CuDyWN11O10 (14): C, 31.42; H, 3.16; 
N, 13.90. Found: C, 31.97; H, 3.35; N, 13.87 % (Yield = 70 %). 
Main IR peaks (cm-1): 3450 (m) (8), 3489 (m) (9), 3456 (m) 
(10), 3485 (m) (11), 3487 (m) (12), 3470 (m) (13), 3485 (m) 
(14); ν(C≡N)cyano: 2176 (m), 2161(w), 2133 (m), 2112 (m) (8); 
2178 (m), 2163(w), 2137 (m), 2116 (m) (9); 2179 (m), 2137 
(m), 2115 (w) (10); 2176 (m), 2140 (m), 2110 (w) (11); 2180 
(m), 2138 (m), 2106 (w) (12); 2181 (m), 2137 (m), 2105 (w) 
(13); 2181 (m), 2138 (m), 2105 (w) (14); ν(C=N)imine: 1654 
(m), 1637 (s), 1605(m), 1476 (s) (8); 1655 (m), 1638 (s), 
1606(m), 1475 (s) (9); 1637 (s), 1609 (m), 1480 (m) (10); 1635 
(s), 1605 (m), 1472 (m) (11); 1635 (s), 1607 (m), 1473 (m) 
(12); 1637 (s), 1607 (m), 1474 (m), (13); 1636 (s), 1607 (m), 
1472 (m) (14). Cell parameters for 7 determined at 180 K: a = 
11.3579(12), b = 12.3025(12), c = 20.370(2) Å, α = 
94.844(12), β = 101.897(12), γ = 116.662(11)o, V = 2437.6(4) 
Å3. Cell parameters for 8 and 9 determined at 173(2) K: a = 
9.13 (8) and 9.16 (9) Å, b = 20.29 (8) and 20.35 (9) Å, c = 
10.41 (8) and 10.40 (9) Å, β = 96.95 (8) and 96.60 (9)o, V = 
1916 (8) and 1928 (9) Å3. 

 1 2 3 4 5 6 
Empirical formula C46H44Cu2LaMo 

N12O10 
C46H44Cu2CeMo 

N12O10 
C46H44Cu2EuMo 

N12O10 
C46H44Cu2TbMo 

N12O10 
C47.30H44.65Cu2HoMo

N12.65O9.35 
C46H44Cu2TbW 

N12O10 
M (g mol-1) 1286.86 1288.07 1299.91 1306.87 1327.85 1394.78 

Temperature (K) 293(2) 293(2) 293(2) 293(2) 293(2) 293(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 P-1 P-1 P-1 

a(Å) 11.4503(6) 11.476(1) 11.4089(4) 11.4193(7) 11.362(1) 11.3977(5) 
b(Å) 12.4739(7) 12.451(1) 12.4074(5) 12.3706(9) 12.446(1) 12.3689(6) 
c (Å) 20.7387(12) 20.805(2) 20.6391(9) 20.607(2) 21.282(2) 20.536(1) 
α (o) 94.775(4) 94.748(7) 94.967(3) 95.112(6) 105.814(7) 95.088(4) 
β (o) 102.112(4) 102.203(7) 102.028(3) 101.921(5) 92.659(7) 101.795(4) 
γ (o) 115.971(4) 116.332(6) 116.494(3) 116.803(5) 116.095(7) 116.645(3) 

V (Å3) 2551.5(3) 2550.7(4) 2502.9(2) 2486.2(3) 2551.8(4) 2478.6(2) 
Z 2 2 2 2 2 2 

Dc (g cm-3) 1.675 1.677 1.725 1.746 1.728 1.869 
µ (mm-1) 1.950 2.005 2.387 2.564 2.664 4.638 
F(000) 1282 1284 1294 1298 1318 1362 

Refinement on F2 F2 F2 F2 F2 F2 
Goodness of fit 1.078 0.877 1.068 0.926 0.894 0.955 
Final R indices 

[I>2σ(I)] 

R1 = 0.0545 
wR2 = 0.1164 

R1 = 0.0514 
wR2 = 0.0694 

R1 = 0.0549 
wR2 = 0.1301 

R1 =0.0548 
wR2 = 0.1012 

R1 = 0.0487 
wR2 = 0.0989 

R1 = 0.0530 
wR2 = 0.1051 

R indices (all data) R1= 0.0812 
wR2= 0.1254 

R1 = 0.0805 
wR2= 0.1117 

R1 = 0.0728 
wR2= 0.1383 

R1 = 0.1067 
wR2= 0.1174 

R1 = 0.0872 
wR2=0.1086 

R1 = 0.1003 
wR2= 0.1194 
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Table 2. Crystal data and details of the crystal determinations for compounds 10-14 (Type 2) and 15 (Type 3) 

 
 Type 3. Dark-red prisms of type 3 series (compounds 15 
and 16) have been synthesized in a similar way, except for 16 
in which the reaction was carried out in methanol:acetonitrile 
solution (v/v = 1:10) [Ln = La (15), Pr (16), M = Mo]. Anal. 
Calcd. for C46H40Cu2LaMoN12O8 (15): C, 44.13; H, 3.19; N, 
13.43. Found: C, 42.94; H, 3.42;N, 13.54% (Yield = 30 %). 
Anal. Calcd. for C49H47Cu2PrMoN13O9 (16): C, 44.34; H, 3.54; 
N, 13.72. Found: C, 44.52; H, 3.67; N, 13.78 % (Yield = 20 %). 
Main IR peaks (cm-1): 3482 (m) (15), 3445 (m) (16); 
ν(C≡N)cyano: 2159 (m), 2142 (m), 2110 (w) (15); 2180 (m), 
2142 (m), 2110 (w) (16); ν(C=N)imine: 1636 (s), 1606 (m), 1455 
(m) (15); 1640 (s), 1610 (m), 1462 (m) (16). 
Physical Measurements. The IR spectra of 1-16 were recorded 
on a FTIR Bruker Tensor V-37 spectrophotometer as KBr 
pellets in the 4000-400 cm-1 range. Magnetic measurements 
were carried out with a Quantum design MPMS-5S SQUID 
magnetometer in the temperature range from 2 to 300 K. The 
measurements were performed on crushed crystals from freshly 
isolated samples to avoid solvent loss. The powders were mixed 
with grease and put in gelatin capsules. The magnetic 
susceptibilities were measured in an applied field of 1000 Oe. 
The molar susceptibility (χM) was corrected for the sample 
holder and for the diamagnetic contribution of all the atoms 
using Pascal’s tables. The ac susceptibility was measured with 
an oscillating ac field of 3 Oe in the frequency range from 1 to 
1500 Hz. 
Crystallographic Data Collection and Structure 

Determination. Suitable single crystals of compounds 1-6 and 

8-16 were mounted on an IPDS II STOE diffractometer, and, 
for compound 7, on an IPDS STOE diffractometer. Diffraction 
data for the compounds were collected at 293(2) or 173(2) K 
using graphite-monochromated Mo-Kα radiation (λ = 0.71073 
Å). Multi-scan absorption corrections were applied except for 7 
for which no improvement of the refinement was found. The 
structures were solved by direct methods using SHELXS-2014, 
SHELXS-97, SIR92, or SUPERFLIP and refined by means of 
least-squares procedures using the programs of the PC version 
of SHELXL-2014, SHELXL-97 or CRYSTALS. Atomic 
scattering factors were taken from the international tables for 
X-ray crystallography. Hydrogen atoms were included but not 
refined. In the crystal structures of the compounds 10-13 there 
is a degree of disorder (less than 15-20%) on the backbone 
C9A-C9-C10 derived from 1,2-diaminopropane but we 
couldn’t find a good model for this disorder. Crystal 15 
contains solvent accessible voids and the solvent accessible 
volume found by SQUEEZE was 872.4 A3 with an electron 
count of 117 in this volume. The structure was refined using the 
hkl file generated by SQUEEZE. Drawings of the molecule 
were performed with the program Diamond 3. A summary of 
the crystallographic data and the structure refinement 
parameters is given in Tables 1-2 and Table S1 (compound 16) 
in ESI. CCDC reference numbers are as follows: 1060172 (1), 
1060173 (2), 1060174 (3), 1060175 (4), 1060176 (5),1060177 
(6), 1060179 (10), 1060180 (11), 1060181 (12), 1060182 (13), 
1060183 (14), 1060184 (15) and 1060185 (16). 
 

 
 
 

 10 11 12 13 14 15 

Empirical formula 
C29H35CuDyMo 
N11O10 

C29H35CuLaW 
N11O10 

C29H35CuGdW 
N11O10 

C29H35CuTbW 
N11O10 

C29H35CuDyW 
N11O10 

C46H40Cu2LaMo 
N12O8 

M (g mol-1) 1019.66 1083.98 1102.32 1103.99 1107.57 1250.83 
Temperature (K) 173(2) 173(2) 293(2) 293(2) 293(2) 293(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic 
Space group P21 P21 P21 P21 P21 C2221 

a(Å) 9.0527(5) 9.2526(5) 9.1369(3) 9.1488(18) 9.1370(9) 15.6813(10) 
b(Å) 20.2580(8) 20.3849(11) 20.3271(9) 20.356(4) 20.3334(14) 19.0221(17) 
c (Å) 10.3391(5) 10.4325(5) 10.3756(3) 10.386(2) 10.3859(10) 17.6117(10) 
β (o) 96.115(4) 96.692(4) 96.597(3) 96.69(3) 96.566(8) 90 
V (Å3) 1885.29(16) 1954.30(18) 1914.27(12) 1921.0(7) 1916.9(3) 5253.4(6) 
Z 2 2 2 2 2 4 
Dc (g cm-3) 1.796 1.842 1.912 1.909 1.919 1.581 
µ (mm-1) 2.915 4.613 5.326 2.564 5.538 1.889 
F(000) 1006 1052 1066 1068 1070 2484 
Refinement on F2 F2 F2 F2 F2 F2 
Goodness of fit 0.977 0.990 1.000 0.889 0.695 0.910 
Final R indices 
[I>2σ(I) 

R1 = 0.0316 
wR2 = 0.0652 

R1 = 0.0678 
wR2 = 0.1569 

R1 = 0.0318 
wR2 = 0.0712 

R1 = 0.0444 
wR2 = 0.0754 

R1 = 0.0491 
wR2 = 0.0703 

R1 = 0.0471 
wR2 = 0.0790 

R indices (all data) R1 = 0.0378 
wR2 = 0.0666 

R1 = 0.0945 
wR2 = 0.1694 

R1 = 0.0375 
wR2 = 0.0727 

R1 = 0.0670 
wR2 = 0.0806 

R1 = 0.1239 
wR2 = 0.0909 

R1  = 0.0758 
wR2 = 0.0863 
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Figure 1. Fragment of the heterotrimetallic chain 6.

Results and discussion 

 The reaction of [{Cu(L1)}xLn(NO3)3] heterobimetallic 
complexes (H2L

1 stands for H2valpn and H2valdp, x = 1, 2) with 
(NHBu3)3[M(CN)8] (MV = Mo, W) afforded 1-D 
heterotrimetallic 3d-4f-4(5)d coordination polymers. Their 
topology appeared, however, to be dependent on the Schiff-
base ligand involved. When H2valpn Schiff-base pro-ligand 
was employed, an isomorphous series, gathered in type 1 

family, was obtained, having the general formula: 
[{Cu2(valpn)2Ln}{M(CN)8}]·nH2O·mCH3CN [Ln = La (1),  
Ce (2), Eu (3), Tb (4), Ho (5), MV = Mo; Ln = Tb (6), Ho (7), 
MV = W; m = 0, n =1 (5), 1.5 (7) and 2 (1-4, 6); m = 1 (5)]. In 
the same reaction conditions, the use of the more rigid ligand 
H2valdp gave rise to zigzag chains of formula 
[{Cu(valdp)Ln(H2O)4}{M(CN)8}]·2H2O (type 2) [Ln = Gd (8), 
Tb (9), Dy (10); M = Mo; Ln = La (11), Gd (12), Tb (13), Dy 
(14); M = W]. With same ligand, but larger lanthanide(III) ions 
(La, Pr), a third chain motif, 
[{Cu2(valdp)2Ln(H2O)4}{Mo(CN)8}]⋅nCH3OH·mCH3CN (n = 
m = 0, Ln = La (15); n = m = 1, Pr (16)), was obtained, (type 

3). The most remarkable aspect for these series of compounds 
is the diversity of connectivity found for the 
octacyanometallate(V) anions. Each [MV(CN)8]

3- is linked to 
3d-4f units by three of its CN- for type 1, two for type 2 and 
four for type 3 (M = Mo, W). 
 

Description of structures for compounds 1-7 (Type 1) 

 
 Compounds 1-6 are isomorphous and crystallize in the 
triclinic space group, P-1. The values of the cell parameters 
indicate that compound 7 is isomorphous with type 1 series of 
compounds. They are also isomorphous with the GdIII and DyIII 
derivatives we have communicated earlier.20a The main bond 
distances and angles for compounds 1-6 are listed in Tables S2 
and S3 in ESI. The type 1 complexes differ by the number of 

the co-crystallized solvent molecules, thus only the structure for 
compound 6 will be described here. 
 The structure of 6 consists of heterotrimetallic chains and 
lattice solvent molecules (water and acetonitrile). The 
coordination polymer is assembled from an alternation of 
trinuclear phenoxo-bridged {Cu2

II(valpn)2TbIII} units and 
{MV(CN)8} metallo-ligands inter-connected by three CN- 
linkages. (Figure 1). The octacyanotungstate(V) unit exhibits a 
slightly distorted square antiprism geometry.20a It coordinates 
through two cyano groups to the Cu1 and Tb1 atoms of one 3d-
4f unit, and to a second unit by a third cyano linked to the Cu2 
center. The resulting 1-D structure parallels the crystallographic 
b axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. The asymmetric unit of 6 together with the atom labelling 

scheme (symmetry code a = x, -1+y, z). 
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 The {Cu2
II(valpn)2TbIII} heterotrinuclear node is built from 

two {CuII(valpn)} mononuclear units, connected through one 
terbium(III) ion, which is phenoxo-bridged to two copper(II) 
ions (Figure 2). The two crystallographically independent 
copper(II) cations are located in the inner compartments of the 
side-off ligand valpn2- and are five-coordinated, with a square-
pyramidal geometry. The basal plane is formed by the N2O2 
group of donor atoms belonging to the Schiff-base ligand and 
the apical coordination site of copper(II) atoms is occupied by 
one nitrogen atom from a cyano group. The Cu-N and Cu-O 
distances associated with the imino and phenoxo/methoxy 
groups of the Schiff-base ligand fall in the normal 
range.18c,21,27a,32,33 For Cu-N bond lengths, the values vary 
between 1.970(5) and 1.981(5) Å and for the Cu-O bonds 
between 1.939(4) and 1.992(4) Å.  
 The copper(II) and terbium(III) ions are bridged by the 
phenoxo oxygen atoms of the compartmental ligand, the 
distance between the metal ions being 3.53 Å [Cu1⋅⋅⋅Tb1] and 
3.52 Å [Cu2⋅⋅⋅Tb1]. The two phenoxo bridges are equivalent: 
the values of the Cu1-O2/O3-Tb1 and Cu2-O6/O7-Tb1 angles 
are 108.62(17)/108.65(16) and 109.46(17)/108.16(17)o, 
respectively. The rare-earth cation is nine-coordinated by eight 
oxygen atoms from phenoxo and methoxy groups and one 
nitrogen atom from a cyano group, in an approximately 
monocapped square antiprism geometry. The Tb-Omethoxy bond 
lengths [2.478(5) - 2.585(4) Å] are slightly larger than Tb-
Ophenoxo distances [2.345(3) - 2.379(4) Å], all being comparable 
with those reported for similar molecular cores (in heterobi- or 
trimetallic complexes).18c, 21, 27a, 32, 33 
 The values of the distances associated to the cyano bridges 
are as follows: Cu1-N7a = 2.324(6) and Cu2-N5 = 2.330(6), 
Tb1-N8a = 2.462(6) Å (symmetry code: a = x, -1+y, z). Cyano-
bridging ligands form bent angles with both 3d and 4f ions: 
Cu1-N7a-C41a = 137.3(5)o, Cu2-N5-C39 = 142.2(5)o, Tb1-N8a-
C42a = 148.5(5)o. The terminal and bridging W-C-N fragments 
are almost linear, the corresponding angles ranging from 
176.3(5) to 178.5(6)o. The intermetallic distances across the 
cyano bridges are: 5.20 [Cu1···W1a], 5.31 [Cu2···W1] and 5.53 
Å [Tb1···W1a]. The neighboring chains are inter-connected and 
build supramolecular layers (parallel to the ab plane) through 
weak π-π stacking interactions employing the aromatic rings of 
the compartmental ligands (see Figure S1 in ESI). 
 

Description of structures for compounds 8-14 (Type 2) 

The crystal structures solved for compounds 10-14 and the cell 
parameters obtained for compounds 8 and 9 (see Experimental 

section) indicate that these complexes are isomorphous and 
crystallize in the monoclinic space group P21. The main bond 
distances and angles for compounds 10-14 are listed in Tables 
S4 and S5 in ESI. Their structures contain neutral 
[{Cu(valdp)Ln}{M(CN)8}] heterotrimetallic chains (MV = Mo, 
W) and co-crystalized solvent molecules: water and 
acetonitrile. As a representative of this series, we will describe 
below [{Cu(valdp)Tb}{W(CN)8}]⋅2H2O⋅CH3CN (13).  
 A view of the coordination polymer 13 is depicted in Figure 
3a. The elementary unit contains one octacyanometallate(V) 
fragment coordinated, via one cyano ligand, to the copper atom 
of a {CuIITbIII} moiety (Figure 3b). The heterotrimetallic 
fragments are further linked through a second cyano group to 
the terbium(III) ion from an adjacent 3d-4f units. The 
{CuIITbIIIWV} trinuclear fragments are perpendicular to each 
other [W1-Cu1-W1a = 92.76o, symmetry code a = 1-x, -0.5+y, 

1-z] resulting in a zigzag chain (Figure 3a). 
 The CuII ion is located into the N2O2 compartment of the 
Schiff-base and the rare-earth atom is placed in the outer O2O2’ 
cavity of the ligand. The distances and angles related to the 
{CuIITbIII} unit have usual values.34 For the square-pyramidal 
copper(II) ion, the basal plane is formed by the N2O2 set of 
donor atoms from the Schiff-base ligand, and the apical site is 
occupied by the N9a atom of a cyano group (symmetry code a = 
1-x, -0.5+y, 1-z). The values of the bond lengths involving the 
N2O2 compartment of the Schiff-base are: Cu1-N1 = 1.916(18) 
and Cu1-N2 = 1.926(16) Å, Cu1-O2 = 1.927(11) and Cu1-O3 = 
1.887(12) Å. The copper(II) cation is phenoxo-bridged to the 
rare-earth ion, the intramolecular Cu1⋅⋅⋅Tb1 distance being 3.39 
Å. The values of the phenoxo bridge angles, Cu1-O2-Tb1 and 
Cu1-O3-Tb1, are 104.8(5) and 107.0(5)o, respectively. The 
terbium(III) ion is nine-coordinated, in a distorted monocapped 
square antiprism surrounding described by eight O atoms (four 
from compartmental ligand and four from aqua molecules 
ligands) and one nitrogen atom, N3, from the cyano bridge. The 
Tb-O bond lengths vary between 2.316(11) and 2.715(10) Å, 
the largest distances being associated to the methoxy oxygen.  
 The most relevant structural parameters comprising the 
cyano bridges are: Cu1-N9a = 2.504(14), Tb1-N3 = 2.482(14) 
Å, Cu1-N9a-C25a = 146.3(2)o and Tb1-N3-C19 = 172.0(13)o 
(symmetry code a = 1-x, -0.5+y, 1-z). The cyano bridge angles 
with the copper(II) atom deviate from linearity, while the cyano 
group linked to the terbium(III) cation is quasi-linear. The 
intramolecular separations across the cyano bridges are: 
Cu1⋅⋅⋅W1a = 5.57 and Tb1⋅⋅⋅W1 = 5.80 Å.
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     a      b 

Figure 3. (a) Fragment of the molecular structure of 13 showing the zigzag motif of the chain; (b) the asymmetric unit of 13 together with the atom 
labelling scheme (a

 = 1-x, -0.5+y, 1-z).

 
 The inspection of the packing diagram showed the 
formation of three-dimensional supramolecular network 
through O⋅⋅⋅O and N⋅⋅⋅O type hydrogen bonds established 
between free cyano groups, crystallization water molecules and 
aqua ligands of terbium atoms belonging to neighboring 
heterotrimetallic chains (see Figure S2 in ESI). The distances 
associated with the hydrogen bonds span from 2.70 to 3.00 Å 
(see Table S6 in ESI). Neighboring chains are interconnected 
by hydrogen bonds, developing supramolecular layers in ac and 
bc plane. The closest W⋅⋅⋅W and Tb⋅⋅⋅Tb interchain distances 
(in ac plane) are equal (9.15 Å), while the closest W⋅⋅⋅Tb 
interchain separation, in bc plane, is 7.02 Å (see Figure S3 in 
ESI). 
 
Description of structures for compounds 15 and 16 (Type 3) 

 
 Compound 15 crystallizes in the non-centrosymmetric 
orthorhombic space group C2221, while compound 16 
crystallizes in the monoclinic P21/n space group. The main 
bond distances and angles for compounds 15 and 16 are listed 
in Table S7 and S8 in ESI. Both structures show a similar 
structural motif and consist of neutral 
[{Cu2(valdp)2Ln(H2O)4}{Mo(CN)8}] (Ln = La (15), Pr (16)) 
heterotrimetallic chains. We describe here the structure of 15, 
the one of the PrIII derivative (16) being shown in Figure S4 in 
ESI. The 1-D structures are assembled from trinuclear 
{Cu2

II(valdp)2LaIII} heterobimetallic units linked by 

[Mo(CN)8]
3- anions, which results in chains running along the 

crystallographic c axis. Half of the heterotrimetallic fragment 
[{Cu2(valdp)2La(H2O)4}{Mo(CN)8}] is crystallographically 
independent, two C2 axis passing through LaIII and MoV ions 
positions, in [1,0,0] and [0,1,0] directions, respectively (Figure 
S5 and S6). 
 In this coordination polymer, each [Mo(CN)8]

3- is bonded to 
two {Cu2

IILaIII} units by four of its CN- group coordinated 
respectively to LaIII and to one of the CuII ions, each CuII of the 
trinuclear unit being linked to one metallo-ligand thus 
developing a 1-D array in which the two moieties alternate 
(Figure 4).  
 The copper(II)-lanthanum(III) trinuclear fragment results 
from two neutral mononuclear {CuII(valdp)} units, which are 
coordinated to the LaIII ions through the phenoxo-oxygen 
atoms, in a non-linear arrangement [the Cu1-La1-Cu2 angle is 
129.9o] (see Figure 4). The distance between copper(II) and 
lanthanum(III) cations is 3.51 Å. The two assembling 
mononuclear units, {CuII(valdp)}, are twisted relative to each 
other, the dihedral angle between Cu1O2O3La1 and 
Cu1aO2aO3aLa1 fragments being 54.5o (symmetry code: a = x, -
y, -z). 
 The two copper(II) ions are located into the inner N2O2 
pocket of the ligand, showing a distorted square-pyramidal 
geometry. For the two crystallographically equivalent copper 
atoms, the Cu-N bond lengths are 1.926(10) and 1.947(10) Å, 
and the Cu-O distances are 1.918(6) and 1.944(5) Å. 
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     a      b 

Figure 4. (a) View along c axis of a fragment of the chain in 15; (b) the heterotrimetallic assembling unit in 15 together with the atoms numbering 
(the molecular fragment generated by two-fold axis symmetry operations is represented with wires and sticks; symmetry code: a = x, -y, -z)

 
The apical position of the pyramid is occupied by one cyano 
group with Cu1-N6 = 2.485(1) Å.  
 Within the trinuclear {Cu2

II(valdp)2LaIII} moiety, the LaIII 
cation is encapsulated between two outer {O2O2’} 
compartments of the Schiff-base ligands. The lanthanum atom 
is ten-coordinated with eight oxygen atoms (four from methoxy 
groups and four from phenoxo bridges) and two nitrogen atoms 
from cyano bridges forming a distorted bicapped square 
antiprism polyhedra. 
 The La-O distances have common values, varying between 
2.448(6) and 2.797(6) Å.35,36 Two cyano groups of 
octacyanomolybdate(V) unit complete the coordination sphere 
of the lanthanum atom, the bond length being La1-N3 = 
2.651(7) Å. The angles associated with the four cyano bridges 
deviate from linearity: Cu1a-N6-C24 = 132.2(3)o, La1-N3-C20 
= 153.2(7)o. The distance between the copper(II) and 
molybdenum(V) ions across cyano bridges is Cu1a···Mo1 = 
5.24 Å (symmetry code: a = x, -y, -z). 

 
 The lanthanum and molybdenum atoms are separated by the 
cyano bridge, with the distance La1···Mo1 = 5.78 Å. The 
chains are stacked in the crystal through C-H⋅⋅⋅π interaction 
(involving a methyl group of the lateral arm of the side-off 
ligand from one chain and a phenyl ring from the adjacent 
chain) building, a three-dimensional supramolecular network 
(see Figure S7 in ESI). 
 The comparative structural analysis of the three families of 
type 1, type 2 and type 3, highlights the factors that influence 
the structural arrangement of the chains: (i) the nature of the  
side-off compartmental ligand, (ii) the coordination mode of the 
metallo-ligand, (iii) the nuclearity of the hetereobimetallic units 
and (iv) the ionic radii of the lanthanide(III) and/or second/third 
row transition cations. A slight modification of the lateral arm  
of the compartmental ligand induces significant structural 
changes (see Figure 5). This aspect was previously observed 
with valen2--based complexes, when discrete and 1-D 
heterotrimetallic structures were assembled.20b 
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Figure 5. Schemes of the fragments of heterotrimetallic chains of types 1 –3, illustrating the different structural arrangements of the 3d-4f assembling units 
influenced by the lateral arm of the compartmental ligand, the coordination modes of [M(CN)8]

3-
, and/or ionic radii of LnIII ions.

 
The variation of the chain motif are closely related to the 
nuclearity of the 3d-4f heterobimetallic nodes and the 
coordination modes of [M(CN)8]

3- (MV = Mo, W). Thus, a 
trinuclear {Cu2

IILnIII} unit and a higher denticity (three or four) 
of the [M(CN)8]

3- anions formed type 1 and type 3 series, while 
a bis-monodentate coordination of octacyanometallates(V) unit 
is associated with binuclear {CuIILnIII} heterobimetallic 
moieties in type 2 series. 
 For valdp2- derivatives, type 3 series is generated when 
larger lanthanide(III) ions are employed (Ln = La, Pr), the 3d-4f 
fragment being reorganized from binuclear into a trinuclear 
{Cu2

II(valdp)2LnIII} moiety. This chain rearrangement is  
produced only in the case of lighter 4d atom (Mo), the tungsten 
derivatives preserving the structural motif of the type 2 series. 
Differences are observed also at supramolecular level. Thus, for 
type 1 family, the chains are inter-connected through slipped-
off π-π stacking interactions between two aromatic rings 
leading to supramolecular layers. For type 3 family, the 
heterometallic chains also closely interact in the crystal and this 
might be attributed to C-H⋅⋅⋅π type interactions. In the case of 
isomorphous heterotrimetallic chains belonging to type 2, a 
three-dimensional supramolecular framework is constructed 
through hydrogen bonds involving terminal cyano ligands, 
coordinated aqua molecules and crystallization solvent 
molecules (water and acetonitrile). 
 

Magnetic properties 

 

Spin topologies 

 

 While all compounds exhibit 1-D structures enclosing 3d, 4f 
and 4/5d cations, the spin topology is different for each 
structural type. The particular spin topologies are represented 
schematically in Figure 6, showing the magnetic exchange 
pathways between the spin carriers. 

 For type 1 family, the two phenoxo exchange pathways 
between copper(II) and lanthanide(III) ions, from the 
heterotrinuclear moiety, are equivalent (J1) considering their 
structural similarity. The structural parameters of the cyano 
bridges between copper(II) and 4/5d ions are also similar and 
the coupling constants are expected to have very closed values  
(J2 = J3). The magnetic coupling between MV and LnIII ions 
through the cyano bridge is expected to be very weak (J4).

19b, 37 
The two copper(II) ions from the trinuclear moiety are 
separated by ca. 7 Å by the central LnIII ions. A weak 
intramolecular next-neighbor interaction (J1’) between the the 
two copper(II) ions, via the LnIII ion, is operative and was 
considered to model the overall magnetic behavior.38 
 Type 2 compounds consist of zigzag chains in which the 
copper(II) and lanthanide(III) ions interact through the phenoxo 
bridges within the binuclear assembling unit (J1). Additional 
CuII-NC-MV and LnIII-NC-MV pathways, characterized by J2 
and J3, are also active within the chain. J3 is anticipated to be 
very weak, according to previous reports.19b, 37 
 For type 3 compounds, the topology of the spin centers is 
even more complicated than in type 1 and 2 series, however the 
presence of the central diamagnetic lanthanum(III) cation 
simplifies the picture. The chain could be viewed as trinuclear 
{Cu1-NC-Mo1-CN-Cu1} moieties connected by diamagnetic 
LaIII ions. The magnetic coupling scheme between the 
paramagnetic ions reduces to the cyano bridges and is described 
by J2 in Figure 6. As in the case of type 1 compounds, a weak 
next-neighbor magnetic interaction between the two copper(II) 
ions (distanced with ca. 6.36 Å) via the LaIII ion (J1’ in Figure 
6) must be considered. 
 The LaIII derivatives of type 1 (compound 1) and for type 2 
(compound 11) offer a good opportunity to evaluate the 
magnitude of the magnetic exchange interaction between 
copper(II) and molybdenum(V)/tungsten(V) ions across the 
cyano bridge. 
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Figure 6. Spin topologies for the three families of compounds. For type 3, the represented situation applies for the diamagnetic La center.

 
Magnetic behavior for 1, 4 and 6 (type 1) 
 
 The thermal dependences of the χMT product for 4 and 6 are 
depicted in Figure 7. 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 7. χMT vs. T plot for compounds 4 and 6 (inset M vs. H plot for 
4 and 6). 

 At room temperature, the experimental values of the χMT 
product are 13.39 (4) and 12.72 (6) cm3mol-1K which 
correspond well to the expected value (12.94 cm3mol-1K) for 
copper(II) (SCu1 = SCu2 = ½, g = 2.0), 

molybdenum(V)/tungsten(V) (SMo1/SW1 = ½) and terbium(III) 
ion (4f8, J = 6, S = 3, L = 3, g6 = 3/2) non-interacting centers. 
The plots for 4 and 6 have similar shapes. As the temperature is 
reduced, χMT increases slowly, reaching a maximum of 14.06 
(at ca. 20 K) for 4 and 14.50 cm3mol-1K (at ca. 15 K) for 6. 
Below these temperatures, χMT drops to 1.9 (for 4) and 2.8 
cm3mol-1K (for 6) at 2 K. The crystal field effect acting on the 
LnIII center, supramolecular interactions (see Figure S4, SI) as 
well as the weak AF interaction between the two CuII cations 
across the TbIII ions, within the trinuclear unit, may contribute 
to the decrease of the χMT plot, at low temperatures.38 The 
ascendant curves result from the ferromagnetic interaction 
between the CuII and TbIII ions. This magnetic behavior is a 
common feature for most of the phenoxo-bridged {CuIITbIII} 
heterobimetallic complexes.39 The field dependence of the 
magnetization M has a sigmoidal shape for both 4 and 6, and 
the value at the high field is well below the saturation value. 
The origin of the S-shape of the M = f(H) curve could be found 
in the strong magnetic anisotropy provided by TbIII ions leading 
to anisotropic exchange interactions with the CuII centers19a, 20a 
and/or to the occurrence of an antiferromagnetic interaction 
(typically the next-neighbor CuII–CuII interaction). The critical 
field of the spin-flop phase transition has been determined from 
the maximum of the dM/dH derivative, being Hc = 10 kOe for 
compound 4 and 6 kOe for 6 (Figures S8 and S9 in ESI). The 
absence of saturation results from the magnetic anisotropy of 
the terbium(III) ions. 
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 The ac magnetic measurements were performed for 
compounds 4 and 6 in order to investigate possible slow 
magnetization relaxation for these compounds. A frequency-
dependent out-of-phase signal, χM”, of the magnetic 
susceptibility was observed only in the presence of an applied 
DC fields. The results obtained for HDC = 3 kOe are shown in 
Figure 8. 
 For compound 4 (Mo), the maximum exhibited by χM” is 
shifted towards higher temperature when the measuring 
frequency is increased; for ν  = 1490 Hz the blocking 
temperature is 2.8 K (Figure 8 a). An evaluation of the effective 
energy barrier for the magnetization reversal and the pre-
exponential parameters τ0 associated to the χM” signals have 
been deduced from the plot of lnτ = f(1/TB) where τ is the 
relaxation time for a given frequency, i.e. (2πν)−1, and TB the 
blocking temperature (i.e., the T of the maxima of χM” for this 
frequency). Fitting the Arrhenius law τ = τ0exp(Ueff/kBT) to the 
data points (inset Figure 8 a) lead to τ0 = 5.5⋅10-7 s and Ueff/kBT 
= 20.5 K. 

 For compound 6, the relaxation of the magnetization is fast 
and the maxima of the out-of-phase susceptibilities are not seen 
above 2 K, even under a DC magnetic field (Figure 8 b). This 
tendency was also found in the case of the isomorphous 
{CuIIDyIIIWV} complex,20a for which the χM” signals (and 
maxima) are observed at lower temperatures than the 
molybdenum(V) analogues. Thus, for compound 6, under the 
assumption that there is only one relaxation process 
characterized by the pre-exponential relaxation time (τ0) and an 
activation energy (Ueff), and considering that the adiabatic 
susceptibility is zero, these parameters can be evaluated with 
Equation (1).40 In this expression ω is the experimental ac field 
frequency (where ω = 2πυ with the ac field frequency υ), and 
χM

’ and χM
” are the values taken by the in- and out-of-phase 

component for a given T. The values obtained for Ueff and τ0 are 
15.1 K and 1.5 10-7 s, respectively. 
 

ln(χM
”/χM

’) = ln(ωτ0)+Ueff/kBT  (1) 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    a                      b 

Figure 8. Thermal dependence of the in-phase (up) and out-of-phase (bottom) magnetic susceptibility, χM’ and χM” for the compounds 4 (a) and 6 
(b) in HDC = 3000 Oe applied DC field. Inset: (a) Arrhenius plot for 4; (b) natural logarithm of the χ”/χ’ ratio vs. 1/T under a DC magnetic applied 

field of 3000 Oe and a 3 Oe oscillating field at four different frequencies. Solid lines represents the best fits.
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 The anisotropy and the dynamic magnetic properties found 
for the TbIII derivatives, 4 and 6, differ from that of the DyIII 
homologue.20a For the latter, the slow relaxation of the 
magnetization in the zero DC field was observed, while for the 
terbium(III) compounds it was only found under applied DC 
field. This could result from the electronic structure of the non-
Kramers ion of TbIII (4f8, 7F6 ground state), which is more 
exposed to the effects of the ligand field than the 
dysprosium(III) one (a Kramers ion, 4f9 and 6H15/2).

26a,c Recent 
DFT calculations performed on the isostructural phenoxo-
bridged {CuIILnIII} binuclear SMM’s complexes (LnIII = Tb, 
Dy) revealed that the anisotropy and the calculated energy 
splitting between the ground and the first excited sub-levels for 
DyIII derivative is higher than in the TbIII case.39d  
 Based on the chain structures for 4 and 6, the slow 
relaxation of the magnetization might be ascribed to a SCM 
behavior having its origin in the anisotropy of the LnIII ion. In 
order to confirm that magnetic interactions are propagated 
along the 1-D spin arrays by the cyanometallate units we 
considered the LaIII derivative (1). Complex 1 was used to 
estimate the nature and the magnitude of the magnetic coupling 
between CuII and MoV ions via cyano bridge. 
 The thermal dependence of the χMT for compound 1 is 
represented in Figure 9 (χM is the magnetic susceptibility per 
{CuII

2LaIIIMoV} unit). The value of χMT at room temperature is  
1.27 cm3mol-1K, which is slightly above the estimated value for 
two copper(II) (SCu = ½) and one molybdenum(V) (SMo = ½) 
magnetically diluted ions (1.12 cm3mol-1K, assuming g = 2.00). 
By decreasing the temperature, χMT remains practically 
constant down to 30 K, and then it decreases abruptly to reach 
0.34 cm3mol-1K, at 2 K. This is the result of a dominant 
antiferromagnetic behavior as confirmed by the fit of χM

-1 vs. T 
plot, that follow the Curie-Weiss law: C = 1.21 cm3Kmol-1 and 
θ = -1.09 K, where C and θ are the Curie and Weiss constant, 
respectively (inset Figure 9). The magnetic properties are 
consistent with the isomorphous WV derivative.20a The 
magnetic behavior of 1 is mainly the result of the 
intramolecular magnetic interactions within {Cu2

IIMoV} 
trimers, in which the two cyano-based exchange pathways are 
considered equivalent, due to the close values of the cyano 
angles [Cu1-N7-C41 =143.05 and Cu2a-N5-C39 = 142.1(5)o]. 
The magnetic data for compound 1 were simulated using the 
isotropic spin Hamiltonian for a linear CuII-MV-CuII system 
(Equation (2)) to model the trinuclear Cu2

IIMoV moiety with S1 
= S2 = SCu = SMo = 1/2: 
 

 H = -2J(S1S2 - S2S3)   (2) 

 

Equation 3 corresponds to the expression of the van Vleck 
equation: 
 

���������	 
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���

  (3) 

 

where J is the coupling constants between copper(II) and 
molybdenum(V) ions through the cyano bridges, g is the Landé 
factor, kB is the Boltzmann constant and β is the Bohr 
magneton. In order to assess the possible interference of weak 
intra- and intermolecular interactions, the corresponding 
interaction (zJ’) was considered within the mean-field 
approximation (Eq. 4): 

�� 
 	 !"�#$%&'$	

�(
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     (4) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. χMT vs. T plot for compound 1. Inset χM
-1 vs T representation 

for compound 1 ((o) experimental; (__) best-fit curve through eq. (4) 
(see text). 

Least-squares fit to the data led to the following results: g = 
2.05, J = + 7.7 cm-1 and zJ’ = -4.5 cm-1, R = 22.1 × 10-4 for 1. R 
is the agreement factor defined as ∑ 0���1	234� 5
���1	67869 /∑ 0���1	234� 9 . 
 The best fit results emphasize both ferro- and 
antiferromagnetic interactions. The ferromagnetic nature of the 
magnetic coupling between CuII and MoV through the cyano 
bridge was also evidenced for the isomorphous GdIII and DyIII 
derivatives.20a  
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     a      b 

Figure 10. (a) Temperature dependence of the χMT product for 8-14 at 1000 Oe; (b) the field dependence of the magnetization for compounds 8-14. Solid lines 
is an eye-guide. 

  
 The AF interaction results from both supramolecular 
interactions (see Figure S1 in ESI) and the weak coupling 
between the two opposite copper(II) ions via the LnIII ion, 
within the trinuclear moiety (J’1). However, while the 
mathematical fit is fine, the obtained values for both J and zJ’ 
reveal that our model is not adapted to analyze properly these 
data. Indeed the resulting exchange parameters are too large41 
and their ratio does not satisfy with the mean-field 
approximation (i.e. zJ' < 10% of J).42 This supports the 
assumption that the magnetic behavior for 1 corresponds to a 
spin-chain. 
 
Magnetic properties of 8-14 (type 2) 
 
The thermal dependences of χMT for compounds 8-14 are 
illustrated in Figure 10 a). 
 First we will focus on the chains containing isotropic GdIII 
ions, namely {(CuII(valdp)GdIIIMoV} (8) and 
{(CuII(valdp)GdIIIWV} (12). The χMT product is equal to 9.11 
(8) and 8.9 cm3 K mol-1 (12) at room temperature, being 
slightly lower than the calculated value of 9.45 cm3 K mol-1 for 
uncoupled spin carriers i.e., one GdIII (S = 7/2, g = 2.0), one 
MoV/WV (SMo/W = ½, g = 2.0) and one CuII (SCu = ½, g = 2.2). 
Upon cooling, the value of χMT remains constant down to ca. 
50 K, then increases reaching a maximum of 10 cm3mol-1K at 
15 K (compound 8), and 9.80 cm3mol-1K at 12 K (compound 
12). At lower temperatures, both curves sharply decrease (8.31 
for 8 and 7.61 cm3mol-1K for 12, at 2 K) most likely due to the 

antiferromagnetic inter-chain interactions through the extended 
hydrogen-bond network (see Figure S2 and S3 in ESI). The 
magnetic behavior of the two GdIII derivatives is very similar 
and can be explained by the ferromagnetic interactions usually 
detected between CuII and GdIII centers.39a,e,43 In Figure 10 b is 
represented the field dependence of the magnetization, at 2 K 
(for both gadolinium(III) derivatives) revealing that M is not 
saturated at 5 T. This is a typical behavior for ferromagnetic 
systems with next-neighbor antiferromagnetic interactions.38b 

 All the other complexes, except compound 11, exhibit 
similar plot shapes as compounds 8 and 12 (see Figure 10). In 
order to compare the magnetic behavior of type 1 (compounds 

4 and 6 previously discussed) and type 2 families, we will 
further discuss only the magnetic properties of the terbium(III) 
derivatives of type 2, namely compounds 9 and 13. The room 
temperature values of the χMT product of 9 (13.50 cm3 K mol-1) 
and 13 (13.20 cm3 K mol-1) are consistent with the expected 
value of 12.65 cm3 K mol-1 for isolated spin carriers, that is, 
one TbIII (4f8,J = 6, S = 3, L = 3, g6= 3/2), one MoV/WV (SW = 
½, g = 2.0), and one CuII (SCu = ½, g = 2.2). Upon cooling, the 
value of the χMT product decreases to 12.5 cm3mol-1K for 
compound 9 and 11.62 cm3mol-1K for compound 13, at 35 K. 
This behavior is due, in both cases, to the depopulation of the 
MJ levels of the 7F6 state.44 Between 35 and 15 K, an increase 
of the value of the χMT product is observed (12.75 for 
compound 9 and 11.75 cm3 K mol-1 for compound 13) 
indicating a ferromagnetic interaction. Finally, below 15 K, 
χMT sharply decreased reaching, at 1.8 K, the value of 10.26 
(for compound 9) and 8.32 cm3 K mol-1 (for compound 13). 
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The drop of the χMT plot, at low temperatures, is most likely a 
result of the magnetic anisotropy, usually observed for these 
systems, and/or AF inter-chain interactions mediated by 
hydrogen bonds (see Figure S2 and S3 in ESI). For both 
compounds, the field dependence of the magnetization M was 
measured at 2 K (see Figure 10 b) showing that the saturation is 
not reached at 5 T. 
 AC magnetic measurements were also performed on 
polycrystalline samples of compounds 9 and 13, under 0 DC 
field and under a DC field of 1000 Oe. In both cases, no 
maxima were observed on the in-phase or out-of-phase 
susceptibility components in these conditions (Figures S10 and 
S11 in ESI). This aspect is rather surprising taking into account 
our recent report including the 
[{W(CN)8}Cu(valen)Tb(OH2)4]·CH3CN·H2O heterotrimetallic 
chain, isostructural with compound 13, that shows a SCM 
behavior with a significant value of the barrier energy 
(Ueff/kBT= 53.9 K).20b 
 Compound 11 contains the diamagnetic LaIII ion and could 
provide more insights into the nature of magnetic interaction 
between CuII and WV, through the cyano bridge. The 
temperature dependence of χMT product of compound 11 was 
measured at 1000 Oe (Figure 10 a). The value of the χMT 
product is 0.70 cm3mol-1K at room temperature, and 
corresponds to the calculated value of 0.83 cm3 K mol-1 for the 
uncoupled spin carriers of one WV (SW = ½, g = 2.0) and one 
CuII (SCu = ½, g = 2.2). Upon cooling, the χMT curve remained 
almost constant down to 15 K then sharply decreased to reach 
0.6 cm3mol-1K at 2 K. This behavior indicates that the magnetic 
interaction between CuII and WV centers are very weak or 
negligible, while the low temperature behavior is most probably 
due to the antiferromagnetic interchain interactions mediated by 
the hydrogen bonds (see Figures S2 and S3 in ESI). The field 
dependence of the magnetization M for compound 11 was 
measured at 2 K showing that saturation is not reached at 5 T 
and M tends to 2 µB as expected for two spins ½ either 
independent or in ferromagnetic interaction.  
 
Magnetic properties of the compound 15 (type 3) 

 

 The temperature dependence of the χMT product of 
compound 15, measured at 1000 Oe, is represented in Figure 
S12 in ESI. The χMT product is 0.76 cm3mol-1K at room 
temperature, in agreement with the calculated value of  
0.86 cm3mol-1K for the uncoupled spin carriers: one MoV (SMo 
= ½, g = 2.0) and one CuII ions (SCu = ½, g = 2.2). Upon 
cooling, the χMT value increases to 0.90 cm3mol-1K at 20 K, 
then the curve sharply decreases, reaching a value of χMT of 
0.70 cm3 K mol-1, at 2 K. This magnetic behavior indicates 
ferromagnetic interaction between CuII and MoV ions, while the 
low temperature behavior is the result of the antiferromagnetic 
inter-chain interactions (see Figure S12 in ESI). This behavior 
could not be properly modeled by a simple three spin equation. 

 

 

Conclusions 

 The distinct structural features, obtained for three series of 
3d-4f-4(5)d heterotrimetallic chains compounds reported 
herein, confirm the role played by several chemical parameters 
on the resulting association scheme. In strictly same reaction 
conditions, the structural characteristics of the compartmental 
ligand (H2valpn versus H2valdp in present examples), the ionic 
radii of the 4f and that 4(5)d ions are factors that may influence 
the actual nuclearity of the 3d-4f unit involved, the coordination 
mode of the [MV(CN)8]

3- anions, and, in turn, the resulting 
supramolecular arrangement of the coordination compound.  
Herein, a minor modification of the lateral chain of the Schiff-
base ligand is accompanied by a change of nuclearity of the 3d-
4f unit and coordination mode of the metallo-ligand. This is 
illustrated by trinuclear {Cu2

IILnIII} moiety found with the 
valpn2--type ligand (in type 1) whereas, in the same conditions, 
binuclear {CuIILnIII} units have been found with the valdp2- 
ligand (in type 2). This effects the coordination preference of 
the [MV(CN)8]

3- spacer which exhibits tri-connecting or bi-
connecting preferences, respectively.  
 The size of the LnIII ions may also influence the assembling 
scheme but this appears dependent on the Schiff-based ligands. 
Hence, while the size of the LnIII ions has no effect in the case 
of valpn2- ligand (type 1), larger LnIII ions alter the 
supramolecular organisation for valdp2--based derivatives. 
Thus, a reorganization of the {CuIILnIII} node from bi- (type 1) 
to tri-nuclear units (type 3), with tetra-connecting {MoV(CN)8} 
spacers, is found for LaIII and PrIII ions. 
 From type 1 family, the TbIII derivatives (compounds 4 and 

6) showed slow relaxation of the magnetization in applied DC 
field (HDC = 3000 Oe). In the same family, the analysis of the 
magnetic properties of the LaIII derivative (compound 1) 
revealed a weak F coupling assigned to the exchange 
interaction between CuII and MoV ions through the cyano 
bridge, most probably overwhelmed by next-neighbor 
intramolecular and intermolecular AF interactions. A similar 
magnetic behavior was observed for LaIII complex (compound 
15) belonging to type 3 series of compounds. The magnetic 
properties of the heterotrimetallic chains with a zigzag topology 
belonging to type 2 family, indicate, in all cases, a predominant 
ferromagnetic interaction (due to the magnetic coupling 
between CuII and LnIII ions through phenoxo bridge within the 
3d-4f assembling unit).  
 The examples of heterotrimetallic complexes presented in 
this paper bring us closer to a better understanding of their 
magnetic properties in correlation with the structural 
peculiarities. Further results on this chemistry will be presented 
in subsequent papers. 
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