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Six new cyano-bridged dinuclear MnIII-NC-FeIII complexes,  
[MnIII(3-CH3O-salen)(H2O)][FeIII(mpzcq)(CN)3]·CH3CN·H2O (1), [MnIII(3-CH3O-
salpn)(H2O)][FeIII(mpzcq)(CN)3] (2), [MnIII(3-CH3O-salen)(H2O)][FeIII(mpzcq)(CN)3] (3), [MnIII(3,5-(t-
Bu)2 -salen)(CH3OH)][FeIII(qcq)(CN)3]·CH3OH·CH3CN·2H2O (4), [MnIII(3,5-(t-Bu)2 -10 

salpn)(H2O)][FeIII(qcq)(CN)3]·3H2O (5), [MnIII(3-CH3CH2O-
salpn)(H2O)][FeIII(qcq)(CN)3]·CH3OH·2CH3CN (6) (salen = N,N'-ethylenebis(salicylideneiminato) 
dianion; salpn = N,N'-1,2-propylenebis(salicylideneiminato)dianion) derived from MnIII(Schiff base) and 
mer-[FeIII(L)(CN)3]

– (L = mpzcq, qcq; mqzcq = 8-(5-methylpyrazine-2-carboxamido)quinoline; qcq = 8-
(2-quinoline-2-carboxamido)quinoline) have been synthesized, structurally characterized and 15 

magnetically studied. The X-ray single crystal diffraction analysis indicates that all of these complexes 
are cyano-bridged MnIII-NC-FeIII dinuclear structures. However, they show variable molecular geometric 
parameters and structures. Interestingly, the structural subunits of MnIII(Schiff base) and [FeIII(L)(CN)3]

– 

can rotate around the cyanide bridges. Magnetic investigation indicates that the intramolecular magnetic 
coupling is dependent on the critical geometric parameters, leading to ferromagnetic nature for 1-3 and 6 20 

but antiferromagnetic for 4 and 5. Furthermore, the field induced metamagnetic properties detected for 1-
3 and 6 are well clarified from analysis of the magneto-structural correlation. 

Introduction 

In the recent two decades, the research of molecule-based 
magnets have evolved from traditional 3-D magnets to recent low 25 

dimensional magnets because of their interesting magnetic 
properties and potential applications in molecular devices, high-
density information storage and quantum computers, etc.1-10 For 
designing 3-D magnets, the hexacyanometalates are useful 
building blocks and they have contributed to a series of 3-D 30 

magnets with the Curie temperature as high as room 
temperature.11-14 However, for the formation of the low-
dimensional systems, the chelating ligands need be introduced 
into these building blocks to limit the oligomerization or 
polymerization effect. As a result, these hexacyanometalates have 35 

been replaced by the so-called modified hexacyanometalates 
[(L)M(CN)p]

q– (M = Fe, Cr; etc. L = blocking group) to explore 
new low dimensional systems. Based on this strategy, a large 
number of low dimensional complexes featuring interesting 
structures and magnetism have been reported.15-43  40 

  In our group, we have been focusing on investigating the 
magnetic systems based on MnIII(Schiff base) and the 
cyanometalates building blocks such as [M(CN)6]

3-, 
[(L)M(CN)4]

-, [(L)M(CN)3]
- and [(L)M(CN)2]

- (M = Fe, Cr; etc.). 

The selection of MnIII(Schiff base) is due to the large spin value 45 

(ST) and strong magnetic anisotropy of MnIII ions, which are 
stabilized by the Schiff base ligands. The introduction of 
functional groups on the Schiff base ligands facilitates tuning the 
ligand field around MnIII ion and further influence the versatility 
for reactivity and availability of structures. Furthermore, the 50 

functional groups on the Schiff base ligands also play an 
important role in determining the intermolecular short contacts 
and thus affect the final magnetic properties. For the 
cyanometalates building blocks, fac-tricyanidoferrates 
[FeIII(L)(CN)3]

¯ are thoroughly investigated.44-50 Recently, mer-55 

tricyanidoferrate building blocks such as [FeIII(bpca)(CN)3]
¯,51,52 

[FeIII(pcq)(CN)3]
¯,53 [FeIII(pzcq)(CN)3]

¯,54 [FeIII(mpzcq)(CN)3]
¯,55 

[FeIII(qcq)(CN)3]
¯56 were designed and employed to construct 

new low dimensional complexes. In these relevant complexes, 
cyano-bridged MnIII-NC-FeIII complexes derived from 60 

MnIII(Schiff base) and mer-tricyanidoferrate [FeIII(L)(CN)3]
– were 

often of great interest because of their colorful structural fashions 
and the interesting magnetic properties.20,40,45,53,55,56 To our 
knowledge, the assembly of [MnIII(Schiff base)]+ cation and mer-
[FeIII(L)(CN)3]

– anion often induces the formation of dinuclear 65 

entities (MnIII-NC-FeIII)45,53,55,56 or zigzag chain structures 
[(MnIII-NC-FeIII)n].

39,56 Recently, novel 1-D linear chain53 and 
branch chain40 of (MnIII-NC-FeIII)n  were also reported. However, 
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the magnetic interaction of MnIII-NC-FeIII exchange coupling 
could be found as ferromagnetic15,21,53,57,58 or 
antiferromagnetic,20,53,55,57,58 and the coupling mechanism is still 
not very clear. Such a difficulty in understanding the magnetism 
might be due to subtle convolution of geometrical parameters 5 

such as bond lengths, bond angles and bond torsion angles in 
these systems. In this work, six new cyano-bridged dinuclear 
MnIII-NC-FeIII complexes, [MnIII(3-CH3O-
salen)(H2O)][FeIII(mpzcq)(CN)3]·CH3CN·H2O (1), [MnIII(3-
CH3O-salpn)(H2O)][FeIII(mpzcq)(CN)3] (2), [MnIII(3-CH3O-10 

salen)(H2O)][FeIII(mpzcq)(CN)3] (3), [MnIII(3,5-(t-Bu)2 -
salen)(CH3OH)][FeIII(qcq)(CN)3]·CH3OH·CH3CN·2H2O (4), 
[MnIII(3,5-(t-Bu)2 -salpn)(H2O)][FeIII(qcq)(CN)3]·3H2O (5), 
[MnIII(3-CH3CH2O-
salpn)(H2O)][FeIII(qcq)(CN)3]·CH3OH·2CH3CN (6) (salen = 15 

N,N'-ethylenebis(salicylideneiminato) dianion; salpn = N,N'-1,2-
propylenebis(salicylideneiminato)dianion) derived from 
MnIII(Schiff base) and mer-[FeIII(L)(CN)3]

– (Scheme 1) (L = 
mpzcq, qcq; mqzcq = 8-(5-methylpyra-zine-2-
carboxamido)quinoline; qcq = 8-(2-quinoline-2-20 

carboxamido)quinoline) were synthesized. Notably, these 
complexes show a continuous change of molecular geometric 
parameters, which provide a unique opportunity to understand the 
complicated magneto-structural correlation of these low 
dimensional systems. 25 
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Scheme 1 [MnIII(Schiff-base)]+ cations and [FeIII(L)(CN)3]– anions used in 
this work. 30 

Experimental 

Materials 

All chemicals and solvents in the synthesis were of reagent grade 
and used as received without further purification. The starting 
materials of K[FeIII(mqzcq)(CN)3]·H2O, 35 

PPh4[FeIII(mqzcq)(CN)3]·H2O,55 K[FeIII(qcq)(CN)3]·H2O, 
PPh4[FeIII(qcq)(CN)3]·H2O,56 [MnIII(3-CH3O-salen)(H2O)]ClO4, 
[MnIII(3-CH3O-salpn)(H2O)]ClO4, [MnIII(3,5-(t-Bu)2-
salen)(H2O)]ClO4, [MnIII(3,5-(t-Bu)2-salpn)(H2O)]ClO4 and 

[MnIII(3-CH3CH2O-salpn)(H2O)]ClO4
59

 were prepared as 40 

described in the literatures. 
Caution! Cyanides are very toxic and perchlorate salts are 

potentially explosive. Although no problems were experienced 

during our experiments, it is highly suggested to handling them 

carefully with small quantities for the safety consideration. 45 

 

Preparations 

[MnIII(3-CH3O-

salen)(H2O)][FeIII(mpzcq)(CN)3]·CH3CN·H2O (1). An 
acetonitrile solution (10 mL) of [MnIII(3-CH3O-salen)(H2O)]ClO4 50 

(0.05 mmol) was slowly added to an aqueous solution (10 mL) of 
K[FeIII(mqzcq)(CN)3]·H2O (0.05 mmol). Slow evaporation of the 
resulting solution in dark at room temperature yielded black rod 
crystals of complex 1 in two weeks, which were washed with 
acetonitrile and water, respectively, and dried in air. Anal. found: 55 

C, 53.20; H, 4.35; N, 16.50%. Calcd for C38H36FeMnN10O7: C, 
53.35; H, 4.24; N, 16.37%. IR: νmax/cm–1 3418(s), 2121(m), 
1625(s), 1542(m), 1504(w), 1462(m), 1436(m), 1381(m), 
1342(m), 1282(s), 1221(m), 805(w), 724(m).  

[MnIII(3-CH3O-salpn)(H2O)][FeIII(mpzcq)(CN)3] (2). An 60 

methanol solution (10 mL) of PPh4[FeIII(mpzcq)(CN)3]·H2O 
(0.05 mmol) was slowly added to an acetonitrile solution (10 mL) 
of [MnIII(3-CH3O-salpn)(H2O)]ClO4 (0.05 mmol), then an 
aqueous solution (10 mL) of Pr(NO3)3·6H2O (0.05 mmol) was 
added into the mixture. Slow evaporation of the resulting solution 65 

in dark at room temperature yielded black rod crystals of complex 
2 in two weeks, which were washed with methanol/acetonitrile 
and water, respectively, and dried in air. Anal. found: C, 54.73; H, 
4.25; N, 15.35%. Calcd for C37H33FeMnN9O6: C, 54.83; H, 4.10; N, 
15.55%. IR: νmax/cm–1 3420(s), 2119(m), 1620(s), 1542(m), 70 

1504(w), 1462(m), 1436(m), 1382(m), 1342(m), 1284(s), 
1221(m), 804(w), 724(m). 

[MnIII(3-CH3O-salen)(H2O)][FeIII(mpzcq)(CN)3] (3). Using 
the same synthetic procedure as complex 2, complex 3 was 
obtained as black rod crystals by replacing [MnIII(3-CH3O-75 

salpn)(H2O)]ClO4 with [MnIII(3-CH3O-salen)(H2O)]ClO4. Anal. 
found: C, 54.12; H, 4.05; N, 15.50%. Calcd for C36H31FeMnN9O6: 
C, 54.29; H, 3.92; N, 15.83%. IR: νmax/cm–1 3420(s), 2120(m), 
1624(s), 1542(m), 1504(w), 1461(m), 1436(m), 1381(m), 
1342(m), 1281(s), 1220(m), 805(w), 724(m). 80 

[MnIII(3,5-(t-Bu)2-

salen)(CH3OH)][FeIII(qcq)(CN)3]·CH3OH·CH3CN·2H2O (4). 
A methanol solution (10 mL) of PPh4[FeIII(qcq)(CN)3]·H2O (0.1 
mmol) was slowly added to an acetonitrile solution (10 mL) of 
[MnIII(3,5-(t-Bu)2-salen)(H2O)]ClO4. Then, one drop of 85 

triethylamine was added into the mixture. Slow evaporation of 
the resulting solution in dark at room temperature yielded black 
block crystals of complex 4 in two weeks, which were washed 
with methanol and acetonitrile, respectively, and dried in air. 
Anal. found: C, 62.35; H, 6.45; N, 11.35%. Calcd for 90 

C58H73FeMnN9O7: C, 62.25; H, 6.58; N, 11.27%. IR: νmax/cm–1  
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Table 1 Details of the crystal data and structural refinement parameters of 1−6. 

 1 2 3 4 5 6 

Formula C38H36FeMnN10O7 C37H33FeMnN9O6 C36H31FeMnN9O6 C58H73FeMnN9O7 C55H68FeMnN8O7 C48H48FeMnN10O7 
M/g mol-1 855.5 810.5 796.5 1119.0 1064.0 987.7 

Crystal system monoclinic monoclinic triclinic monoclinic monoclinic monoclinic 
Space group P21/n P21/n P-1 P21/n P21/n P21/n 

a /Å 11.933(3) 11.985(3) 11.415(5) 23.328(5) 22.680(5) 13.148(3) 
b /Å 14.282(3) 14.249(4) 13.273(5) 10.078(2) 10.109(2) 14.128(3) 
c /Å 22.324(4) 22.419(6) 14.081(6) 26.115(5) 26.260(5) 25.240(5) 
α / º 90 90 65.735(4) 90.00 90.00 90.00 
β /º 94.29(5) 95.528(4) 67.531(4) 100.04(3) 99.76(3) 102.46(3) 
γ /º 90 90 71.710(5) 90.00 90.00 90.00 

V/Å3 3794.2(12) 3810.7(17) 1765.9(13) 6045(2) 5933(2) 4578.1(16) 
Z 4 4 2 4 4 4 

dcalc /g cm–3 1.480 1.413 1.498 1.230 1.178 1.404 
F(000) 1738.9 1668 818 2364 2206 2009.7 

Collected reflections 25133 29140 9765 27526 25493 20028 
Observed reflections 6636 7447 5796 11571 10359 8012 

Independent reflections 4998 4623 4125 9472 7501 6677 
Rint 0.0435 0.0732 0.0277 0.0482 0.0810 0.0527 

data/restraints/parameters 6636/2/504 7447/1/518 5796/0/501 11571/0/700 10359/0/671 8012/0/599 
GOFc on F2 1.077 0.978 0.0993 1.092 1.015 1.028 

R1
a (I >2 σ(I)) 0.0684 0.0516 0.0678 0.0594 0.1310 0.0747 

wR2
b(all data) 0.1680 0.1271 0.1639 0.1696 0.2680 0.1671 

aR1 = ∑||Fo| − |Fc||/∑|Fo|. bwR2 = [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2; w = 1/σ2(|Fo|). cGoodness of fit: GOF = [∑w(Fo

2−Fc
2)2/(n − p)]1/2, where n is the number of 

reflections and p is the number of parameters 

 
 5 

Table 2 Selected bond lengths [Å] and angles [deg°] for 1-6. 

1 2 3 
C1-Fe1 1.934(5) C1-Fe1 1.948(4) C1-Fe1 1.979(5) 
C2-Fe1 1.955(5) C2-Fe1 1.952(4) C2-Fe1 1.949(6) 
C3-Fe1 1.949(6) C3-Fe1 1.954(4) C3-Fe1 1.972(5) 
Fe1-N5 1.872(5) Fe1-N5 1.880(3) Fe1-N5 1.889(4) 
Fe1-N6 1.960(4) Fe1-N4 1.955(2) Fe1-N6 1.960(4) 
Fe1-N4 1.976(4) Fe1-N6 1.973(2) Fe1-N4 1.986(4) 
Mn1-O2 1.872(4) Mn1-O2 1.874(2) Mn1-O2 1.886(4) 
Mn1-O3 1.881(4) Mn1-O1 1.883(2) Mn1-O3 1.895(5) 
Mn1-N9 1.964(6) Mn1-N7 1.978(3) Mn1-N8 1.984(4) 
Mn1-N8 1.983(6) Mn1-N8 1.990(3) Mn1-N7 1.992(5) 
Mn1-O6 2.242(4) Mn1-N1 2.264(3) Mn1-N1 2.271(5) 
Mn1-N1 2.270(5) Mn1-O6 2.252(2) Mn1-O6 2.286(4) 

N1-C1-Fe1 176.3(5) N1-C1-Fe1 176.9(3) N1-C1-Fe1 178.0(4) 
N2-C2-Fe1 177.1(6) N2-C2-Fe1 178.1(4) N2-C2-Fe1 175.6(4) 
N3-C3-Fe1 178.8(5) N3-C3-Fe1 176.3(4) N3-C3-Fe1 178.0(5) 
C1-N1-Mn1 159.3(5) C1-N1-Mn1 157.0(3) C1-N1-Mn1 164.1(5) 

4 5 6 
C1-Fe1 1.938(3) C1-Fe1 1.952(9) C1-Fe1 1.944(5) 
C2-Fe1 1.953(3) C2-Fe1 1.928(9) C2-Fe1 1.944(5) 
C3-Fe1 1.957(3) C3-Fe1 1.946(9) C3-Fe1 1.956(5) 
Fe1-N5 1.884(3) Fe1-N5 1.890(7) Fe1-N5 1.882(4) 
Fe1-N6 1.986(3) Fe1-N6 1.979(7) Fe1-N4 1.985(4) 
Fe1-N4 2.016(3) Fe1-N4 2.019(7) Fe1-N6 2.027(4) 
Mn1-O3 1.867(2) Mn1-O2 1.854(5) Mn1-O2 1.876(3) 
Mn1-O2 1.871(2) Mn1-O3 1.858(5) Mn1-O3 1.881(3) 
Mn1-N7 1.981(2) Mn1-N7 1.984(6) Mn1-N8 1.966(5) 
Mn1-N8 1.990(2) Mn1-N8 1.984(6) Mn1-N7 1.976(5) 
Mn1-O4 2.277(6) Mn1-N1 2.242(7) Mn1-N1 2.268(4) 
Mn1-N1 2.263(3) Mn1-O4 2.340(7) Mn1-O4 2.281(3) 

N1-C1-Fe1 175.3(3) N1-C1-Fe1 176.7(7) N1-C1-Fe1 175.3(4) 
N2-C2-Fe1 178.9(3) N3-C2-Fe1 178.7(9) N2-C2-Fe1 178.3(4) 
N3-C3-Fe1 178.7(3) N2-C3-Fe1 179.2(9) N3-C3-Fe1 175.4(5) 
C1-N1-Mn1 149.0(2) C1-N1-Mn1 152.7(6) C1-N1-Mn1 165.2(4) 
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3422(s), 2121(m), 1626(s), 1542(m), 1503(w), 1460(m), 
1436(m), 1382(m), 1342(m), 1281(s), 1220(m), 802(w), 720(m).  

[MnIII(3,5-(t-Bu)2 -salpn)(H2O)][FeIII(qcq)(CN)3]·3H2O (5). 
Using the same synthetic procedure as complex 4, complex 5 was 
obtained as black block crystals by replacing [MnIII(3,5-(t-Bu)2-5 

salen)(H2O)]ClO4 with [MnIII(3,5-(t-Bu)2-salpn)(H2O)]ClO4. 
Anal. found: C, 62.12; H, 6.32; N, 11.05%. Calcd for 
C55H68FeMnN8O7: C, 62.09; H, 6.44; N, 10.53%. IR: νmax/cm–1 
3424(s), 2121(m), 1625(s), 1542(m), 1503(w), 1462(m), 
1438(m), 1382(m), 1342(m), 1280(s), 1220(m), 802(w), 722(m).  10 

[MnIII(3-CH3CH2O-

salpn)(H2O)][FeIII(qcq)(CN)3]·CH3OH·2CH3CN (6). A 
methanol solution (10 mL) of PPh4[FeIII(qcq)(CN)3]·H2O (0.1 
mmol) was slowly added to an acetonitrile solution (10 mL) of 
[MnIII(3-CH3CH2O-salpn)(H2O)]ClO4 (0.1 mmol). Then, one 15 

drop of triethylamine was added into the mixture. Slow 
evaporation of the resulting solution in dark at room temperature 
yielded black block crystals of complex 6 in two weeks, which 
were washed with methanol and acetonitrile, respectively, and 
dried in air. Anal. found: C, 58.36; H, 4.85; N, 14.30%. Calcd for 20 

C48H48FeMnN10O7: C, 58.37; H, 4.90; N, 14.18%. IR: νmax/cm–1 
3418(s), 2122(m), 1629(s), 1542(m), 1504(w), 1462(m), 
1436(m), 1382(m), 1344(m), 1283(s), 1222(m), 806(w), 722(m). 
 

Physical measurements 25 

Elemental analyses for C, H and N were carried out with a 
Perkin-Elmer 240C analyzer. Infrared (IR) spectra on KBr pellets 
were measured on a Nicolet FT-170SX spectrometer in the region 
from 4000 to 400 cm–1. Magnetic data of the microcrystalline 
samples were recorded on a Quantum Design SQUID 30 

magnetometer (MPMP-XL7). Direct current (dc) magnetic 
susceptibilities were measured in the temperature range of 1.8 - 
300 K using an applied magnetic field of 2 kOe. The field 
dependences of the magnetization were measured at 1.8 K in an 
applied field up to 70 kOe. Susceptibilities were corrected 35 

considering sample holder as the background and the diamagnetic 
contribution estimated from Pascal constants.60 
 

X-Ray crystallography 

The diffraction data collection were made at 173 K on a Bruker 40 

SMART APEX CCD area detector diffractometer equipped with 
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). 
Diffraction data analysis and reduction were performed with 
SMART, SAINT and XPREP.61 All the structures were solved by 
direct methods and refined by a full-matrix least-squares method 45 

based on F2 using the SHELXL crystallographic software 
package.62 All the non-hydrogen atoms were refined 
anisotropically except for C39, C40, N10 in complex 1, O4, C55 
in 4 and C32, C33, C34, C48, O7 in complex 6. These atoms are 
refined isotropically because of the disorder of them. All 50 

hydrogen atoms (except those of the water-H atoms) were 
included in calculated positions and refined with isotropic 
thermal parameters derived from the parent atoms. H atoms found 
on water molecules were located from the residual peaks and 
included in the refinement with isotropic thermal parameters 55 

derived from the water-O atoms. The water-H atoms of O4-O7 in 
5 were not found. For complexes 2 and 6, the group of 1, 2-

diaminocyclohexane is slightly disordered and split into two sites. 
Besides, the atoms of O5, C36 in 3, O4, C55 in 4 are also 
disordered and split into two sites. For complexes 1, 5 and 6, the 60 

non-integer number of atoms in the unit cell is the result of free 
variable refinement with partial occupancy for some highly 
disordered solvent molecules. However, these missing atoms 
(further confirmed by elemental analyses and magnetic 
measurements) are included in the structural formulas and so 65 

there are slightly differences between the reported formulas and 
the calculated ones. It should be mentioned that the crystal 
quality of 3 and 5 is not very satisfactory though the data was 
collected again and again at low temperature. The relatively poor 
crystal quality should be responsible for the low completeness for 70 

3 and large R value for 5. Also because of this reason, no solvent 
molecules could be detected in solvent accessible voids in 3, and 
no satisfactory treatment could be appropriately done for the 
highly disordered water molecules (abnormal distorted thermal 
ellipsoids such as O5 and O7) in 5.  Crystallographic data for 1-6 75 

are summarized in Table 1. CCDC: 1012518-1012523 for 1-6 
contains the supplementary crystallographic data, which are 
available free of charge from The Cambridge Crystallographic 
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Results and discussion 80 

Syntheses and characterization 
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Scheme 2 Schematic representation of self-assembly processes for 
complexes 1-6 85 

All the complexes were synthesized by the self-assembly of 
[MnIII(Schiff-base)]+ cations and [FeIII(L)(CN)3]

– anions (L = 
mpzcq, qcq), as illustrated in scheme 2. The precursors of 
[MnIII(Schiff-base)(H2O)]ClO4 and PPh4[FeIII(L)(CN)3]·H2O are 
insoluble in water, but they are soluble in organic solvents such 90 

as the methanol and acetonitrile. In contrast, the precursor of 
K[FeIII(L)(CN)3]·H2O is insoluble in organic solvents but could 
be well dissolved in aqueous solution. The different solvent  
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Fig. 1 ORTEP (30%) drawing of molecular units for 1 (a), 2 (b) and 3(c) with selected atom-labeling schemes. (Hydrogen atoms and crystallized solvent 
molecules are omitted for clarity) 

                5 

 
Fig. 2 ORTEP (30%) drawing of molecular units for 4 (a), 5 (b) and 6(c) with selected atom-labeling schemes. (Hydrogen atoms and crystallized solvent 
molecules are omitted for clarity) 

 

Mirror image structures 

Mirror image structures 

Rotation around CN bridge 
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preferences of these reaction precursors facilitate us to tune the 
solvent polarity and the ratio of the mixed solvents so that the 
reaction process could be affected. Nevertheless, it is still 
insufficient to just change the reaction solvents, auxiliary 
reagents need to be introduced into the reaction systems to affect 5 

the self-assembly process. In this work, the triethylamine or 
lanthanide metal nitrate salts were added into the reaction 
mixtures because we firstly intended to construct new type of 3d-
4f magnetic systems. Unfortunately, these additives failed to 
produce the expected complexes but do exert an influence on the 10 

structures of final products. Obviously, the structures of the 
formed complexes are simple function of neither the reaction 
precursors nor solvents nor auxiliary reagents but together these 
reaction variables induce the subtle change of the final structures. 
IR spectra of 1-6 all display absorption peaks at around 2120 cm–

15 
1, which are characteristic absorption bands expected for cyanide 
groups.63 The absorption bands at 1620-1630 cm–1 and 1400-
1600–1 could be assigned to stretching vibrations of N=C and 
benzene ring on the ligands of Schiff bases and/or the qcq/mpzcq. 
 20 

Crystal structures 

The selected bond lengths and angles of complexes 1-6 are 
listed in Table 2. The molecular asymmetric units of these 
complexes are shown in Fig. 1 and Fig. 2. The extended 
structures of these complexes are all depicted in Fig. S1-S4 in the 25 

Electronic Supplementary Information (ESI). 
  Complexes 1-6 are all cyano-bridged dinuclear MnIII-NC-FeIII 
structures, which are also comparable to the previously reported 
complexes derived from other MnIII(Schiff base) and 
tricyanidoferrate building blocks.45,53,55,56 However, these 30 

complexes show a gradual change in molecular geometries such 
as the rotation of the subunits, the coordination mode of 
tricyanidoferrate building blocks and the bond lengths and angles. 
Indeed, these molecular geometries have their influence on 
magnetic orbital overlapping and then affect the magnetic 35 

exchanges mechanism of MnIII-NC-FeIII systems.34 All the six 
complexes crystallize in the space groups of P 21/n except for 3, 

which has the space group of P-1. In their molecular units as 
shown in Fig. 1 and Fig. 2, the MnIII(Schiff base) cations are 
axially coordinated by mer-[FeIII(L)(CN)3]

¯ anions via a single 40 

cyanide (CN) bridge, leading to the formation of dinuclear MnIII-
NC-FeIII entities. For the moiety of MnIII(Schiff base) cations, 
salen/salpn adopts a quasi-planar chelate mode35 to coordinate to 
center MnIII ion defining the equatorial plane, leaving one axial 
position occupied by N atom from cyanide group of mer-45 

[FeIII(L)(CN)3]
¯ and the other site capped by water or methanol 

molecules. The coordination environment of MnIII center could 
be described as a typical elongated octahedron because the axial 
Mn-N/O bond lengths [2.242(4)-2.340(7)Ǻ] are significantly 
longer than the equatorial Mn-N/O distances [1.854(5)-50 

1.992(5)Ǻ], revealing the characteristic Jahn−Teller effect of 
MnIII ions. The Mn-N-C angles of the cyanide bridges in these 
complexes deviate significantly from linearity with values 
ranging from 149.0(2) to 165.2(4)°. 

For the [FeIII(L)(CN)3]
¯ unit, one cyanide group acts as bridge 55 

ligand with other two terminal. The Fe center also adopts 
distorted octahedral coordination environment (three C atoms 
from cyanide groups and three N atoms from L) with the Fe-C 

and Fe-N bond length ranges of 1.928(9)-1.979(5) Ǻ and 
1.872(5)- 2.027(4) Ǻ, respectively. In all these complexes, the 60 

bond distances of Fe-Namide (1.872(5)-1.890(7) Ǻ) are shorter than 
those of Fe-Naromatic rings (1.960(4)-2.027(4) Ǻ), which reveals the 
σ-donor effect of the deprotonated amide for [FeIII(L)(CN)3]

¯ 
unit.56 As expected, the Fe-C≡N angles of these complexes are 
within a narrow range from 175.3(4) to 179.2(9)°, indicating the 65 

three atoms are in good linear configuration. 
From the above descriptions, complexes 1-6 do show quite 

similar subunits of MnIII(Schiff base) and the [FeIII(L)(CN)3]
¯ 

though the functional groups on salen-type ligands or L are 
different. However, the self-assembly of such two structural 70 

subunits could produce always variable molecular geometries that 
are dependent on the steric effect, electron effect as well as the 
reaction conditions. As shown in Fig. 1 and Fig. 2, the 
asymmetric unit of MnIII-NC-FeIII dinuclear molecules of 1 and 4 
are nearly the mirror image structures of 2 and 5, respectively. 75 

Interestingly, the structural subunits of MnIII(Schiff base) and 
[FeIII(L)(CN)3]

– could undergo rotation around the cyanide 
bridges and lead to the formation of complex 3. Because of this 
type of structural rotation, the molecular geometrical parameters 
of 3 are significantly different from 1 and 2. For example, the 80 

dihedral angles of plane 1 (created through atoms of Fe1, C1, C2 
and C3) and plane 2 (created through atoms of Mn1, N1, O6 and 
C30) in complexes 1 and 2 are in the narrow range from 12.5-
14.9°, while the value for 3 is 60.1°. Besides, the critical Mn1-
N1-C1 angles of the cyanide bridge (164.1°) as well as the torsion 85 

angle of Mn1-N1-C1-Fe1 (113.6°) in complex 3 are also quite 
different from those found for 1 (159.3°, 27.1°) and 2 (157.0°, 
31.1°). The somewhat longer Fe-C1/C3 distances for 3 (1.979(5), 
1.972(5) Ǻ) could be also ascribed to such structural rotation 
which produce additional steric effect. Notably, there are two 90 

types of local arrangements for MnIII(Schiff base) and 
[FeIII(L)(CN)3]

¯ involved in the molecular units of 1-6. For 1-3, 
the molecular plane of [FeIII(L)(CN)3]

¯(created through atoms of 
N4, N5, N6) is approximately parallel to the equatorial plane of 
MnIII(Schiff base) (dihedral angles: 15.9 - 22.0°) with the two 95 

terminal cyanide groups presented in cis-mode. In contrast, the 
two planes in 4-6 are found to be nearly perpendicular to each 
other (dihedral angles: 67.2-70.7°) and the two terminal cyanide 
groups are arranged in trans-mode. To our knowledge, the second 
type coordination mode shown by 4-6 is quite rare for the 100 

dinulcear complexes derived from MnIII(Schiff base) and mer-
tricyanidoferrate building blocks.45,53,55,56 

For the intermolecular contacts, the 3-CH3O or 3-CH3CH2O 
groups on salen-type ligands in complexes 1-3 and 6 induce the 
formation of supramolecular FeMn…MnFe dimers via hydrogen 105 

bond interactions, as shown in Fig. S1. Then, the formed Fe2Mn2 
dimers further weakly contact with each other via the π-π 
stacking between adjacent aromatic ring on [FeIII(L)(CN)3]

¯, 
finally leading to the 1-D supramolecular chain structures (Fig. 
S2). It is worth noting that the formed supramolecular MnIIIFeIII 110 

chains stack parallel to each other in 1-3 while they arrange as 
intersect fashions in 6, as shown in Fig. S3. For complexes 4 and 
5, the extended structures (Fig. S4) are quite different from 1-3 
and 6. Because the t-Bu groups on salen-type ligands could not be 
efficiently involved in hydrogen bonding interactions, the 115 

MnFe…FeMn dimers generated by π-π interactions (Fig. S1) are 
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actually well isolated from each other. Interestingly, complexes 4 
and 5 show typical channels along c axis which accommodate 
guest solvent molecules. 

Magnetic properties 

Temperature dependence of the direct-current (dc) magnetic 5 

susceptibility data of 1-6 were collected at 2 kOe in the 
temperature range of 1.8-300 K, as shown in Fig. 3. 
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Fig. 3 (a) Temperature dependence of χMT and χM  for 1-6 measured at 2 10 

kOe; (b) Field dependence of the magnetization for 1-6 measured at 1.8 K 
(The solid lines represent the best simulations to the models described in 
the text; The line marked with AF Brillouin curve represents the 
antiferromagnetic coupled dinuclear MnIIIFeIII) 

At 300 K, the χMT values of 1-6 per MnIIIFeIII were all 15 

determined to be in the narrow region of 3.5-3.6 cm3 K mol−1(Fig. 
3a), which correspond to the spin-only value of 3.4 cm3 K mol–1 
expected for a magnetically diluted spin system (one sFe = 1/2, 
one SMn = 2) assuming g = 2. Upon cooling, the χMT values of the 
1 and 2 remain almost constant in the high temperature region but 20 

show a dramatic decrease in the low temperature region until 
reaching 0.5 cm3 K mol−1 at 1.8 K. For 3 and 6, they undergo a 
gradual increase as the temperature is lowered and reach the 
maximum values of 3.7-3.8 cm3 K mol–1 at around 30 K. Below 
this temperature, a downturn of χMT values to 0.5-0.6 cm3 K mol–

25 
1 at 1.8K occurs. Different from 3 and 6, complexes 4 and 5 show 
quite different magnetic thermal behaviors in which the χMT 
values continuously decrease upon cooling until reach the 
minimum value of 1.0 cm3 K mol−1 at 1.8 K. The χM vs T curves 
of 1-6 are also plotted, as shown in the inset of Fig. 3a. For 1-3 30 

and 6, obvious peaks are detected at about 5 K, while they are 

nearly invisible for 4 and 5. The field-dependent magnetizations 
of 1-6 were measured at 1.8 K, as shown in Fig. 3b. The 
magnetizations of 1-3 and 6 increase with the increase of the dc 
field and reach 4.7-4.8 NµB at 70 kOe. However, The M-H curves 35 

show typical field dependence “S” shape and the high field values 
are significantly higher than the theoretical values of 3.0 NµB 
expected for antiferromagnetic coupled dinuclear FeIIIMnIII units. 
In contrast, the magnetizations of 4 and 5 continuously increase 
with the increase of the dc field but no “S” shape of M-H curves 40 

were detected. Besides, the saturated values of 4 and 5 (2.5-3 

NµB) are pretty smaller than those of 1-3 and 6, but match to the 
Brillouin curve for antiferromagnetic coupled dinuclear MnIIIFeIII 
system, indicating the magnetic exchanges mechanism of 4 and 5 
might be different from 1-3 and 6.  45 

 
Fe MnMn Fe

J J’ J
Fe Mn

J

Dinuclear MnIII-FeIII model Tetranuclear FeIII-MnIII…MnIII-FeIII model

a) b)

 
Scheme 4 The magnetic model used for complexes 1-6 

Table 3 The magnetic fit parameters for complexes 1-6 

 Fitting parameters 

Complexes J/cm–1 J′/cm–1 D/cm–1 g 

1 3.2 -0.65 -1.8 2.0 
2 2.8 -0.5 -1.9 2.0 
3 3.7 -0.5 -2.0 2.0 
4 -3.0 - -2.1 2.0 
5 -2.1 - -1.8 2.0 
6 4.2 -0.4 -1.9 2.0 

 50 

  To probe the magnetic coupling constants of these systems, a 
simple dinuclear MnIII-FeIII model 60 (Scheme 4a) was used to 
describe their magnetism. Based on spin Hamiltonian: H = –2J 
(SMn·sFe) + DMnSz

2
,Mn (J represents the intramolecular MnIII … 

FeIII interactions, DMn represents the zero field split effect of MnIII 55 

ions), the data of 1-6 in the whole temperature region was 
simulated using Magpack program.64-66 Unfortunately, only 4 and 
5 gave the acceptable parameters, which are listed in Table 3. The 
susceptibility and magnetization data of 1-3 and 6 in particular 
for the data in low temperature region were poorly simulated 60 

without satisfactory match of the experimental data and the 
simulated ones. From the crystal structures, the supramolecular 
FeMn…MnFe dimers are generated via hydrogen bond 
interactions. Therefore, the MnIII…MnIII interactions could not be 
safely neglected and complexes 1-3 and 6 should be considered 65 

as tetranuclear entities,53 FeIII-MnIII…MnIII-FeIII, in which the 
magnetic couplings of MnIII … FeIII and MnIII … MnIII pathways 
are defined as J and J′, respectively (Scheme 4b). Based on the 
spin Hamiltonian: H = –2J (SMn1·sFe1+ SMn1·sFe2) –2J′SMn1·SMn2 + 

DMn(Sz
2

,Mn1+Sz
2

,Mn2), Magpack program was again employed to 70 

simulate the data, and the best match in the whole temperature 
range gave the parameters which are listed in Table 3. The 
obtained parameters are reasonable for FeIII-CN-MnIII systems 
and also comparable to those values reported for analogous 
complexes.34,45,53,55,56 Notably, the S-shaped M-H curves of 1-3 75 

and 6 could be well reproduced by the simulation data based on 
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the set of obtained parameters, further indicating the importance 
of the MnIII…MnIII interactions for the final magnetic properties.  
 
Discussions  

It is well known the FeIII-CN-MnIII systems could be either ferro- 5 

or antiferromagnetically coupled.34,40 Unfortunately, very clear 
magneto-structural correlation in this type of systems that include 
all the reported results are not available so far, indicating the 
magnetic interactions are not a simple function of any single 
structural parameter but together these variables that determine 10 

the interactions to be antiferromagnetic or ferromagnetic. 
However, the magneto-structural correlation for the six dinuclear 
FeIII-CN-MnIII complexes of 1-6 in this work seems to be possible 
to be clarified considering their structures and magnetic 
properties. From the structural point of view, there are several 15 

critical factors that are most important to the final magnetic 
behaviors: (1) the molecular orbital describing the unpaired 
electron in low-spin FeIII center (electronic configuration t2g

5
eg

0); 
(2) the angle of Mn-N-Ccyanide (θ) involving the cyanide group 
that connects the MnIII and FeIII centers; (3) the intermolecular 20 

short contacts that mediated via hydrogen bonds or π-π 
interactions. For the magnetic orbital of low-spin FeIII center, it is 
highly dependent on the local coordination environment. From 
previous relevant studies,34 the magnetic orbital of mer-
[FeIII(L)(CN)3]

– corresponds to dxz type (z axis is defined as the 25 

bridging cyanide direction), whose orthogonality with the dz
2 

orbital on MnIII centers can be lost as the bending of the Mn-N-
Ccyanide increases, leading to magnetic coupling type from ferro- 
to antiferromagnetic. The angles of Mn-N-Ccyanide in 1-6 are given 
in Fig. 4 together with the corresponding coupling constants 30 

obtained from the magnetic analysis. From the diagram, it is 
indeed revealed that the coupling constants for 1-6 are highly 
dependent on the Mn-N-Ccyanide angles, in which bent Mn-NC-Fe 
linkages prefer to antiferromagnetic coupling while more linear 
ones are in favor of ferromagnetic nature. It is worth noting that 35 

such a Mn-N-Ccyanide angle dependent rule is also suitable for 
other FeIII-CN-MnIII complexes reported in the literatures40. 

Another important factor, as motioned above, would be the 
intermolecular short contacts involved in the systems. The X-ray 
crystal diffraction reveals that the FeIII-CN-MnIII dinuclear units 40 

in 1-3 and 6 are strongly dimerized via hydrogen bond 
interactions between two neighboring MnIII ions while those are 
insignificant in 4 and 5. Consequently, the magnetic behaviors 
shown by 1-3 and 6 are actually contributed by both the 
ferromagnetic FeIII…MnIII couplings (J) and antiferromagnetic 45 

MnIII…MnIII interactions (J′). To gain insight into such 
mechanism, we performed the theoretical simulations of M-H 
curves of supramolecular FeMn…MnFe dimers using continuous 
changing set of parameters, as shown in Fig. 5. From the 
theoretical curves, the S-shape of the M-H curves is highly 50 

dependent on the weak antiferromagnetic MnIII…MnIII 
interactions (J′) but independent on the ferromagnetic FeIII…MnIII 
couplings (J), indicating that the field induced metamagnetic 
behaviors of 1-3 and 6 (S-shape M-H curves) actually originated 
from the interdimer MnIII…MnIII interactions. When such 55 

MnIII…MnIII interactions are significantly weakened by replacing 
the 3-CH3O or 3-CH3CH2O with t-Bu groups, the S-shape feature 
of M-H curves disappeared, as shown by complexes 4 and 5. 
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Fig. 4 The relationship of Mn-N-Ccyanide angles and the coupling constants 60 

for 1-6. (The solid black line is guide line) 
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Fig. 5 The theoretical simulation of M-H curves of supramolecular 
FeMn…MnFe dimers with continuous changing set of parameters 65 

It is worth noting that the models devised for analyzing the 
magnetic properties of 1-6 are still somewhat rough because 
some other weak contacts such as the π-π interactions are not 
taken into account. But considering that the spin values of FeIII 
ions involved in the weak π-π stacking are actually very small 70 

and the Fe…Fe distances are very large (larger than 8.7 Ǻ), the 
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magnetic contributions from π-π interactions could be safely 
neglected in these complicated magnetic systems. 

Conclusions 

In summary, six new cyano-bridged dinuclear MnIII-NC-FeIII 
complexes (1-6) derived from MnIII(Schiff base) and mer-5 

[FeIII(L)(CN)3]
– have been synthesized, structurally characterized 

and magnetically studied. Notably, these complexes show subtle 
changes in molecular geometric parameters and structures, which 
are proved to be important for their final magnetic properties. 
From the analysis of magneto-structural correlation, it is found 10 

that the intramolecular coupling nature of FeIII-CN-MnIII is 
dependent on the overlap of magnetic orbitals of FeIII and MnIII, 
which are revealed to be highly relevant to the Mn-N-Ccyanide 
angles. Moreover, the mechanism of the field induced 
metamagnetic behaviors of these complexes was clarified from 15 

the point of structures by comparing the experimental data with 
the theoretical simulations. The next important work is to 
investigate how to optimize these geometric parameters to 
enhance the coupling interactions as well as the magnetic 
anisotropy, the related work is under way in our group 20 
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