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Four paramagnetic cyanido-bridged 1-D heteronuclear zigzag chain complexes composed of MII–
CN–MnIII (M = Fe, Ru, Os) were synthesized and fully characterized. The IR, electronic absorption
spectral, electrochemical and magnetic properties of the complexes are discussed.

A family of paramagnetic cyanido-bridged 1-D heteronuclear zigzag chain isostructural complexes,
[cis-M(bpy)2(CN)2Mn(salen)](PF6) (M = Fe, 1; M = Ru, 2; M = Os, 3; bpy = 2,2′-bipyridine, sa-
len = N,N′-ethylenebis(salicylideneaminato)dianion) and [cis-Os(bpy)2(CN)2Mn(salcy)](PF6) (4)
(salcy = N,N′-(1,2-cyclohexanediylethylene) bis(salicylideneiminato)dianion), were synthesized by
the reaction of diamagnetic precursors cis-M(bpy)2(CN)2 (M = Fe, Ru, Os) with paramagnetic Mn
(III) Schiff bases, respectively. All these complexes were fully characterized by IR, MS, elemental
analysis, and single-crystal X-ray diffraction. Electronic absorption spectral and electrochemical
properties of 1–4 have also been measured. The temperature dependence of magnetic susceptibilities
suggests that magnetic interactions in 1–4 are very weak and can be considered to have disappeared.

Keywords: Diamagnetic cyanido bridge; Mn-Schiff base; Osmium(II); Ruthenium(II); Iron(II)

*Corresponding author. Email: tsheng@fjirsm.ac.cn

© 2014 Taylor & Francis

Journal of Coordination Chemistry, 2015
Vol. 68, No. 1, 55–70, http://dx.doi.org/10.1080/00958972.2014.981537

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
32

 2
8 

D
ec

em
be

r 
20

15
 

mailto:tsheng@fjirsm.ac.cn
http://dx.doi.org/10.1080/00958972.2014.981537


1. Introduction

Numerous cyanide-bridged paramagnetic complexes have been synthesized and investigated
for their various structures and magnetic functionalities such as room temperature magnets
[1], single-molecule magnets (SMMs) [2], single-chain magnets (SCMs) [3], spin crossover
(SCO) materials [4], and photo-magnetic materials [5]. Much effort in this field has been
devoted to the study of the cyanide-bridged compounds in which paramagnetic metal ions
are directly bridged by CN− [6]. The magnetic chemistry of those polynuclear compounds
with diamagnetic cyanide separating two magnetic centers has been paid much less atten-
tion. To date, only a few such examples have been reported [7].

Mn(III) complexes with N2O2 Schiff bases have strong uniaxial magnetic anisotropy cre-
ated by the Jahn-Teller effect in an octahedral ligand field [8]. Hence, Mn-Schiff bases are
good precursors in constructing cyanido-bridged magnetic materials [9]. Mn-Schiff bases
maintain two accessible sites for incoming N- or O-donors in trans-positions. Thus, it
would be reasonable to combine the blocked molecular precursors and the Mn-Schiff bases
in pursuit of low-dimensional anisotropic molecular materials [10].

Recently, our group has investigated polynuclear compounds with a bridging diamagnetic
cyanidometal ligand [11]. We have found that distant magnetic couplings across the dia-
magnetic cyanidometal centers are related to the configuration of the central metal [11b].
For example, cis-[Cp(dppe)FeIII(μ-CN)RuII(bpy)2(μ-CN)Fe

III(dppe)Cp][PF6]4 (dppe = 1,2-
bis(diphenylphosphino ethane) is anti-ferromagnetic and trans-[Cp(dppe)FeIII(μ-CN)
RuII(bpy)2(μ-CN)Fe

III(dppe)Cp][PF6]4 is ferromagnetic. In our previous reported com-
pounds, the cyanide N-bonding metals are low spin. Furthermore, we would like to investi-
gate magnetic coupling when the paramagnetic cyanide N-bonding metals are high spin. In
this article, we report the syntheses, crystal structures, electronic absorption spectroscopy,
electrochemical and magnetic properties of four new 1-D diamagnetic cyanido-bridged het-
eronuclear zigzag chain complexes [cis-M(bpy)2(CN)2Mn(salen)](PF6) (M = Fe, 1; M = Ru,
2; M = Os, 3) and [cis-Os(bpy)2(CN)2Mn(salcy)](PF6) (4).

2. Experimental

2.1. Physical measurements

Elemental analyses (C, H, N) were carried out on a Vario MICRO elemental analyzer. Mass
spectra (MS) were collected on DECAX-30000 LCQ Deca XP ion trap mass spectrometry
using DMF (N,N-dimethylformamide) as the mobile phase. Infrared (IR) spectra were
recorded on a Perkin–Elmer Spectrum One FT-IR spectrometer using KBr pellets. UV–vis
spectra were measured on a PerkinElmer Lambda 900 UV–vis–NIR spectrophotometer.
Electrochemical measurements were performed under argon using V3-Studio in acetonitrile
solutions containing 0.1 M (Bu4 N)(PF6) as a supporting electrolyte at a scan rate of
100 mV s−1. Glassy graphite and platinum were used as working and counter electrodes,
respectively, and the potentials were measured against a 3 M Ag/AgCl reference electrode.
The magnetic susceptibilities of the crystalline samples were measured with a Magnetic
Property Measurement System (MPMS) SQUID-XL under an applied magnetic field of
1000 Oe from 2 to 300 K. Diamagnetic corrections for 1–4 were made using Pascal’s
constants.
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2.2. Materials and syntheses

All manipulations were performed under argon with the use of standard Schlenk techniques
unless otherwise depicted. Dichloromethane and acetonitrile were dried by distillation over
calcium hydride under argon. Methanol was dried by distillation over magnesium. DMF
was dried by distillation over MgSO4 cis-Fe(bpy)2(CN)2⋅3H2O [12], cis-Ru
(bpy)2(CN)2⋅2H2O [13], cis-Os(bpy)2(CN)2⋅2H2O [14], [Mn(salen)(H2O)2](ClO4) [15], and
[Mn(salcy)(H2O)2](ClO4) [16] were prepared according to the literature procedures. All
other reagents were available commercially and used without purification.

2.3. Synthesis of [cis-Fe(bpy)2(CN)2Mn(salen)][PF6] (1)

To a 25 ml methanol solution of cis-Fe(bpy)2(CN)2⋅3H2O (100 mg, 0.211 mM), 1.1 equiv of
[Mn(salen)](ClO4)⋅2H2O (106 mg, 0.232 mM) was added at room temperature. The reaction
mixture was heated to 60 °C and stirred under argon for 6 h, resulting in a purple solution.
NH4PF6 (37.8 mg, 0.232 mM) was then added to the above reaction solution. A red precipi-
tate appeared immediately and was collected. Deep red crystals (97.1 mg, 52%) of 1 suitable
for X-ray diffraction were obtained by slowly diffusing diethyl-ether into the DMF solution
of the red-purple precipitate at room temperature. Anal. Calcd for FeMnC38H30N8O2PF6: C,
51.49; H, 3.41; N, 12.64%. Found: C, 51.43; H, 3.65; N, 12.64%. IR (KBr pellet, cm−1):
2087 (CN), 2071(CN). UV–vis (CH3CN), λmax, nm (ε, dm3 M cm−1): 382 (10,238), 567
(5557). MS, m/z: 321.6 [Mn(salen)]+, 443.3[Fe(bpy)2(CN)2 + Na]+, 741.0 [1-PF6]

+.

2.4. Synthesis of [cis-Ru(bpy)2(CN)2Mn(salen)][PF6] (2)

The preparation of 2 was similar to that described above for 1, only cis-Fe
(bpy)2(CN)2⋅3H2O (100 mg, 0.211 mM) was replaced by cis-Ru(bpy)2(CN)2⋅2H2O
(100 mg, 0.199 mM). Yield yellow crystals (98.5 mg, 53%). Anal. Calcd for RuMnC38H30-
N8O2PF6: C, 48.99; H, 3.25; N, 12.03%. Found: C, 48.74; H, 3.69; N, 12.10%. IR (KBr
pellet, cm−1): 2085 (CN), 2059 (CN). UV–vis (CH3CN), λmax, nm (ε, dm3 M cm−1): 341
(13,837), 412 (8518), 466 (9417). MS, m/z: 321.6 [Mn(salen)]+, 488.1 [Ru
(bpy)2(CN)2 + Na]+, 787.1 [2-PF6]

+.

2.5. Synthesis of [cis-Os(bpy)2(CN)2Mn(salen)][PF6] (3)

The preparation of 3 was similar to that described above for 1, only cis-Fe
(bpy)2(CN)2⋅3H2O (100 mg, 0.211 mM) was replaced by cis-Os(bpy)2(CN)2⋅2H2O
(100 mg, 0.169 mM). Yield brown crystals (77.8 mg, 45%). Anal. Calcd for Os-
MnC38H30N8O2PF6: C, 44.71; H, 2.96; N, 10.98%. Found: C, 44.13; H, 3.19; N, 10.96%.
IR (KBr pellet, cm−1): 2073 (CN), 2040 (CN). UV–vis (CH3CN), λmax, nm (ε,
dm3 M cm−1): 326 (15,413), 471 (10,540). MS, m/z: 321.6 [Mn(salen)]+, 556.3 [Os
(bpy)2(CN)2 + H]+, 875.1 [3-PF6]

+.

2.6. Synthesis of [cis-Os(bpy)2(CN)2Mn(salcy)][PF6] (4)

The preparation of 4 was similar to that described above for 3, only [Mn(salen)(H2O)2](ClO4)
was replaced by [Mn(salcy)(H2O)2](ClO4). Yield black brown crystals (63.7 mg, 35%). Anal.
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Calcd for OsMnC42H36N8O2PF6: C, 46.93; H, 3.38; N, 10.42%. Found: C, 46.30; H, 3.29; N,
10.57%. IR (KBr pellet, cm−1): 2031 (CN), 2062 (CN). UV–vis (CH3CN), λmax, nm
(ε, dm3 M cm−1): 403 (20,343), 453 (14,953), 511 (13,251), 676(3062). MS, m/z: 375.5 [Mn
(salcy)]+, 577.3 [Os(bpy)2(CN)2 + Na]+, 929.3 [4-PF6]

+.

2.7. Crystallographic data and structure determination

The single-crystal data of 1–4 were collected on Saturn724 + CCD diffractometers equipped
with graphite-monochromated Mo-Kα (λ = 0.71073 Å) radiation using an ω scan mode at
123 K. The structures were solved by direct methods and refined using SHELXL-97 pro-
gram suite [17]. Hydrogens were calculated geometrically and refined using a riding model.
Anisotropic thermal parameters were used for the non-hydrogen atoms, and isotropic
parameters were used for hydrogens. All non-hydrogen atoms were refined by full-matrix
least-squares on F2. The R values are defined as R1 = Σ||Fo| − |Fc||/Σ|Fo| and ωR2 =
[Σ[ω(Fo

2− Fc
2)2]/Σ[ω(Fo

2)2]]1/2. The detailed crystal data for 1–4 are summarized in table
1, and selected bond lengths and angles for 1–4 are presented in table 2.

3. Results and discussion

3.1. Synthesis and characterization

Reaction of Mn(III) Schiff bases with cis-dicyanide precursors cis-M(bpy)2(CN)2 (M = Fe,
Ru, Os), respectively, in the presence of NH4PF6 in CH3OH yielded 1-D heteronuclear zigzag
chain complexes [cis-M(bpy)2(CN)2Mn(salen)](PF6) (M = Fe, 1; M = Ru, 2; M = Os, 3) and
[cis-Os(bpy)2(CN)2Mn(salcy)][PF6] (4). By slow diffusion of Et2O into the DMF solution of
these complexes, brown red to brown black crystals of 1–4 were obtained which were suit-
able for single-crystal X-ray diffraction analysis. Complexes 1–4 were characterized by IR,
MS, elemental analysis, and single-crystal X-ray diffraction analysis. They are all air stable
in both the solid state and in solution at ambient temperature.

3.2. Description of the crystal structures of 1–4

Experimental crystallographic data for 1–4 are given in table 1, and selected bond lengths
and angles in table 2. The molecular structures of 1–3 are shown in figure 1, and the molec-
ular structure of 4 is shown in figure 2. Complexes 1–3 crystallized in a monoclinic C2/c
space group, while 4 crystallized in the rhombohedral R-3 space group.

In 1–4, each M(bpy)2(CN)2 unit is connected to two [MnIII(salen)]+ or [MnIII(salcy)]+

cations via CN groups in cis-conformation, and each [MnIII(salen)]+ or [MnIII(salcy)]+ cat-
ion linked to two M(bpy)2(CN)2 in trans-conformation, resulting in a zigzag chain structure
linked alternately by M(bpy)2(CN)2 and [MnIII(salen)]+ or [MnIII(salcy)]+. The central MII

is octahedral coordinated by four nitrogens from bpy ligands and two carbons from two
cyanide groups in a cis-configuration.

The bond lengths of C≡N vary from 1.143(5) to 1.170(5) Å for 1, 1.159(8) to 1.160(8)
Å for 3, and 1.170(13) to 1.174(13) Å for 4. The bond distances of M(II)-C(CN) increase
from 1.892(4) to 1.905(4) Å for 1, 1.970(6) to 1.975(6) Å for 3, and 1.969(11)–1.974(11)
Å for 4 due to increasing radii from Fe to Os. The bond lengths of Fe–N4 (1.994(3) Å) and
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Table 2. Selected bond lengths (Å) and angles (°) for 1–4.

1 2 3 4

M1–C1 1.905(4) 1.972(11) 1.975(6) 1.974(11)
M1–C2 1.892(4) 1.957(10) 1.970(6) 1.969(11)
M1–N3 1.974(4) 2.045(9) 2.065(6) 2.065(8)
M1–N4 1.994(3) 2.098(8) 2.107(5) 2.102(9)
M1–N5 2.002(3) 2.089(8) 2.117(5) 2.098(8)
M1–N6 1.967(4) 2.043(9) 2.069(6) 2.073(9)
Mn1–N1 2.261(3) 2.254(9) 2.245(5) 2.285(8)
Mn1–N2 2.254(3) 2.254(9) 2.232(6) 2.209(9)
C1–N1 1.143(5) 1.150(11) 1.159(8) 1.170(13)
C2–N2 1.170(5) 1.147(11) 1.160(8) 1.174(13)
C1–M1–C2 87.36(14) 87.4(4) 88.0(2) 91.7(4)
N1–C1–M1 176.1(3) 177.1(8) 176.9(5) 177.5(10)
N2–C2–M2 179.9(5) 178.6(10) 178.0(7) 177.8(7)
C1–N1–Mn1 158.1(3) 146.2(8) 145.7(5) 144.9(8)
C2–N2–Mn2 148.7(3) 158.7(8) 159.3(6) 159.4(9)
O1–Mn1–O2 94.97(11) 94.1(3) 94.26(19) 93.9(3)
N1–Mn1–N2 170.59(12) 172.1(3) 172.1(2) 172.2(3)
M1⋅⋅⋅Mn1 5.1 5.1 5.1 5.2
M1⋅⋅⋅Mn2 5.2 5.3 5.3 5.3
Mn1⋅⋅⋅Mn2 6.6 6.6 6.8 7.3

Figure 1. (a) Crystal structures of heteronuclear complexes [cis-M (bpy)2(CN)2Mn(salen)][PF6] (M = Fe, 1;
M = Ru, 2; M = Os, 3); (b) side perspective drawing of 1-D chain complexes 1–3. Hydrogens and PF�6 have been
omitted for clarity.
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Fe–N5 (2.002(3) Å) are longer than that of Fe–N3 (1.974(4) Å) and Fe–N6 (1.967(4) Å) in
1 owing to the structural trans-effect [18]. Similar phenomena can also be found in 2–4
from table 2.

In the distorted octahedral coordination geometry around MnIII, the equatorial sites are
occupied by the N2O2 donors from the tetradentate salen Schiff base ligand, and the axial
positions are occupied by two nitrogens from the bridging CN− groups in a trans-position
with Mn(III)–N(CN) distances of 2.254(3) Å and 2.261(3) Å for 1. Different from the near
linearity of Fe(II)–C≡N with 176.1(3)° and 179.9(5)°, the Mn(III)–N≡C(CN) bond angles
are 158.1(3)° and 148.7 (3)° in 1. Similar behavior can also be found in 2–4.

Similar to other Mn(salen)-based complexes [19], the packing of bimetallic chains is
often dominated by aromatic π–π stacking interactions. For 1–4, the chains run along the b
direction and form layers parallel to the bc plane. The shortest distances between two neigh-
boring chains are 4.10 Å (1), 4.00 Å (2), 3.95 Å (3), and 4.64 Å (4) (figures S1–S4, see
online supplemental material at http://dx.doi.org/10.1080/00958972.2014.981537), which
are longer than the π–π stacking distance of 3.4–3.6 Å [20], suggesting the interactions
between adjacent chains can be neglected in 1–4. The neighboring MII⋅⋅⋅MnIII distances are
5.1 and 5.2 Å for 1, 5.1 and 5.3 Å for 2, 5.1 and 5.3 Å for 3, and 5.2 and 5.3 Å for 4. The
shortest intrachain MnIII⋅⋅⋅MnIII separations are 6.6 Å for 1–3 and 7.3 Å for 4. The nearest
interchain MnIII⋅⋅⋅MnIII distances are 11.4, 11.6, 11.7, and 10.6 Å for 1–4, respectively,
indicating the interchain MnIII–MnIII interactions can be neglected.

Figure 2. (a) Crystal structures of heteronuclear complex 4; (b) side perspective drawing of 1-D chain complex 4.
Hydrogens, PF�6 , and solvent molecules have been omitted for clarity.
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3.3. IR spectroscopy

The cyanide stretching frequencies for 1–4 and related precursor mononuclear compounds
are listed in table 3. For cyanide-bridged complexes, the νCN stretching vibrations are
typical. There are two νCN bands for 1–4, which are the symmetric and asymmetric
stretches in the cis-complexes. The νCN of the cyanide-bridged complexes (1–4) are higher
than that of their precursors, attributed to both kinematical coupling occurring when a sec-
ond metal is attached to the CN and to the fact that the cyanide N donated electron density
from an anti-bonding molecular orbital to the Mn(III) center, thereby increasing the CN
force constant [21]. By comparison of the νCN of 1–4, two rules can be found: (i) the hea-
vier the metal, the lower frequency of the two νCN bands; (ii) the separation between the
two νCN bands increases in the order of Fe < Ru < Os. These results are consistent with the
detailed study of mononuclear complexes [22]. The lower νCN stretching vibrations of 4
than that of 3 can be attributed to the effect of different ligand (salen versus salcy). The
strong peak at 841 cm−1 for 1–4 can be attributed to the stretching vibration of PF�6 .

Table 3. Data of cyclic voltammetry, cyanide stretching frequencies, and electronic absorption spectra.

Compound P/V νCN (cm−1) λmax, nm (ε, dm3 M−1 cm−1)

cis-Fe(bpy)2(CN)2⋅3H2O 0.46a 2069, 2079a 382 (6200), 590 (6280)
cis-Ru(bpy)2(CN)2⋅2H2O 0.86b 2053, 2067b 346 (9428), 483 (10,385)
cis-Os(bpy)2(CN)2⋅2H2O 0.47 2040, 2057 348 (11,791), 382 (11,543), 458 (10,665),

506 (13,000), 650 (3370)
[Mn(salen)(H2O)2](ClO4) – – 402 (5948)
[Mn(salcy)(H2O)2](ClO4) – – 406 (3944)
1 −0.39c, 0.38 2071, 2087 382 (10,238), 567 (5557)
2 −0.38c, 0.76 2059, 2085 341 (13,837), 412(8518), 466 (9417)
3 −0.36c, 0.37 2040, 2073 326 (15,413), 471 (10,540)
4 −0.13, 0.35 2031, 2062 403 (20,343), 453 (14,953), 511(13,251), 676 (3062)

aRef. [37].
bRef. [38].
cIrreversible wave.

Figure 3. Electronic absorption spectrum of 1–4 in CH3CN.
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3.4. Electronic absorption spectroscopy

Electronic absorption spectra of 1–4 and their precursors were measured in CH3CN solution
at room temperature. The electronic absorption spectra of 1–4 are presented in figure 4, and
the detailed data of 1–4 are listed in table 3. For comparison, the electronic absorption
spectra and the data of the related precursors Fe(bpy)2(CN)2⋅3H2O [12a, 14, 23], cis-Ru
(bpy)2(CN)2⋅2H2O [14] and cis-Os(bpy)2(CN)2⋅2H2O [14] are also shown in figure 3 and
listed in table 3. By comparison with the precursors, the maximum absorption wavelength
at 567 nm for 1, 466 nm for 2, and 471 nm for 3 can be ascribed to MII→ bpy (M = Fe,
Ru and Os) metal to ligand charge transfer (MLCT). The maximum absorption band
(FeII→ bpy MLCT) is blue-shifted from the precursor cis-Fe(bpy)2(CN)2 (590 nm) to 1
(567 nm). This shift can be interpreted as an increase in dπ(Fe)→ π*(bpy) back bonding
and a concomitant decrease in σ(Fe)→ σ(bpy) bonding upon forming Fe–CN–Mn [24].
Such blue-shifted behavior could also be observed in 2 and 3. The maximum absorption
wavelength of 1–3 increases in the order Ru < Os < Fe. Similar phenomenon has also been
reported [14b, 25]. This might result from the nature of the heavier Os, such as the more
diffuse nature of the 5d orbital with respect to 4d and 3d orbitals [26] and lager spin-orbit
coupling of Os than Ru and Fe [27]. The electronic absorption of 4 is more complicated,
and the reason is unclear [14b].

3.5. Electrochemistry

Cyclic voltammetry studies were carried out on 1–4 to determine their redox properties, as
well as to establish whether the related complexes were stable and potentially isolable. All
four complexes were subjected to cyclic voltammetry in acetonitrile solution. The electro-
chemical data for 1–4 in acetonitrile are listed in table 3, and the cyclic voltammograms of
1–4 are shown in figures 5–8.

The cyclic voltammograms of 1–3 in acetonitrile showed reversible (ΔEp = 60–80 mV)
redox processes at +0.38 V, +0.76 V, and +0.37 V, and an irreversible reductive couple at
−0.39 V, −0.38 V, and −0.36 V, respectively (figures 5–7). Complex 4 displays two revers-
ible redox processes at 0.35 V (ΔEp = 80 mV) and −0.13 V (ΔEp = 60 mV). The first waves
in cyclic voltammograms of 1–4 are assigned to the MII/III(bpy)2(CN)2 processes (M = Fe,

Figure 4. Electronic absorption spectra of precursors in CH3CN.
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Ru and Os). Their potentials are close to those of related mononuclear precursors cis-M
(bpy)2(CN)2. The second reductive/redox waves are assigned to the Mn(salen) or Mn(sal-
cy)-cores, representing the MnIII/MnII process. Also, the potentials are close to other mono-
nuclear Mn(III) Schiff bases [28]. The abnormal trend that the reversible redox wave of the
Os-based complexes (0.37 V in 3 and 0.35 V in 4) is lower than that of the Ru-based com-
plex (0.76 V in 2) is consistent with the related precursors cis-MII(bpy)2(CN)2, the reason
might be ascribed to the larger spin-orbit coupling of Os(II) than Ru(II) [27].

3.6. Magnetic properties

The variable-temperature magnetic susceptibilities of 1 were measured under an external
magnetic field of 1000 Oe at 2–300 K using a SQUID magnetometer. As shown in figure 9,
the χMT value of 1 is 3.10 cm3 K M−1 at 300 K, in good agreement with the spin-only
value of 3.00 cm3 K M−1 expected for a diamagnetic low-spin (LS) Fe(II) ion and a high-
spin (HS) Mn(III) ion system (SFe(II)= 0, SMn(III) = 2) with g = 2.0. On lowering the temper-
ature, the χMT value of 1 is almost constant until 20 K, then gradually changes to 2.94 cm3

Figure 5. Cyclic voltammogram of 1 in CH3CN containing 0.1 M (Bu4 N)(PF6) electrolyte. Scan rate was
100 mV s-1.

Figure 6. Cyclic voltammogram of 2 in CH3CN containing 0.1 M (Bu4 N)(PF6) electrolyte. Scan rate was
100 mV s-1.
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K M−1 at 10 K, finally sharply decreasing with further decreasing temperature to 2.53 cm3

K M−1 at 2.0 K. The rapid decrease of χMT at low temperature might be attributed to the
zero-field splitting (ZFS) effect or the magnetic interaction through space [29]. The mag-
netic susceptibilities of 1 obey the Curie–Weiss law and could be fitted based on χM = C/
(T−θ), affording C = 3.066 cm3 K M−1 and θ = −0.50 K. When considering the regular
chain of 1 as 1-D Heisenberg model with Hamiltonian H = −2 J ΣS1S2 [30], the following
empirical equation could be used to fit the magnetic data for 1: χM = Ng2β2/(kT) ×
(A + Bx2)/(1 + Cx + Dx3), with x = |J|/kT. For HS Mn(III), S = 2.0 with A = 2.000,
B = 71.938, C = 10.48, D = 955.56 [31], where N, g, k, β, and J are Avogadro’s number,
g-factor, the Boltzmann constant, the Bohr magneton, and exchange coupling parameter,
respectively. Using the above 1-D model for 1 from 2 to 300 K, the best-fitting leads to
J = −0.038 cm−1, g = 2.03, and R = Σ(χcalcdT − χobsdT)

2/Σ(χobsdT)
2 = 4.9 × 10−4. The value

of exchange coupling constant (J) is close to other paramagnetic centers linked by diamag-
netic –NC–Fe(II)–CN– bridges [32]. In general, the effect of Mn(III) anisotropy should be
taken into account for the study of magnetic properties of Mn(salen) complexes [33]. How-
ever, attempts to simulate the experimental data for 1 using the magnetic model considering
the Mn(III) anisotropy [34] did not lead to an acceptable fit. This suggests that, similar to

Figure 7. Cyclic voltammogram of 3 in CH3CN containing 0.1 M (Bu4 N)(PF6) electrolyte. Scan rate was
100 mV s-1.

Figure 8. Cyclic voltammogram of 4 in CH3CN containing 0.1 M (Bu4 N)(PF6) electrolyte. Scan rate was
100 mV s-1.
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some previous reports [33c, 33d], the effect of the Mn(III) anisotropy could be neglected
for 1.

The temperature dependent magnetic susceptibilities for 2–4 were collected at 1000 Oe
from 2–300 K using a SQUID magnetometer (figures 10–12). Similar to 1, the χMT values
for 2 (3.00 cm3 K M−1), 3 (2.96 cm3 K M−1), and 4 (2.93 cm3 K M−1) at 300 K are close
to the expected theoretical value of 3.00 cm3 K M−1. Upon cooling, the χMT values of 2–4
slightly increase linearly until 3.06 cm3 K M−1 for 2, 3.06 cm3 K M−1 for 3, and 3.11 cm3

K M−1 for 4 at 38 K, finally sharply decreasing with further decreasing temperature to
2.96 cm3 K M−1 for 2, 2.21 cm3 K M−1 for 3, and 2.25 cm3 K M−1 for 4 at 2.0 K. Similar
to 1, the sharp decrease of χMT values of 2–4 at low temperature are attributed to zero-field
splitting (ZFS) effect or the magnetic interaction through space [29]. The linear increase in
χMT with decreasing temperature from 300 to 48 K for 2–4 should result from spin-orbit
coupling in Mn(III) ion (typical contribution of a temperature-independent paramagnetism,

Figure 9. Magnetic behavior of 1 as measured in an applied field of 1000 Oe using a SQUID magnetometer. Fit-
ting (black line) on χM vs. T (triangle) and fitting (red line) on χMT vs. T (circle) of 1 in the crystalline samples (see
http://dx.doi.org/10.1080/00958972.2014.981537 for color version).

Figure 10. Magnetic behavior of 2 as measured in an applied field of 1000 Oe using a SQUID magnetometer. Fit-
ting (black line) on χM . T (triangle) and fitting (red line) on χMT vs. T (circle) of 2 in the crystalline samples (see
http://dx.doi.org/10.1080/00958972.2014.981537 for color version).
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χTIP) [35] due to the effect of the heavy Ru(II) and Os(II). Thereby, a TIP (Nα) should be
added to the magnetic data fitting for 2–4, so the equation for fitting the exchange coupling
of 2–4 should be described as χM = Ng2β2/(kT) × (A + Bx2)/(1 + Cx + Dx3)+Nα. The
obtained best-fit parameters are J = −0.0085 cm−1, g = 2.02, Nα = −1.8 × 10−4 cm3 M−1,
and R = 2.0 × 10−4 for 2; J = −0.069 cm−1, g = 2.05, Nα=−6.0 × 10−4 cm3 M−1, and
R = 6.0 × 10−4 for 3; and J = −0.059 cm−1, g = 2.07, Nα = −1.2 × 10−4 cm3 M−1, and
R = 6.9 × 10−4 for 4. The values of exchange constant are close to that of paramagnetic Mn
(III) ions linked by diamagnetic –NC–M(II)–CN– bridges [36]. To evaluate the Curie–Weiss
constants of 2–4, a TIP (Nα) should also be added to the Curie–Weiss law. Using the equa-
tion χM = C/(T − θ) + Nα, the parameters are obtained as follows: C = 2.976 cm3 K M−1, θ
= −0.012 K, and Nα = 7 × 10−4 cm3 M−1 for 2; C = 2.980 cm3 K M−1, θ = −0.750 K, and
Nα = 1.07 × 10−3 cm3 M−1 for 3; and C = 3.240 cm3 K M−1, θ = −0.890 K, and Nα

Figure 11. Magnetic behavior of 3 as measured in an applied field of 1000 Oe using a SQUID magnetometer. Fit-
ting (black line) on χM vs. T (triangle) and fitting (red line) on χMT vs. T (circle) of 3 in the crystalline samples (see
http://dx.doi.org/10.1080/00958972.2014.981537 for color version).

Figure 12. Magnetic behavior of 4 as measured in an applied field of 1000 Oe using a SQUID magnetometer. Fit-
ting (black line) on χM vs. T (star) and fitting (red line) on χMT vs. T (circle) of 4 in the crystalline samples (see
http://dx.doi.org/10.1080/00958972.2014.981537 for color version).
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= −1.08 × 10−3 cm3 M−1 for 4. Similar to 1, attempts to simulate the experimental data for
2–4 using the magnetic model considering the Mn(III) anisotropy [34] did not lead to an
acceptable fit. Thus, the effect of the Mn(III) anisotropy [33c, 33d] can be neglected for 2–
4. By comparison with the magnetic properties of the complexes reported [11a, 11b], the
magnetic behaviors of 1–4 indicate that the magnetic coupling between paramagnetic metal
ions across the diamagnetic cyanidometal bridge is very weak and can be neglected.

4. Conclusion

Four new cyanido-bridged 1-D heteronuclear zigzag chain complexes, [cis-M(bpy)2(CN)2Mn
(salen)](PF6) (M = Fe, 1; M = Ru, 2; M = Os, 3) and [cis-Os(bpy)2(CN)2Mn(salcy)](PF6) (4)
have been synthesized and fully characterized. IR spectra of 1–4 suggest that νCN increases in
the series of Os < Ru < Fe and the separation between the two νCN bands increases in the
order of Fe < Ru < Os. The maximum absorption wavelength (MII→ bpy MLCT) of 1–3 is
blue-shifted with respect to their precursors cis-M(bpy)2(CN)2 and increases in the order of
Ru < Os < Fe. Electrochemical studies indicate for 1–4, the metal centers and the ligand
around the metal ions have significant influence on the reversibility of electrochemistry. Fur-
thermore, this work suggests that the magnetic interactions of the complexes with the dia-
magnetic cyanidometal bridge are very weak when the paramagnetic cyanide N-bonding
metal units are high-spin paramagnetic Mn(III) Schiff bases.

Supplementary material
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the supplementary crystallographic data, related bond lengths and angles for this article.
These data can be obtained free of charge from the Cambridge Crystallographic Data Center
via www.ccdc.cam.ac.uk/data_request/cif.
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