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Three-dimensional cyanide-bridged bimetallic assemblies [M{EE' (CN)s]X 2 ((L, X) = (ethylenediamine (en),

PFs7) (1), (trimethylenediamine (tn), RF) (2), (tn, CIOs7) (3)) were synthesized and structurally characterized.
Compoundd—3 crystallize in the trigonal system of the space gr&8pwith a=b = 13.743(1) A,c = 17.802-

(2 A, andz =3 for1, a=b=14.588(1) A,c = 17.050(2) A, andZ = 3 for 2, anda = b = 14.337(2) Ac
=17.294(4) A, an@ = 3 for 3. All the assemblies have an isotropic three-dimensional network structure extended
through Fe-CN—Ni linkages. The network is based on a cube formed by 8 [Fed€Nanions at the corners

and 12 [Ni(L)]?" cations at the edges. Two hexafluorophosphate or perchlorate anions are located in the cavity
of the FeNi1» cube and align along a diagonal axis that coincides witlctieis. Magnetic measurements show

a ferromagnetic interaction between the nearedtidlis through the diamagnetic 'Feon.

effort has been made for the design of highly ordered structures
with paramagnetic metal centers in order to provide molecular-

Introduction

Recently, there has been a growing interest in coordination

polymers having a two- (2-D) or three-dimensional (3-D)

structure because of the unique physicochemical properties

arising in the bulk of these systerhs® In particular, much
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Bimetallic Assemblies [Ni(Ly]s[Fe(CNX]X>
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based magnets exhibiting spontaneous magnetizaitignit is
known that hexacyanometalate ions, [M(GN), act as good
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[Fe(CNE]X2 (L = en, tn; X= Pk, ClO47) using hexacyano-
ferrate(ll), [Fe(CN3]*~, as the building block. Their crystal
structures were determined by X-ray crystallography revealing
a 3-D network structure extended by"F&ECN—Ni" linkages.
Cryomagnetic properties of the assemblies are also reported.

Experimental Section

Physical Measurements.Elemental analyses of carbon, hydrogen,
and nitrogen were obtained at the Service Center of Elemental Analysis
of Kyushu University. Metal (iron and nickel) analyses were made
on a Shimadzu AA-680 atomic absorption/flame emission spectropho-
tometer. Infrared spectra were measured on a JASCO IR-810 spec-
trophotometer using KBr disks. Magnetic susceptibilities were mea-
sured by a Quantum Design MPMS-5S SQUID susceptometer.
Diamagnetic corrections were made using Pascal’s constants. Effective
magnetic moments were calculated by the equatigr= 2.828¢vT)Y?,
whereyw is the molar magnetic susceptibility corrected for diamag-
netism of the constituting atoms. Field dependencies of magnetization
were determined on the same susceptometer under an applied magnetic
field up to 50 kG.

Preparations. The Ni' component complexes [Ni(k]X2 (L = en,
tn; X = PR~ ClO;™) were prepared according to the literature mettod.
K4Fe(CN)] (Nakalai Tesque Inc.) was of reagent grade and used as
purchased.

[Ni(en)z]s[Fe(CN)s](PFe)2 (1). [Ni(en)s](PFs)2 (156 mg, 0.33 mmol)
was dissolved in 10 cfnof water. To this solution was added an

building blocks to provide bimetallic assemblies such as Prussianaqueous solution (10 énof Ki[Fe(CN)] (47 mg, 0.11 mmol) at room

blue, Fé!!jJF€"(CN)g]s-nH,0. Prussian blue and its analogues
form a family of magnetic materials, and a hid@g or Ty is
reported for some of these assembifed! However, magneto
structural correlation of these hidlz or Ty compounds remains
unclear because of the difficulty of crystallization. To get
structural information for a deeper insight into the mechanism
of the magnetic interaction throughout a network structure, we
have initiated the study of bimetallic assemblies derived from

a hexacyanometalate ion and a four-coordinate bis(diamine)-

nickel(ll) complex [Ni(L)]?" (L = diamine ligand). The use
of [Ni(L) 7]?" instead of the simple metal ion in the Prussian

temperature, and the resulting purple solution was allowed to stand to
form purple cubic crystals. They were collected by suction filtration,
washed with water, and dried vacuoover BOs. All the operations

for the synthesis were carried out in the dark to avoid the decomposition
of KyFe(CN)]. Yield: 74 mg (65%). Anal. Calcd for
CigHagF1oFeNigNisP2: C, 20.82; H, 4.66; N, 24.28; Fe, 5.4; Ni, 17.0.
Found: C, 20.90; H, 4.66; N, 24.39; Fe, 4.9; Ni, 16.8. IR (&niKBr
dISk) VCN 2060.

[Ni(tn) 2]s[Fe(CN)g](PFe)2 (2). This assembly was prepared as purple
cubic crystals in a way similar to that af except for the use of [Ni-
(tn)s](PFs)2 instead of [Ni(end](PFes)2. Yield: 81 mg (65%). Anal.
Calcd for G4HeoF1FeNigNisP.: C, 25.68; H, 5.39; N, 22.46; Fe, 5.0;

blue analogues reduces the complexity in stereochemistry ofNi, 15.7. Found: C, 25.91; H, 5.38; N, 22.34; Fe, 4.9; Ni, 15.5. IR
the resulting bimetallic assemblies because the geometry aboutcm™, KBr disk): vcy 2060.

the nickel in the assemblies is invariably six-coordinate together
with two cyano nitrogens. Previously, we reported the crystal
structures of [Ni(en)s[Fe(CN)]2:2H,O (en = ethylenedi-
amine)?14 PPh[Ni(pn),][Fe(CN)]H2O (pn = 1,2-propanedi-
amine)t? [Ni(L) 2]o[Fe(CN)]X-nH,O (L = pn, 1,1-dimethyl-
ethylenediamine (1,1-dmen); % ClO4~, PR, etc),1%-13 and
[Ni(N-men),]s[Fe(CN)]2-nH>O (N-men= N-methylethylene-
diamine)!® They have a 1-D rope-ladder-like chain structure,

[Ni(tn) 2] s[Fe(CN)e](ClO 4)2 (3). This was prepared as purple cubic
crystals in a way similar to that df using [Ni(tn)](ClO4,), instead of
[Ni(en)s](PFe)2.  Yield: 27 mg (24%). Anal. Calcd for
CoaHsoCloFeNigNisOs: C, 27.94; H, 5.86; N, 24.44; Fe, 5.4; Ni, 17.1.
Found: C, 27.84; H, 5.86; N, 24.45; Fe, 5.2; Ni, 17.4. IR (énKBr
dISk) VCN 2060.

Caution! Perchlorate salts are potentially explesi and should
be handled in small quantities

X-ray Structural Analyses. All the measurements were made on

a 1-D zigzag chain structure, a 2-D square sheet structure, anch Rigaku AFC7R diffractometer with graphite-monochromated Mo K
a 2-D honeycomb sheet structure, respectively. These bimetallicradiation ¢ = 0.710 69 A) and a 12 kW rotating anode generator. The
assemblies can be rationally prepared by the reaction of data were collected at 28 1 °C using thew—26 scan technique to a

[M(CN)g]3~ and [Ni(L)3]?" in the respective stoichiometry, in

maximum 2 value of 50.0 at a scan speed 16/tin (in w). The

the absence or presence of an appropriate counterion, and b)yveak reflectionsl(< 10.Q(1)) were rescanned (maximum of 4 scans),

the choice of the diamine ligand. However, the bimetallic
assemblies so far obtained are limited to those of a 1-D or 2-D
network.

Our next target is 3-D bimetallic assemblies constructed from
[M(CN)g]™ and [Ni(L),]2" ions (see Chart 1). In this study,
we have obtained new types of bimetallic assemblies [Mj¢t)

(39) Sato, O.; lyoda, T.; Fujishima, A.; Hashimoto, 8ciencel996 271,
49

(40) Vérdaguer, MSciencel996 272 698.
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and the counts were accumulated to ensure good counting statistics.
Stationary background counts were recorded on each side of the
reflection. The ratio of peak counting time to background counting
time was 2:1. The cell parameters bf3 were determined by 25
reflections in the 2 range of 29.27 < 20 < 29.7%, 29.14 < 20 <
29.96, and 29.03 < 260 < 29.92, respectively. The octant measured
was+h,+k,+I. The intensities of the representative reflections were
measured after every 150 reflections. Over the course of the data
collection, the standards fak and 2 decreased by 0.3 and 16.9%,
respectively, and the standards ®fincreased by 0.2%. A linear
correction factor was applied to the data to account for these
phenomena. Intensity data were corrected for Lorentz and polarization
effects.

(44) Werner, A.Z. Anorg. Chem1899 21, 210.
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Table 1 Crystal Parameters fdr—3

Fukita et al.

Table 4. Atomic Coordinates and Equivalent Isotropic Thermal
Parameters (A of Non-Hydrogen Atoms in

! 2 3 [Ni(tn) 1 {Fe(CNY(CIO.): (3)
fw 1038.57 1122.73 1031.71
space group R3(No. 148) RB(No.148) R3(No. 148) atom X y z Bea)
a=b/A 13.743(1) 14.588(1) 14.337(2) Ni i, 1, =1, 1.92(1)
c/A 17.802(2) 17.050(2) 17.294(4) Fe 0.6667 —0.6667 —0.6667 1.31(1)
VIA3 2911.8(4) 3142.3(6) 3078(1) cl 1.0000 0 —0.6543(1) 4.37(2)
Z 3 3 3 0O(1)  1.0000 0 —0.5751(6)  13.5(2)
DJg cn3 1.777 1.780 1.669 O(2) 0.9048(6) —0.0176(7) —0.6262(6) 13.8(4)
u(Mo Kaylemt  19.81 18.43 18.98 0O(3)  1.0000 0 —0.732(1) 26.5(5)
Re 0.035 0.019 0.024 O(4)  1.0732(5) —0.0295(5)  —0.6837(4) 6.7(2)
RuP 0.034 0.019 0.022 N(1) 05195(2) —0.6193(2) —0.5633(1) 2.44(5)

AR = J||Fol — [Fell/3IFol. ® Ry = [(S(IFe| — IFe)¥3FAM2 H% 82233% —8%3% —8333?% %8?%8
Table 2. Atomic Coordinates and Equivalent Isotropic Thermal gg; 82;3%8 _8238;% _8282;&; égg%
Parameters (A of Non-Hydrogen Atoms in ’ A A '
[INi(en)ls[Fe(CNEI(PFe) (1) C(3) 0.7332(2) 0.3126(2) 0.4882(2) 3.74(8)

213 6)2 C(4) 0.7342(3) —0.2885(3) —0.5730(2) 4.43(9)
atom X y z Req)
Ni 1, —1, 1, 2.35(2) calculations were performed using the teXsan crystallographic software
Fe 0.6667 —0.6667 —0.6667 1.33(1) package from the Molecular Structure Cdfp.
P 1.0000 0 —-0.3616(1)  3.31(3)
F(1) 1.1014(2) 0.0176(3) —0.3095(2) 6.56(9) Results and Discussion
F(2) 1.0171(3)  —0.0847(3)  —0.4102(2) 8.1(1)
N(1) 0.6199(3) —0.5151(3) —0.5647(2)  3.47(9) Syntheses and General Propertiesin our first attempt to
N(2) 0.6061(3) —0.4463(3) —0.4064(2)  3.7(1) create the 3-D bimetallic assemblies, hexacyanoferrate(ll),
N@B)  05823(3)  —0.3254(3)  —0.5196(2)  3.5(1) [Fe(CNY]4~, was adopted as the building block. This is based
g(l) 0.6401(3) —0.5694(3) —0.6039(2) 2.03(8) on our expectation that the combination of [Nigd" and

(2) 06812(5) —0.3285(5)  —0.4097(3)  7.0(2) A : o -

c(3) 0.6701(5) —0.2686(5) —0.4665(4) 8.7(2) [Fe(CN)]*~ in the 3:1 stoichiometry may result in a 3-D

Table 3. Atomic Coordinates and Equivalent Isotropic Thermal
Parameters (A of Non-Hydrogen Atoms in

[Ni(tn)]s[Fe(CN)|(PFe)2 (2)

network of the cubic Fgii, unit (see Chart 1) whose cavity is

large enough to accommodate two uninegative counterions
required for neutralizing the dipositive charge per the cubic unit.
As the counteranion, hexafluorophosphate or perchlorate ion

atom X y z Heq) was chosen. Ethylenediamine (en) or trimethylenediamine (tn)
Ni Y, —1, —1, 1.56(1) was utilized as the diamine ligand of [Ni@]§+, because such

Fe 0.6667 —0.6667 —0.6667 1.20(1) a symmetric diamine may be preferred to asymmetric diamines
P 1.0000 0 —0.3597(1)  2.11(1) such as 1,2-propanediamine (pn) athethylethylenediamine
F(1) ~ 1.0150(1) ~ —0.0812(1)  —0.4121(1)  3.93(3) (N-men) in constructing the 3-D network based on the sym-
F(2) 0.9194(1)  —0.0960(1) ~ —0.3049(1)  3.81(3) metric FeNiy» cube. Tris(diamine)nickel(ll), [Ni(Lg]2*, was
N(1) 0.6144(1)  —0.5238(1) —0.5637(1)  2.16(4) 12 C ; N ! .
N(2) 0.4235(1) ~0.6639(1) —-0.4753(1)  2.33(4) used fo_r the_synthe3|s of the blmt_atalhc_ asse_mblles_,. In this
N(3) 0.4143(1) —0.5369(2) —0.6060(1) 2.29(4) synthesis, [Ni(L}]2" was gradually dissociated into [Ni(]¥"

Cc@1) 0.6374(1) —0.5754(1) —0.6017(1) 1.55(4) in the aqueous solution, leading to the slow growth of single
C(2)  03094(2)  -0.7301(2) ~ —0.4930(1)  2.82(5) crystals of1—3 suitable for the X-ray crystallographic study.
C(3) 0.2860(2) —0.7241(2) —0.5782(1)  3.11(5)

Each bimetallic assembly shows a shagp peak at 2060

The structures were solved by the direct method and expanded usingC™ - The ven band is Shiftecli to high frequency relative to
the Fourier technique. The non-hydrogen atoms were anisotropically that of KaFe(CN)] (2040 cnr?). Sl{Ch a shift ofven mode
refined. Hydrogen atoms were included in the structure factor and the appearance of only ongy vibration suggest that all

calculations and isotropically refined f@rand3 but not refined forl.
The final cycle of the full-matrix least-squares refinementef3 was
based on 1067, 1130, and 1073 observed reflectibres 8.005(1))

of the six cyanide groups of [Fe(CNJ~ are involved with the
bridge to [Ni(Ly]?". The IR spectra ofl—3 are essentially
similar to each other except for the vibrations of the respective

and 85, 134, and 140 variable parameters, respectively. The unweightedsqnteranion (PE, 860 and 560 cm; ClO,~, 1100 and 620

and weighted agreement factors of the fofRs Y ||Fo| — |Fc||/3|Fol
andRy = [SW(||Fo| — |Fel[)¥3 Fo?)]Y? are used. The agreement factors
R (Ry) of 1—3 were 0.035 (0.034), 0.019 (0.019), and 0.024 (0.022),
respectively. Crystallographic parameters are summarized in Table 1.
The final positional parameters of the non-hydrogen atonis-&with
their estimated standard deviations are listed in Tabte4, 2espec-
tively.

Neutral atom scattering factors were taken from Cromer and Waber.
Anomalous dispersion effects were included=i the values forAf’
and Af'" were those of Creagh and McAuléy. The values for the
mass attenuation coefficients were those of Creagh and Héiblzél.

(45) Cromer, D. T.; Waber, J. T. linternational Tables for X-Ray
Crystallography The Kynoch Press: Birmingham, England, 1974; Vol.
\Y,

(46) Creagh, D. C.; McAuley, W. J. Iinternational Tables for Crystal-
lography, Kluwer Academic Publishers: Boston, MA, 1992; Vol. C.

(47) Creagh, D. C.; Hubbell, J. H. imternational Tables for Crystal-
lography, Kluwer Academic Publishers: Boston, MA, 1992; Vol. C.

cm1). All the assemblies are stable in air and insoluble in
most inorganic and organic solvents.

Crystal Structures. The bimetallic assembliek—3 crystal-
lize in the same trigonal crystal system of the space gR&ip
(No. 148) and have very similar crystal parameters (Table 1).
However, a significant difference is seen in the lattice parameters
between the en compouridand tn compound2 and 3.

[Ni(en)2]s[Fe(CN)eJ(PFe)2 (1). The perspective view of the
asymmetric unit with an atom-numbering scheme and the
projection of the molecular entity in the lattice are shown in
Figures 3. The selected bond distances and angles with their
estimated standard deviations are listed in Table 5.

The asymmetric unit consists ofl4g [Fe(CN)]*~ anion, a
1/, trans{Ni(en);]?* cation, and &/3 PR~ anion. Hexacyano-
ferrate(ll) coordinates to six [Ni(eg]f+ cations through all its
cyano nitrogens, forming a 3-D network structure extended by
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Figure 1. ORTEP drawing of the asymmetric unit of [Ni(eh]Fe- ) o )
(CN)s](PFs)2 (1) with the atom-labeling scheme, showing 30% prob- Figure 3. Projection of the polymeric structure bfonto theab plane.
ability ellipsolids.

Figure 2. Structure of the RéNii> cubic unit of 1.

Table 5. Selected Bond Distances (A) and Angles (deg)fef3
compd Fe-C(1)/A C(1)-N(1)/A Ni—N(1)/A C(1)-N(1)—Ni/deg

1 1.913(4) 1.152(4) 2.104(3) 148.2(3) Figure 4. ORTEP drawing of the asymmetric unit of [Ni(tiyFe-
2 1.936(2) 1.163(2) 2.160(2) 151.7(2) (CN)gl(PFs)2 (2) with the atom-labeling scheme, showing 30% prob-
3 1.930(2) 1.160(3) 2.164(2) 149.3(2) ability ellipsolids.

Fe!'—=CN—Ni" linkages (Figure 1). The FeC, C—N, and

N—Ni bond distances in the linkage are 1.913(4), 1.152(4), and coincides with the crystal axis) of the FeNi1, cube. The P&
2.104(3) A, respectively. The e C distance is significantly ~ and [Fe(CN3]*~ ions in the sameOn symmetry are in the
shorter than the Me—C distances in the related assemblies “eclipsed” mode with respect to ti axis when projected onto
because of strong back-donation in the former; the mean theab plane (Figure 3). The ethylenediamine entities play a
Fe!l—C distance is 1.976 A in PRINi(pn)z][Fe" (CN)s]-H20 11 role in filling the large cavity together with the PFions.

1.940 A in [Ni(en}]s[F€" (CN)e]2:2H,0.214 and 1.946 A in [Ni(tn) 2]s[Fe(CN)g](PFe)2 (2). The perspective view of the
[Ni(pn)2]2[F" (CN)g]CI04-2H,0.10-13 The CN-Ni bridging asymmetric unit with an atom-numbering scheme is given in
angle is 148.2(3) A cubic FeNij unit is formed by 8 Figure 4. Similar to the case of, hexacyanoferrate(ll)
[FE(CN)]*~ anions at the corners and with 12 [Ni(gld)y coordinates to six [Ni(tr]?" cations through its six cyanide
cations at the edges (Figure 2). The nearest-R¢ Fe--Fe, nitrogens, providing a 3-D network based or¥ig, cubic units

and Nk--Ni separations along the FE€N—Ni linkage are 4.954, (Figures 5 and S1). The selected bond distances and angles
9.908, and 9.908 A, respectively. The nearest-Ni separation are listed in Table 5. The trimethylenediamine in [NigA)
through space is 6.868 A. Two hexafluorophosphate anions assumes a chair conformation affording an inversion center at
are located in the cavity of the f¢i1, cube. Two [Fe(CNJ*~ the Ni atom. The alignment of the [Fe(Ci{)~ and Pk~ ions

and two Pk~ anions align along the longest diagonal line (which in eclipsed mode is seen along the crystahxis. The tn
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Figure 5. Projection of the polymeric structure dfonto theab plane.

moieties play a role in filling the cubic cavity more effectively
than the en moieties in the casef

[Ni(tn) 2]s[Fe(CN)g](ClO 4)2 (3). The assembly3 bears a
marked resemblance ®in both the crystal structure of the
asymmetric unit and the bulk structure (Figure S2). The selected
pond digtanpes and angles are Iistgd ip Table 5. Two perchlorate,:igure 6. Bridging structures ol (above) and® and3 (below).
ions exist in the FgNii» cube, aligning alongc axis. The
perchlorate oxygen atoms show large thermal parameters owing
to a disorder along the axis.

The cubic unit structures df—3 are comparatively studied f
in some detail. Itis found from Table 5 that the structural data 80
vary with the diamine ligand and counteranion. The tn
compound® and3 have longer FeC and Ni-N bonds and a
larger C-N—Ni angle compared with the en compouhdrhis
may be attributed to an intramolecular steric strain that is larger
in 2 and 3 with a tn ligand than inl with an en ligand. In
comparison betweed (with PR~) and 3 (with ClO47), 2 has
larger lattice parameters th@ This is becaus@ has large
PR~ ions relative to the CIQ ion in the cavity. The FeC
and C-N bonds for3 are evidently short relative to those for
2 whereas the NiN bond for3 is long relative to that foR. It
is to be noted thafl has large equivalent isotropic thermal 0 100 200
parameters with respect to the carbon atoms (C(2) and C(3)) of T/K
the ethylenediamine. The two enantiomeric conformatidns ( Figure 7. Plot of the temperature dependence of ghd for 1 (per
and o) of the ethylene group in [Ni(egl?™ can exist, and the  FeNk).
large thermal parameters observed mean a disorder of the(based on J = C(T — ©®)). The magnetic behavior below
ethylene carbons with respect to the enantiomeric conformations.120 K means a weak ferromagnetic interaction between the
On the other hand, the tn ligand 2.and3 adopts a fixed chair ~ nearest Ni(ll) ions through the NC—Fe—CN-— bridge. If one
conformation (Figure 6). takes into consideration the electronic configurations of Ni(ll)

Magnetic Properties. The cryomagnetic properties bfand (tzgPe?) and Fe(ll) (k), ao-superexchange pathway is proposed
2 are given in Figures 7 and 9, respectively, in the form of the between the nearest Ni(ll) ions through the emptybital of
xmT vs Tplot. the Fe(ll) ion. On the basis of this presumption and using the

[Ni(en)2]s[Fe(CN)el(PFe)2 (1). At room temperature, theyT concept developed by Goodenough, Kanamori, and Anderson,
value is 3.50 cfiK mol=1 (5.29up per FeNi) which is slightly an electron spin of the same sign as that of the unpaired electron
larger than the expected value for the three high-spin Nigl) (  on the @(Ni) orbital is polarized on the £(Fe) orbital ¢ axis
= 1) ions (3.00 crdi K mol™%, 4.90 ug). The ymT value is is taken along the NtNC—Fe linkage) through the filled orbital
practically independent of temperature in the range—1ZD of the cyanide bridges. This leads to a ferromagnetic coupling
K but gradually increases with further decreasing temperature between the nearest Ni(ll) ions through the diamagnetic Fe(ll)

100 6

o))
[
P

a7/ em™ mol
S
o
T

wm T/ cm® K mot™!

[\
o
T

0 " * 0
300

up to the maximum value of 5.05 &K mol~! (6.34ug) at 2.0
K. The 1fm vsT plots in the range 2:0120 K obey the Curie
Weiss law with a positive Weiss constant 6f = +1.16 K

ion.
The ferromagnetic behavior dfhas been confirmed by the
field dependence of magnetization measured at a temperature
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Nofu”(S+ 1
1=0IC c=% 3)

6

and eq 2 is expressed as follows:

_ QugSH 30
X= + M
KT g(S+ 1)TNug

(4)

By the solution of egs 1 and 4 for each magnetic fidldhe
theoretical curve with Weiss constadt= +1.16 K is obtained
and shown as the solid line in Figure 8. The calculated curve

/1.' T=2K shows a shape similar to the observed one below 10 kG. In
’ ) . . ' the high magnetic field, the observed value is slightly smaller
00 10 20 30 40 50 than the theoretical one, which is due to the magnetic anisotropy

of the Ni(ll) ion. This result below 10 kG is a strong indication
HIkG of the ferromagnetic interaction between the nearest Ni(ll) ions
Figuye 8. Field dependence of the magnetizatidan2aKk for 1 (per through the—NC—Fe—CN- bridge.
FeNg). [Ni(tn) 2]s[Fe(CN)sl(PFq)2 (2). The magnetic behavior &

100 , 6 in the range of 126300 K is essentially the same as thatlof
Below 100 K, theymT value of 2 increases with decreasing
temperature to a maximum value of 3.73%dmol~ at 8.0 K
(5.46 ug) which is slightly larger than the expected value for
three Ni(ll) (S= 1) ions. This fact suggests a ferromagnetic
interaction between the nearest Ni(ll) ions. Thgul¥s T plots
in the range of 8.6100 K obey the CurieWeiss law with a
small positive Weiss constant & = +0.80 K. Theyy value
also increases with decreasing temperature up to the maximum
value at 2 K. It is found that the maximuguT value of2 is
small compared with that of. Furthermore, theyyT of 2
rapidly decreases with decreasing temperature below 8 K
probably due to zero-field splitting for the Ni(ll) ion. Such a
zero-field effect is not prominent in the cryomagnetic property
0 100 200 308 of 1. This means that the ferromagnetic interaction between

T/K the nearest Ni(ll) ions is more dominant than the zero-field effect
Figure 9. Plot of the temperature dependence of hd for 2 (per of Ni(ll) in 1, whereas is less effective i. The weak
FeNi). ferromagnetic interaction i@ may be related to the elongated
Fe—CN—Ni distance as will be discussed later.

The field dependence of magnetization #yrmeasured at
the temperature (8 K) corresponding to the maxiggl in the
7 ) o xmT vs Tplots, is shown in Figure 10. This result indicates
Vl\\llirz:f)hi(;isCZisgen;% ?:/; Zr:\?g?:ftrll?ght?i:r da”'I:[Ez jg:?es dlzut:/i _that the ferromagnetic interaction between the nearest Ni(II_) ions
Lo L is too weak to be saturated & K even under a large applied
in Figure 8 shows the calculated magnetization based on thefig|q of 50 kG. Noteworthy is the fact that the magnetization
Brillouin function for three isolate@ = 1 spins withg = 2.02. of 2 exceeds the value predicted from the Brillouin function
Itis seen that the observed magnetization (peF8)iis larger oy three isolate® = 1 spins over the applied-field range studied
than the value predicted from the Brillouin function for three (Figure 10). This fact adds support to the fact that the nearest
Ni(ll) ions in the range of the applied field ofB0 kG. Ni(ll) ions are ferromagnetically interacting through th&lC—

The field dependence of magnetization is interpreted using Fe-CN— bridge. _ _
the mean-field approximatiof.®° The theoretical magnetization ~_ [Ni(tn) 2]s[Fe(CN)|(ClO4) (3). The magnetic behavior of
is obtained by solving the following equations: 3 is similar to that of2. Below 100 K, theywT value slightly
increases with decreasing temperature up to the maximum value
of 3.88 cn? K mol~! at 8.0 K (5.57ug) and rapidly decreases

80

60

40T

;(M'l /cm™ mol
mwm T/ cm’ K mol’!

20

(2 K) corresponding to the maximum in theT vs T plots
(Figure 8). The magnetization perdNe at 50 kG is 5.7Nug

M = NgusSE(X) @) belowv 8 K probably due to zero-field splitting for the Ni(ll)
ion. This behavior suggests that a ferromagnetic interaction
nguBS(H + M) @) operates between the nearest Ni(ll) ions but the magnetic
kT interaction is less effective than the zero-field effect of the Ni-

() ion. The 1fm vs T plots in the range of 8:0100 K obey
Here/ describes the magnitude of the internal field and can be the Curie-Weiss law with a positive Weiss constant @f =
represented as +0.82 K. The Weiss constant is comparable to but slightly
larger than that fo (®@ = +0.80 K).
Thus, all the assemblids-3 show a ferromagnetic interaction

(48) i%)é%anl:gg;ystal Structure Analysis package, Molecular Structure Corp., hatween the nearest Ni(ll) ions but no three-dimensional
(49) Veciéna, J Rovira, C.: Ventosa, N.; Crespo, M. I.; Palacid, Am. magnetic ordering occurs over the lattice. The ferromagnetic

Chem. Soc1993 115, 57. interaction becomes stronger in the orfler 3 > 2. This order
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6 Conclusion

Three 3-D bimetallic assemblies of the general formula [Ni-
(Dals[Fe'(CN)g]X2 (L, X) = (en, PK") (1), (tn, PR") (2),
(tn, CIOs7) (3)) have been obtained from the reaction of [Ni-
(L)3]X2 and KijFe(CN)]. X-ray crystallography for the as-
semblies reveals a 3-D network structure extended by the Fe
CN—Ni—NC—Fe linkages. The network is based on theNte
R cubic unit with Fe(ll) ions at the corners of the cube and Ni(ll)
2r ions at the middle of the edges. They are the first example of
0. 3-D bimetallic assemblies derived from [M(C§Jl)- and planar
o [Ni(L)2]>".
Cryomagnetic studies reveal a ferromagnetic spin-exchange
0 * ’ ’ . between the nearest Ni(ll) ions through the diamagnetic Fe(ll)
0 10 20 30 40 50 ion. This result corresponds to the specific properties of the
H/kG second components in Prussian blue analogues. The ferromag-
Figure 10. Field dependence of the magnetizatiar8eK for 2 (per netic interaction decreases in the order 3 > 2 which is in
FeNkg). accord with the increasing order of the-F&(1) and Ni=N(1)
bond distances]l < 3 < 2. No three-dimensional magnetic
is in accord with the increasing order of the-Fe(1) and Ni- ordering occurs over the lattice dowe 2 K due to the
N(1) bond distances, (1.913, 2.104 A)< 3 (1.930, 2.163 A) intervention of the diamagnetic [FHCN)g]*~.
< 2(1.936, 2.160 A). Such an elongation of bond distances
means a decreasing overlap integral among theirkitals and
is unfavorable for the magnetic interaction between Ni(ll) ions
through diamagnetic Fe(ll) ion.
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The substitution of the diamagnetic Fe(ll) ion for a para-  Supporting Information Available: Structure of the Fgis, cubic
magnetic ion is of great interest in achieving a long-range unit of 2 and a projection of the polymeric structure ®bnto theab
magnetic ordering over the 3-D lattice. Studies along this line plane (Figures S1 and S2) and tables of magnetic susceptibility and
are in progress in our laboratory. magnetization data fat—3 (9 pages). Three X-ray crystallographic
files, in CIF format, are available. Ordering and/or access information
is given on any current masthead page.

(50) Matsuda, K.; Nakamura, N.; Inoue, K.; Koga, N.; lwamuraBdill.
Chem. Soc. Jprll996 69, 1483. 1C9711168



