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A dicyano-containing [Fe(bpb)(CN)2]- building block has been employed for the synthesis of cyano-bridged
heterometallic NiII−FeIII complexes. The presence of steric bpb2- ligand around the iron ion results in the formation
of low-dimensional species: five are neutral NiFe2 trimers and three are one-dimensional (1D). The structure of the
1D complexes consists of alternating [NiL]2+ and [Fe(bpb)(CN)2]- generating a cyano-bridged cationic polymeric
chain and the perchlorate as the counteranion. In all complexes, the coordination geometry of the nickel ions is
approximately octahedral with the cyano nitrogen atoms at the trans positions. Magnetic studies of seven complexes
show the presence of ferromagnetic interaction between the metal ions through the cyano bridges. Variable
temperature magnetic susceptibility investigations of the trimeric complexes yield the following JNiFe values (based
on the spin exchange Hamiltonian H ) −2JNiFeSNi(SFe(1) + SFe(2)): JNiFe ) 6.40(5), 7.8(1), 8.9(2), and 6.03(4) cm-1,
respectively. The study of the magneto-structural correlation reveals that the cyanide-bridging bond angle is related
to the strength of magnetic exchange coupling: the larger the NisNtC bond angle, the stronger the Ni- - -Fe
magnetic interaction. One 1D complex exhibits long-range antiferromagnetic ordering with TN ) 3.5 K. Below TN

(1.82 K), a metamagnetic behavior was observed with the critical field of ∼6 kOe. The present research shows
that the [Fe(bpb)(CN)2]- building block is a good candidate for the construction of low-dimensional magnetic materials.

Introduction

Magnetism of coordination compounds has been one of
the most active fields in coordination chemistry. The main
active research areas in this field include the synthesis of
single-molecule magnets (SMMs)1-7 and single-chain mag-

nets (SCMs),8-11 high-Tc magnetic materials12-15 and magneto-
optical or magneto-conductor multifunctional materials,16-22
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spin-crossover (SCO) materials23-25 and materials with new
magnetic phenomena,26 nanosized molecular magnetic ma-
terials,27,28and paramagnetic complexes for the investigation
of the magneto-structural correlation.

Several strategies have been developed in the past two
decades for cyano-bridged complexes with the above-
mentioned magnetic properties. Initially, the use of the
hexacyanometalate unit [M(CN)6]q- (M ) Fe, Cr, Mn, or
V) as a paramagnetic building block toward hydrated
paramagnetic 3d metal ions [M′(H2O)6]p+ has provided a
large family of three-dimensional compounds known as
Prussian blue analogues, some of which exhibit critical
temperatures (Tc) as high as 310 K,12 negative magnetiza-
tion,26 and magneto-conductor properties.16 However, single
crystals of these highly insoluble three-dimensional com-
plexes for X-ray structural analysis are very difficult to
grow,29 which makes both the determination of the crystal-
lographic structure and the interpretation of the magnetic
behaviors difficult. Subsequently, another novel synthetic
strategy has been widely used based also on [M(CN)]6

q- as
a building block but reacting with the coordinatively unsatur-
ated complexes [M′(L)x(H2O)y] p+, where L stands for an
organic ligand. The incorporation of different polydentate
ligands should give rise to new types of complexes called
hybrid Prussian blue analogues. It can be further anticipated
that the magnetism of such complexes should be modified

accordingly. Successfully, a few high-spin clusters30-40 and
a series of one-,41-46 two-,47-49 and three-dimensional14,15,50

cyanide-bridged bimetallic polymers that exhibit SMM,
SCM, SCO, metamagnetism, and high-Tc have been obtained.
Recently, one other new strategy for assembling cyanide-
bridged complexes has been developed in order to control
the dimensionality of the desired complexes with novel
magnetic properties. This is based on the introduction of
changeable versatile building blocks [M(L)x(CN)y]q- (L
represents a blocking ligand). Although there are only a few
stable cyano-containing building blocks that have been
synthesized and explored in assembling cyano-bridged
complexes, this strategy has yielded a variety of structures
over a wide range of dimensionalities, including molecular
clusters,51-55 1D chains,56-59 and 2D layered networks.60,61
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(48) Thétiot, F.; Triki, S.; Pala, J. S.; Go´mez-Garcı´a, C. J.; Golhen, S.Chem.
Commun.2002, 1078.

(49) Marvilliers, A.; Parsons, S.; Riviere, E.; Audiere, J. P.; Kurmoo, M.;
Mallah, T. Eur. J. Inorg. Chem. 2001, 1287.

(50) El Fallah, M. S.; Rentschler, E.; Caneschi, A.; Sessoli, R.; Gatteschi,
D. Angew. Chem., Int. Ed. Engl.1996, 35, 1947.

(51) Sokol, J. J.; Shores, M. P.; Long, J. R.Angew. Chem., Int. Ed. 2001,
40, 236.

(52) Oshio, H.; Onodera, H.; Ito, T.Chem.sEur. J. 2003, 9, 3946.
(53) Wang, S.; Zuo, J.-L.; Zhou, H.-C.; Song, Y.; Gao, S.; You, X.-Z.Eur.

J. Inorg. Chem.2004, 3681. Kim, J.; Han, S.; Cho, I.-K.; Choi, K.
Y.; Heu, M.; Yoon, S.; Duh, B. J.Polyhedron2004, 23, 1333.

(54) Lescoue¨zec, R.; Lloret, F.; Julve, M.; Vaissermann, J.; Verdaguer,
M. Inorg. Chem. 2002, 41, 818.

(55) Yang, J. Y.; Shores, M. P.; Sokol, J. J.; Long, J. R.Inorg. Chem.
2003, 42, 1403.

(56) Toma, L. M.; Delgado, F. S.; Ruiz-Perez, C.; Carrasco, R.; Cano, J.;
Lloret, F.; Julve, M.J. Chem. Soc., Dalton Trans. 2004, 2836.

Cyano-Bridged Heterobimetallic Complexes

Inorganic Chemistry, Vol. 44, No. 6, 2005 2051



This indicates that this strategy seems very promising in
designing novel cyano-bridged complexes with desired
structures and/or magnetic properties, especially low-
dimensional heterobimetallic systems.

Albeit few, cyano-bridged polynuclear complexes have
been synthesized in order to investigate the magneto-
structural correlations because it is facile to find a model to
evaluate the magnitude of intermetallic magnetic coupling.
We focused on dicyano-containing metal complexes and first
explored the use of [Fe(bpb)(CN)2]- as a building block.
We presume that the presence of a rigid, bulky, and planar
bpb2- ligand favors the formation of polynuclear or one-
dimensional species. In this work, we present our first attempt
which concerns the synthesis, crystal structures, and magnetic
properties of the complexes [NiL1][Fe(bpb)(CN)2]2‚H2O (1),
[NiL 3][Fe(bpb)(CN)2]2‚7H2O (3), [NiL 4][Fe(bpb)(CN)2]2‚
4H2O (4), [NiL 5][Fe(bpb)(CN)2]2 (5), [NiL 6][Fe(bpb)(CN)2]-
(ClO4)‚CH3OH (6), [NiL 1][Fe(bpb)(CN)2](ClO4)‚H2O (7),
and [NiL4][Fe(bpb)(CN)2](ClO4)‚2CH3CN (8), together with
the crystal structure of [NiL2][Fe(bpb)(CN)2]2‚6H2O (2). The
polyaza-Ni(II) complexes employed in the experiments are
shown in Scheme 1.

Experimental Section

Elemental analyses of carbon, hydrogen, and nitrogen were
carried out with an Elementary Vario El. The infrared spectroscopy
on KBr pellets was performed on a Magna-IR 750 spectrophotom-
eter in the 4000-400 cm-1 region. Variable-temperature magnetic
susceptibility, zero-field ac magnetic susceptibility, and field
dependence magnetization measurements were performed on a

Quantum Design MPMS SQUID magnetometer. The experimental
susceptibilities were corrected for the diamagnetism of the constitu-
ent atoms (Pascal’s tables).

Syntheses.The precursors [NiL1](ClO4)2,62 [NiL 2](ClO4)2,62

[NiL 3](ClO4)2,63 [NiL 4](ClO4)2,64 [NiL 5](ClO4)2,65 [NiL 6](ClO4)2,66

and K[Fe(bpb)(CN)2]67 were prepared according to literature
methods.Caution! Perchlorate salts of metal complexes with
organic ligands are potentially explosive and should be handled in
small quantities with care.

[NiL 1][Fe(bpb)(CN)2]2‚H2O (1), [NiL 3][Fe(bpb)(CN)2]2‚7H2O
(3), [NiL 4][Fe(bpb)(CN)2]2‚4H2O (4), and [NiL5][Fe(bpb)(CN)2]2

(5). Because complexes1, 3, 4, and5 were prepared similarly, a
representative method for complex1 is described. Black block
single crystals of1 were obtained at room temperature by the slow
diffusion of yellow acetonitrile and an aqueous solution (5 mL) of
[NiL 1](ClO4)2 (0.1 mmol, 50.5 mg) into a dark green methanol
solution (5 mL) of K[Fe(bpb)(CN)2] (0.1 mmol, 46.1 mg) for about
1 week. These crystals were collected carefully and air-dried.
Yield: 22-42 mg (40-60%).

[NiL 2][Fe(bpb)(CN)2]2‚6H2O (2). Only a few black block
crystals of2 were obtained by using the above-described method,
one of which was selected and subjected to X-ray diffraction
analysis.

[NiL 6][Fe(bpb)(CN)2](ClO4)‚CH3OH (6). Uniform black block
single crystals of the complex were obtained at room temperature
by evaporation of the CH3CN-H2O-MeOH solution of [Ni(L6)]-
(ClO4)2 (0.1 mmol) and K[Fe(bpb)(CN)2] (0.1 mmol) for about 2
days. Yield: 21.5 mg (27.8%).

[NiL 1][Fe(bpb)(CN)2](ClO4) (7) and [NiL4][Fe(bpb)(CN)2]-
(ClO4)‚2CH3CN (8). Black strip crystals of complexes7 and 8
suitable for X-ray structure analysis were grown in a sealed beaker
or a single tube at room temperature by carefully mixing a CH3-
CN-H2O solution of [Ni(L1)](ClO4)2 or [Ni(L4)](ClO4)2 (0.1 mmol)
and K[Fe(bpb)(CN)2] (0.1 mmol) in MeOH for about 2 days.
Yield: 41.0 mg (50%) for7 and 29.8 mg (27.7%) for8.

Anal. Calcd for NiFe2C50H52N18O5 (1): C, 51.97; H, 4.54; N,
21.82. Found: C, 52.10; H, 4.66; N, 21.46. Selected IR frequencies
(KBr disk, cm-1): 2140 (s, VCtN), 2116 (s,VCtN), 1615 (vs,
VCdO), 1591 (vs), 1470 (s), 1362 (s), 1141 (s), 761 (s), 747 (s), 690
(m), 506 (m).

Anal. Calcd for NiFe2C52H68N18O13 (3): C, 47.19; H, 5.18; N,
19.05. Found: C, 46.80; H, 5.29; N, 18.95. Selected IR frequencies
(KBr disk, cm-1): 2147 (m, VCtN), 2131 (m, VCtN), 1609 (s,
VCdO), 1587 (vs), 1468 (m), 1357 (s), 1141 (m), 758 (s), 690 (w).

Anal. Calcd for NiFe2C64H70N18O8 (4): C, 55.31; H, 5.08; N,
18.14. Found: C, 55.78; H, 5.12; N, 18.58. Selected IR frequencies
(KBr disk, cm-1): 2159 (m,VCtN), 2118 (m,VCtN), 1612 (vs,
VCdO), 1589 (vs), 1470 (s), 1363 (s), 1141 (m), 755 (s), 690 (m),
506 (m).

Anal. Calcd for NiFe2C50H49N17O4 (5): C, 53.50; H, 4.40; N,
21.21. Found: C, 52.98; H, 4.52; N, 21.34. Selected IR frequencies
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Scheme 1. Schematic Illustration of the Polyaza Ni(II) Building
Blocks
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(KBr disk, cm-1): 2140 (m, VCtN), 2119 (m, VCtN), 1613 (s,
VCdO), 1590 (vs), 1470 (s), 1362 (s), 1141 (m), 745 (m), 689 (m),
506 (m).

Anal. Calcd for NiFeC28H36ClN10O7 (6): C, 43.41; H, 4.68; N,
18.08. Found: C, 43.42; H, 4.77; N, 18.19. Selected IR frequencies
(KBr disk, cm-1): 2146 (s,VCtN), 1634 (s,VCdO), 1594 (vs), 1472
(m), 1358 (s), 1139 (m), 1084 (vs,VCl--O), 751 (m), 623 (m), 505
(w).

Anal. Calcd for NiFeC30H38ClN12O6 (7): C, 44.34; H, 4.71; N,
20.68. Found: C, 44.05; H, 4.87; N, 20.62. Selected IR frequencies
(KBr disk, cm-1): 2139 (m,VCtN), 1614 (s,VCdO), 1589 (vs), 1471
(s), 1363 (s), 1142 (m), 1089 (vs,VCl-O), 763 (m), 625 (m), 508
(m).

Anal. Calcd for NiFeC48H56ClN14O6 (8): C, 53.63; H, 5.25; N,
18.24. Found: C, 53.12; H, 5.24; N, 17.55. Selected IR frequencies
(KBr disk, cm-1): 2134 (m,VCtN), 1623 (s,VCdO), 1592 (vs), 1472
(m), 1355 (s), 1139 (m), 1092 (vs,VCl-O), 760 (m), 623 (m), 506
(w).

X-ray Structure Determination. The crystal data are sum-
marized in Table 1. The structures were solved by the direct method
(SHELXS-97) and refined by full-matrix least-squares (SHELXL-
97) onF2. Anisotropic thermal parameters were used for the non-
hydrogen atoms and isotropic parameters for the hydrogen atoms.
Hydrogen atoms were added geometrically and refined using a
riding model. The methyl group in ligand L5 in complex 5
experiences disorder over two positions due to the presence of an
inversion center at the nickel atom. The occupancy factors of two
sets of disordered atoms [N(9) and C(26)] were 0.5. In complex7,
some atoms of the macrocycle around Ni(2) display some degree
of disorder, and the DFIX command has been used. The R1 value
of the data for complex7 is high due to the weak diffraction of the
single crystal; however, the bond distances around the metal ions
are accurate enough for magneto-structural correlation analysis.

Results and Discussion

Synthesis and General Characterization.The eight
complexes were reproducibly synthesized by the reactions
of equivalent molar polyaza [NiLn](ClO4)2 (n ) 1-6)
complexes with K[Fe(bpb)(CN)2]. Interestingly, three of the
obtained complexes are 1D chainlike complexes and the other
five are trimers with similar Fe(III)-Ni(II) -Fe(III) sand-
wichlike structures. It is important to note that the three 1D
chains are obtained by direct mixing of [NiLn](ClO4)2 and
K[Fe(bpb)(CN)2], whereas the five trimers are obtained by
the slow diffusion of [NiLn](ClO4)2 into the solution of K[Fe-
(bpb)(CN)2]. Therefore, it is intriguing to note that the
structures of the complexes strongly depend on the reaction
condition employed.

The IR spectra of1-5 in the range 2110-2160 cm-1

exhibit two sharp peaks assigned to cyano-stretching absorp-
tions, indicating the presence of bridging and nonbridging
cyano ligands in [Fe(bpb)(CN)2]-. Moreover, the bridging
cyano groups usually absorb at a higher frequency than the
terminal groups. For complexes6, 7, and8, the strong broad
peaks centered at 1090 cm-1 suggest the presence of ClO4

-

anions in these complexes, and the broad single peak between
2130 and 2150 cm-1 is assigned to the bridging cyano
groups.

Crystal Structures. The eight complexes have been
characterized by single-crystal X-ray diffraction. The stick T
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and ball drawings of compounds1-5 are shown in Figure
1, and selected bond distances and angles for complexes1-5
are listed in Table 2. Crystal structures and selected bond
distances and angles of complexes6-8 are shown in Figure
2 and Table 3, respectively.

Crystal Structures of Trimers. The five complexes have
similar sandwichlike structures made up of neutral trinuclear
entities of general formula [Fe(bpb)(CN)2]2[NiL n] (n ) 1-5),
where each [Fe(bpb)(CN)2]- unit acts as a monodentate
ligand through one of its two cyanide groups toward the
central Ni(II) ion.

The iron(III) ion in complexes1-5 is coordinated by four
bpb2- nitrogen atoms and two cyanide carbon atoms, in a
slightly distorted octahedral geometry. The FesC(1) (un-
bridging cyano) and FesC(2) (bridging cyano) bond dis-
tances of 1.968(3) Å and 1.977(3) Å for complex5 are
slightly larger than those of 1.955(4)-1.963(7) Å and
1.945(7)-1.961(3) Å for1-4. The iron atom and terminal
cyanide in these complexes, except for4, are almost linear
(177.2(3)-179.3(7)°), whereas the FesCtN angles for the
bridging cyanides are somewhat bent (172.1(3)-173.6(3)°).
However, the FesCtN angle for the bridging cyano group
(177.2(6)°) in complex4 is somewhat larger than that of
the corresponding terminal cyano group (174.4(6)°).

The nickel atom is hexacoordinated with two cyanide
nitrogen atoms at trans positions and four nitrogen atoms
from the Ln ligand, yielding a NiN6 octahedral surrounding.
The NisNcyano bond distances increase in the order4
(2.066(2) Å) < 2 (2.082(4) Å) < 3 (2.090(3) Å) < 1
(2.096(6) Å)< 5 (2.106(2) Å), and the corresponding Nis
NtC bond angles decrease in the order4 (173.4(5)°) > 2
(165.3(4)°) > 3 (163.2(2)°) > 1 (160.2(7)°) > 5
(157.0(2)°). The intramolecular Fe- - -Ni separations
through bridging cyanides are 5.093 Å for1, 5.091 Å for2,
5.110 Å for3, 5.133 Å for4, and 5.068 Å for5. The shortest
intermolecular metal-metal distances are 6.580 Å for1,
6.630 Å for 2, 6.558 Å for 3, and 6.632 Å for4 but are
significantly different from that of5 (7.786 Å).

Comparing the structure data of the five trimeric com-
plexes, we found that the NisNtC bond angles, the
NisNcyano bond distances, and the intramolecular Fe- - -Ni
separations have some dependence; that is, the larger theFigure 1. Crystal structures of trimeric NiFe2 complexes1-5.

Table 2. Selected Bond Distances (Å) and Angles (deg) for Complexes
1-5

1 2 3 4 5

Ni-N(2) 2.096(6) 2.082(4) 2.090(3) 2.066(6) 2.106(2)
Ni-N(7) 2.063(6) 2.062(3) 2.060(2) 2.069(5) 2.064(2)
Ni-N(8) 2.066(6) 2.057(4) 2.059(2) 2.085(5) 2.075(2)
Fe-C(1) 1.957(7) 1.955(4) 1.962(3) 1.963(7) 1.968(3)
Fe-C(2) 1.961(8) 1.958(4) 1.959(3) 1.945(7) 1.977(3)
Fe-N(3) 1.887(6) 1.879(3) 1.892(2) 1.890(5) 1.892(2)
Fe-N(4) 1.891(6) 1.892(2) 1.885(2) 1.884(5) 1.886(2)
Fe-N(5) 2.017(7) 1.997(3) 2.000(2) 2.002(5) 2.013(2)
Fe-N(6) 1.982(6) 1.986(3) 1.993(2) 1.994(5) 2.001(2)
Ni‚‚‚Fe 5.093 5.091 5.110 5.133 5.068
C(2)-N(2)-Ni 160.2(7) 165.3(4) 163.2(2) 173.4(5) 157.0(2)
Fe-C(1)-N(1) 179.3(7) 178.7(4) 178.5(3) 174.4(6) 177.2(3)
Fe-C(2)-N(2) 172.2(7) 172.4(4) 173.6(3) 177.2(6) 172.1(3)
C(1)-Fe-C(2) 172.5(3) 173.75(15) 173.02(11) 167.2(3) 170.01(11)

Ni et al.

2054 Inorganic Chemistry, Vol. 44, No. 6, 2005



NisNtC bond angles, the shorter the NisNcyano bond
distances and the longer the intramolecular Fe- - -Ni separa-
tions.

Crystal Structures of 1D Complexes 6, 7, and 8.X-ray
crystallography of complexes6-8 reveals that the structure
consists of a one-dimensional cationic polymer{[NiL][Fe-
(bpb)(CN)2]}n

n+ (L ) L1, L4, and L6), with free ClO4
- as

counteranion (Figure 2). The wavelike chain is comprised
of cyano-bridged alternating [Fe(bpb)(CN)2]- and [NiL]2+

fragments. In the chain, [Fe(bpb)(CN)2]- uses two trans CN-

groups to connect with two [NiL]2+ groups, whereas each
[NiL] 2+ group is linked to two [Fe(bpb)(CN)2]- ions in trans
positions. Two nitrogen atoms of the bridging CtN groups
coordinate to the Ni(II) ions with the NisN contacts in the
range 2.075(2)-2.166(2) Å and with NisNtC bond angles
ranging from 150.1(2)° for C(2)-N(2)-Ni(2) in complex6
to 174.4(10)° for C(2)sN(2)sNi(2) in complex 7. The
FesC distances in the three complexes range from 1.953(5)
to 1.981(3) Å. The intramolecular Fe- - -Ni separations
through bridging cyanides are 5.048, 5.097, and 5.184 Å for
complexes6, 7, and8, respectively. The shortest interchain
metal-metal distances are 8.151, 8.781, and 7.577 Å in
complexes6, 7, and8, respectively.

The cell packing diagram (Figure 3) of complex6 shows
the H-bonding interaction between the two O atoms of one
ClO4

- ion between two chains and the two N atoms in L6

from two adjacent chains, as well as that between the O atom
located on bpb2- and the N on L6 from another adjacent
chain. Thus, the H-bonded chains form a 3D network. In
addition, there exists a hydrogen bond between Oamide in
bpb2- and the free methanol molecules.

Magnetic Properties of Trimeric Complexes 1, 3, 4, and
5. The temperature dependences of magnetic susceptibilities
for the four complexes measured in the range 2-300 K under
the external magnetic field of 1000 Oe are illustrated in
Figure 4. The room-temperature values ofømT for the four
complexes are in the range 1.94-2.01 emu K mol-1 and,
due to spin-orbit coupling effects of low-spin FeIII , are
higher than the spin-only value of 1.75 emu K mol-1

expected for a magnetically dilute spin system (SFe, SNi, SFe

) 1/2, 1, 1/2) with g ) 2.00. TheømT values of the four
complexes remain nearly constant until∼200 K and then
increase smoothly and attain a maximum value of 2.80 emu
K mol-1 at 7.0 K for 1, 3.07 emu K mol-1 at 6.0 K for 3,
3.09 emu K mol-1 at 7.0 K for4, and 2.56 emu K mol-1 at

Table 3. Selected Bond Distances (Å) and Angles (deg) for Complexes6-8a

6 7 8

Ni-N(1)#1 2.166(2) Ni(1)-N(1) 2.133(7) Ni(1)-N(1) 2.122(4)
Ni-N(7) 2.091(3) Ni(1)-N(7) 2.076(8) Ni(1)-N(7) 2.074(5)
Ni-N(8) 2.091(3) Ni(1)-N(8) 2.059(7) Ni(1)-N(8) 2.064(4)
Ni-N(2) 2.075(2) Ni(2)-N(2) 2.109(9) Ni(2)-N(2) 2.109(4)
Ni-N(9) 2.066(3) Ni(2)-N(10) 2.059(8) Ni(2)-N(10) 2.066(5)
Ni-N(10) 2.081(2) Ni(2)-N(11) 2.049(9) Ni(2)-N(11) 2.074(5)
Fe-C(1) 1.981(3) Fe(1)-C(1) 1.981(9) Fe(1)-C(1) 1.961(5)
Fe-C(2) 1.959(3) Fe(1)-C(2) 1.956(11) Fe(1)-C(2) 1.953(5)
Fe-N(3) 2.011(2) Fe(1)-N(3) 2.005(9) Fe(1)-N(3) 1.999(4)
Fe-N(4) 1.891(2) Fe(1)-N(4) 1.898(9) Fe(1)-N(4) 1.877(4)
Fe-N(5) 1.885(2) Fe(1)-N(5) 1.884(9) Fe(1)-N(5) 1.897(4)
Fe-N(6) 2.003(2) Fe(1)-N(6) 2.015(9) Fe(1)-N(6) 2.001(4)
Fe‚‚‚Ni 5.048 Fe(1)‚‚‚Ni(1) 5.088 Fe(1)‚‚‚Ni(1) 5.184
Fe‚‚‚Ni#1 5.144 Fe(1)‚‚‚Ni(2) 5.197 Fe(1)‚‚‚Ni(2) 5.193
N(1)-C(1)-Fe 170.6(2) N(1)-C(1)-Fe(1) 169.3(8) N(1)-C(1)-Fe(1) 174.5(4)
N(2)-C(2)-Fe 176.4(3) N(2)-C(2)-Fe(1) 177.2(11) N(2)-C(2)-Fe(1) 174.3(5)
C(1)-Fe-C(2) 175.16(12) C(1)-Fe(1)-C(2) 174.9(4) C(1)-Fe(1)-C(2) 166.4(2)
C(2)-N(2)-Ni 168.8(2) C(2)-N(2)-Ni(2) 173.9(10) C(2)-N(2)-Ni(2) 172.7(4)
C(1)-N(1)-Ni#2 150.1(2) C(1)-N(1)-Ni(1) 156.3(7) C(1)-N(1)-Ni(1) 166.7(4)
N(2)-Ni-N(1)#1 175.19(9)

a Symmetry operations: #1,-x, y + 1/2, -z + 1/2; #2, -x, y - 1/2, -z + 1/2.

Figure 2. Crystal structures of 1D chainlike complexes6-8.
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9.0 K for 5, which are close to the expected saturated value
of 3.0 emu K mol-1 with theS) 2 ground state based ong
) 2.00. TheømT values decrease rapidly and reach a value
of 2.29, 2.96, 2.81, and 1.87 emu K mol-1 at 2.0 K for1, 3,
4, and5, respectively, which is probably due to the integrated
operation of the saturation effect, the intermolecular anti-
ferromagnetic interaction, and/or the zero-field-splitting

(ZFS) effect of the Ni(II) ions. The magnetic susceptibilities
obey Curie-Weiss law (inset of Figure 4) with a positive
Weiss constantθ ) +4.28 K and Curie constantC ) 1.93
emu K mol-1 for 1, θ ) +5.09 K andC ) 1.97 emu K
mol-1 for 3, θ ) +5.62 K andC ) 1.94 emu K mol-1 for
4, andθ ) +3.26 K andC ) 1.94 emu K mol-1 for 5; these
values confirm the presence of overall ferromagnetic interac-
tions in these complexes. These magnetic behaviors are
consistent with an intramolecular Fe(III)-Ni(II) ferromag-
netic interaction, which can be rationalized in terms of the
strict orthogonality of the magnetic orbitals of the low-spin
Fe(III) [d5, t2g

5] and Ni(II) [d8, t2g
6eg

2] centers, an arrangement
which normally gives rise to ferromagnetic coupling. On the
basis of the trimeric model, the magnetic susceptibilities can
be fitted accordingly by the following expression derived
from the exchange spin HamiltonianH ) -2JSNi(SFe(1) +
SFe(2)):

The best-fit parameters obtained areJ ) +6.40(5) cm-1,
g ) 2.06(1),Θ ) -0.77(1) K, andR ) ∑(øobsdT - øcaldT)2/
∑(øobsdT)2 ) 1.23 × 10-5 for 1; J ) +7.8(1) cm-1, g )
2.06(1),Θ ) -0.19(1) K, andR) 2.44× 10-5 for complex
3; J ) +8.9(2) cm-1, g ) 2.05(1),Θ ) -0.19(1) K, andR
) 7.51× 10-5 for complex4; andJ ) +6.03(4) cm-1, g )
2.05(1),Θ ) -1.43(1) K, andR) 2.04× 10-5 for complex
5, where Θ accounts for the contributions except intra-
molecular magnetic coupling.

Apparently, complexes1, 3, 4, and 5 exhibit similar
magnetic properties. Comparison of the magnetic exchange
parametersJ with the NisNtC bond angles for the four
complexes is shown in Figure 5. TheJ values are ap-
proximately correlated to the NisNtC bond angles: the
larger the NisNtC angle, the stronger the Ni- - -Fe mag-
netic interaction in this system. Therefore, it can be
concluded that thelinear bridging bond angle is a key factor
in the strong intermetallic magnetic coupling. This is
understandable, considering that linear bridging linkage
results in better orbital overlap between the cyano nitrogen
lone electron pair and the magnetic orbitals (dx2-y2 and dz2)
of Ni(II). A nearly linear best fit gives the correlation of
JNiFe ) 0.181θ - 22.281 cm-1, whereθ is the NisNtC
bond angle (deg). It should be pointed out that this correlation
is rough and should be treated carefully because it does not
include the effect of the NisNcyanobond distances. Neverthe-
less, the variation trend ofJNiFe can be clearly seen, and the
qualitative conclusion can be undoubtedly drawn.

Magnetic Properties of 1D Complexes 6-8. The mag-
netic susceptibilities of complexes6-8 have been measured
in the temperature range of 2-300 K for6 and8 and 5-300
K for 7 with a SQUID magnetometer. TheømT versusT
plots of6-8 are shown in Figures 6 and 10, whereøm is the
magnetic susceptibility/NiFe unit. On lowering the temper-
ature,ømT increases smoothly, reaching a maximum value
of 2.54 emu K mol-1 at 6.0 K for6, 2.45 emu K mol-1 at

Figure 3. Interchain interactions in6 (only the hydrogen atoms attached
to the nitrogen atoms have been shown): (a) along thea axis, (b) along the
b axis, (c) along thec axis.

øm )

2Nâ2g2

k(T - Θ)

1 + 5 exp(4J/kT) + exp(2J/kT)

3 + 5 exp(4J/kT) + exp(-2J/kT) + 3 exp(2J/kT)
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7.1 K for 7, and 1.93 emu K mol-1 at 7.5 K for8, and then
sharply decreases to 1.38 emu K mol-1 for 6 and 1.466 emu
K mol-1 for 8 at 2 K. The magnetic susceptibilities of
complexes6-8 obey the Curie-Weiss law with positive
Weiss constantθ ) + 4.97(1) K and Curie constantC )
1.50(3) emu K mol-1 for 6, θ ) + 5.92(1) K andC ) 1.50-
(1) emu K mol-1 for 7, andθ ) + 3.27(1) K andC ) 1.47-
(1) emu K mol-1 for 8. The positive Weiss constants and
the increasing tendency ofømT above 7.5 K for the three
complexes are typical of ferromagnetic coupling between
adjacent Fe(III)-Ni(II) ions. The abrupt decrease at low
temperature may be due to the operation of the magnetic
saturation effect, weak interchain antiferromagnetic interac-
tions, and the zero-field-splitting effect of the Ni(II) ions.

To analyze the magnetic data of6-8, we tried to use an

approximate approach similar to that previously used for 1D
complexes.43 On the basis of the crystal data, the Fe(III)-
CN-Ni(II) linkages are unequal. Therefore, the 1D chain
can be treated as alternating uniform FeNi dimers with
different intradimeric and intrachain (also interdimer) ex-
change constants (Jd vsJc). A molecular field approximation
was also included.

Figure 4. Temperature dependences ofømT andøm
-1 (inset: the solid line was calculated from the Curie-Weiss law) for (a)1, (b) 3, (c) 4, and (d)5. The

solid line represents the best fit based on the parameters discussed in the text.

Figure 5. JNiFe vs NisNtC bond angle (θ) for 1 (O), 3 (4), 4 (]), and
5 (0). The straight line is the best fit by using the equation shown in the
plot.

Figure 6. Temperature dependence ofømT andøm
-1 (inset: the solid line

was calculated from the Curie-Weiss law) for6. The solid line represents
the best fit based on the parameters discussed in the text.

ød ) Ng2â2

4kT

10 + exp(-3Jd/kT)

3 + exp(5Jd/kT)
(1)
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Using this model, the susceptibilities over the temperature
range 4-300 K for 6, 5-300 K for 7, and 2-300 K for 8
were simulated, giving the best fits with parametersJc )
+1.31(1) cm-1, Jd ) +7.1(1) cm-1, zJ′ ) -1.21(1) cm-1, g
) 2.06(1), andR ) 1.43× 10-5 for 6; Jc ) +1.34(3) cm-1,
Jd ) +6.1(1) cm-1, zJ′ ) -1.02(3) cm-1, g ) 2.08(1), and
R ) 2.31 × 10-5 for 7; and Jc ) +0.591(7) cm-1, Jd )
+7.49(9) cm-1, zJ′ ) -1.02(1) cm-1, g ) 2.05(1), andR )
9.92 × 10-6 for 8. The Ni(II)sFe(III) exchange coupling
parameters of these complexes are comparable to that of the
cyano-bridged 1D Ni(II)sCr(I) complex (Jc ) + 0.23, Jd

) + 8.4) as the result of similar CtNsNi linkages.43

Interestingly, magnetic susceptibility measurements of
zero-static field ac magnetic susceptibilities for complex6
at different frequencies confirm the long-range antiferro-
magnetic ordering below 3.5 K (Figure 7). The field-
dependent magnetization was measured up to 50 kOe at 1.83
K (Figure 8). The curve has a sigmoid shape typical of
metamagnetic behavior: the magnetization first increases
slowly with increasingH until 6 kOe due to antiferromagnetic
interchain interactions, then increases abruptly for a phase
transition to a ferromagnetic state at about 10 kOe, and finally
attains a saturation magnetization of 2.9Nâ (expected
value: 3 Nâ for ST ) 3/2) at 50 kOe. The field-cooled
magnetization (FCM) measurements (Figure 9) with the
applied fields of 200 and 5000 Oe show a break at∼3 K,
which further demonstrates that there exists an antiferro-
magnetic phase transition at∼3 K. The absence of a peak
for the 10 kOe curve shows the metamagnetic behavior of
the complex, and the critical field (Hc) to overcome the
interchain antiferromagnetic interaction is less than 10 kOe.

Unlike the case for6, the field-cooled magnetization
measurements for complexes7 and8 show the absence of
magnetic ordering down to 2 K. The field dependence of
magnetization (inset of Figure 10) for7 and 8 shows no
abnormity, indicative of the paramagnetic properties of the
two complexes. The experimental data for7 are consistent
with the calculated Brillouin function that corresponds to
ST ) SFe + SNi ) 1.5 and are above that for the uncoupled
SFe ) 1/2 andSNi ) 1 state withg ) 2.11, as shown in the
inset of Figure 10. This clearly shows the ferromagnetic
coupling between the adjacent Fe(III) and Ni(II) ions via
the cyano bridges. However, the very low magnetization
value (∼1.5 Nâ) at 50 kOe for compound8 is far from
saturation (3Nâ with g ) 2.0) and is even lower than that
for the uncoupledSFe ) 1/2 andSNi ) 1 state, probably due
to the presence of noticeable interchain antiferromagnetic
interaction. Single-crystal X-ray diffraction analysis shows

that compound8 has chains connected by ClO4
- through

H-bonding, giving rise to a layered structure (see Supporting
Information). The layers are isolated from each other,
however, by the bulky pendent benzene groups of the
macrocyclic ligands. Hence, the low magnetization value of
the compound at low temperatures is tentatively attributed
to the probably strong intralayer antiferromagnetic magnetic
interaction. Theisolatedlayers are far apart, and the dipolar
interaction is negligible, which precludes the occurrence of
a 3D order.

The interchain antiferromagnetic interactions in the three
1D chainlike complexes are present, albeit weak, which

ød ) Ng2â2

3kT
Sd(Sd + 1) (2)

øchain) Ng2â2

3kT
1 + u
1 - u

Sd(Sd + 1) (3)

whereu ) cth[JcSd(Sd + 1)/kT] - kT/(JcSd(Sd + 1))

øchain)
øm

1 - øm(2zJ′/Ng2â2)
(4)

Figure 7. Temperature dependence of ac magnetization of6 in a zero-
static field and an ac field of 2 Oe at frequencies of 277, 666, 1633, and
4111 Hz.

Figure 8. Field dependence of magnetization at 1.83 K for6. The solid
or dotted line is the Brillouin curve forS ) 3/2 or for uncoupledSFe ) 1/2
andSNi ) 1 with g ) 2.0.

Figure 9. Field-cooled-magnetization of6 in applied fields of 200 Oe,
5000 Oe, and 10 kOe.
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originates from the dipolar interaction and the hydrogen
bonds as mentioned above for6. The interchain antiferro-
magnetic interactions may hinder the formation of SCMs,
which require that the interchain antiferromagnetic interaction
be negligibly weak. Similarly, the occurrence of 3D ordering
in 6 requires comparatively strong interchain antiferromag-
netic interactions. Therefore, the absence of a magnetic phase
transition for7 and8 down to 2 K shows that the interchain
antiferromagnetic interactions are not strong enough for 3D
magnetic ordering.

Conclusions

The dicyano-containing [Fe(bpb)(CN)2]- building block
can react with the four-coordinate Ni(II) precursors to
produce zero- or one-dimensional bimetallic complexes.
Interestingly, the products strongly depend on the preparation
methods. Magnetic investigation reveals that the magnitude
of the Ni(II)sFe(III) magnetic coupling is related to the

bridging NisNtC bond angles. It is anticipated that the
formation of cyano-bridged 2D or 3D complexes is not likely
because of the space hindrance of the bpb2- ligand. Future
work will involve the preparation of low-dimensional
Mn(III) sFe(III) complexes that may exhibit SCM or SMM
behavior. Additionally, the employment of the analogous
building block [Cr(bpb)(CN)2]- will be studied. Results will
be presented later.
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Figure 10. Temperature dependence ofømT with the fitting results for (e)7 and (f) 8. Inset: Field dependence of magnetization. The lines represent the
Brillouin functions that corresponds to the uncoupledSFe ) 1/2 andSNi ) 1 states (dotted lines) andST ) SFe + SNi ) 1.5 (solid lines) withg ) 2.11 for
7 andg ) 2.0 for 8.
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