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Seven cyanide-bridged bimetallic complexes have been synthesized by the reaction of [Fe(1-CHsim)(CN)s]?~ with
Mn(lll) Schiff base complexes. Their crystal structure and magnetic properties have been characterized. Five
complexes, [Mn,(5-Brsalen),Fe(CN)s(1-CHsim)]-H,0 (1), [Mny(5-Clsalen),(H,0),Fe(CN)s(1-CHsim)]-H,0 (2), [Mny(5-
Clsaltn),(H,0),Fe(CN)s(1-CHzim)] (3), [Mn,(5-Clsaltmen),(H,0),Fe(CN)s(1-CHsim)]-H,0 (4), and [Mn,(5-Brsaltmen),-
(H20),Fe(CN)s(1-CHsim)]-CHzOH (5), are neutral and trinuclear with two [Mn(SB)]* (SB>~ = Schiff base ligands)
and one [Fe(1-CHsim)(CN)s]>~. Complex {[EtsN][Mn(acacen)Fe(CN)s(1-CHsim)[} ,-6nH,0 (6) is one-dimensional
with alternate [Mn(acacen)]* and [Fe(CN)s(1-CHszim)]?~ units. The two-dimensional complex {[Mn,(saltmen),Fe-
(CN)5(1-CHgim)]} /[ClO4]20+9nH,0 (7) consists of MnsFe units which are further connected by the phenoxo oxygen
atoms. Magnetic studies show the presence of ferromagnetic Mn(lll)=Fe(lll) coupling in the trinuclear compounds
with the magnetic coupling constant (J) ranging from 4.5 to 6.0 cm™2, based on the Hamiltonian H = —ZJQFQ(QMn(l)
+ QMn(z)). Antiferromagnetic interaction has been observed in complex 6, whereas ferromagnetic coupling occurs in
complex 7. Complexes 6 and 7 exhibit long-range magnetic ordering with a Ty value of 4.0 K for 6 and T of 4.8
K for 7. Complex 6 shows metamagnetic behavior at 2 K, and complex 7 possesses a hysteresis loop with a
coercive field of 500 Oe, typical of a soft ferromagnet.
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During the past decades, more and more attention has bee<M’'(CN)s]y'nH-0 have been synthesized by the reaction
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Cyanide-Bridged Mn(lll)—Fe(Ill) Complexes

of cyanide-containing building blocks [NCN)g]*~ (M' = (single-molecule magnégf2949412gr SCM (single-chain
Fe, Cr, Mn) with other paramagnetic metallic complexes magnetj'®422426hehavior have been obtained using this
[M(HO)s]™", and some of them exhibit long-range magnetic approach.

ordering at considerably high temperatutes. However, among these CNtontaining precursors, [M(L)-

Hybrid Prussian blue complexes were later introddced (CN)s]™ (L is a monodentate ligand) has been seldom
using the coordinatively unsaturated complexes [M(t)] ~ Studied: Interested in the building block [Fe(1-Girh)-
(where L represents polydentate ligands) instead of (CN)S]Z_ (1-CHim stands for 1-methyl|m|da;olé§, we
[M(H,0)]™ to react with [M(CN)gJ*~. By the alteration noticed thgt [Fe(l-Cbim)(CN)5 2~ has two mterestlng
of the organic ligands L, a series of polynucl&at8 1D,19-21 characterlst|cs_ that are different from [Fe(GN): (i) the
2D2224 and 30 2% complexes have been synthesized, elgctromc cpnflguranon [gq(&kz)z(gdﬂ)z@d‘y)l] of the low-
which exhibit ferro-, antiferro-, ferri-, or metamagetic SPIn Fe(lll) ion together with the approximafia, symmetry
behavior. This approach favors better crystallization and °f [Fe(1-CHIM)(CN)s]?” and (ii) the divalent form of the
therefore magneto-structural studies, and it affords a rich @ion which should give rise to comelexes structurally
family of structurally and magnetically different complexes. g:fre;i?;]tt gtot(rannqt?)?ttge;evr(fagrrrzog] Eg((ﬁ?]z \;vi\t/\r/]e[ll‘ljﬂs(leSdBl)t]P

An_c()jther sttra_te_gy |Bv_olldv_|ng g:e 'ECIUS'\'AOE o(f:a I|7gand_|_ to complexes (SB stands for Schiff base ligands), for the interest
i{%r;lir?s:feoe? daé?'[ﬁ(cﬁ)'e ;?,ghasogese’n [ de(vgl(op%);t 4‘$XTh_e of the versatile and flexible structures of [Mn(SB){om-

i ) X . plexes that have been widely used to synthesize SMM or
presence of L usually lowers the dimensionality of the species SCM complexe@®3°46-50 Herein, we report the synthesis,

and, in the meantime, results in novel molecular structures.
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Scheme 1. Schematic lllustration of the [Mn(SBj]Compounds C, 38.47; H, 2.83; N, 12.04. Found: C, 38.70; H, 3.06; N, 12.25.
IR (KBr): v 2137, 2110 (&N), 1633 cn1! (C=N). Complex2.

+
o o 7 Yield: 47.4 mg (43.0%). Anal. Calcd. for FeMD,1N;,H3607Cly:
\Mn/ C, 44.67; H, 3.29; N, 13.98. Found: C, 44.84; H, 3.36; N, 13.99.
/ \ IR (KBr): » 2119 (G=N), 1631 cm* (C=N). Complex3. Yield:
X —NKR/N_ X

25.6 mg (23%). AnalCalcd for FeMRCy3N11H3506Cly: C, 45.69;
H, 3.57; N, 13.85. Found: C, 45.83; H, 3.44; N, 13.52. IR (KBr):
v 2127 (G=N), 1617 cnt! (C=N). Complex4. Yield: 45.6 mg

SB R X (375%) Anal. Calcd for Fem4gN11H5207C|4: C, 48.46; H, 4.32;
5-Brsalen® CH,CH, Br N, 12.69. Found: C, 48.07; H, 4.37; N, 13.11. IR (KBn):2130,
5-Clsalen® CH,CH, cl 2117 (G=N), 1608 cm' (C=N). Complex 5. Yield: 25 mg
5-Clsaltn® CH,CH,CH, cl (17.8%). Anal. Calcd for FeMi®@soHs4N110;Brs: C, 42.80; H, 3.88;
saltmen? C(CH;),C(CHs), H N, 10.99. Found: C, 43.01; H, 4.07; N, 10.81. IR (KBn):2129,
5-Clsaltmen”  C(CHz),C(CHs), cl 2115 (G=N), 1613 cnm! (C=N). Complex 7. Yield: 30.4 mg
S-Brsaltmenz' C(CH3)2C(CH3)2 Br (284%) Anal. Calcd for FeMnggleanO25C|2: C, 49.99; H,

5.28; N, 9.82. Found: C, 50.01; H, 5.17; N, 10.18. IR (KB¥):
2125 (G=N), 1602 (G=N), 1097 cnrt (CI-0).
{[EtsN][Mn(acacen)Fe(CN}(1-CHszim)]},6nH,O (6). Com-

_‘ +
\ /0 plex 6 was synthesized by a similar procedure for the synthesis of
Mid \ [EtsN]o[Mn(acacen)Fe(CN).3°2 To an ethanol solution (20 mL)
/ \ of E4NBr (0.2 mmol, 42.0 mg) was added [Mg(1-Gikh)(H,O).-
N—
2

/ o]
—N Fe(CN)(1-CHsim)]-H20 (0.1 mmol, 51.0 mg). A minimum amount

of water (1 mL) was added to this mixture, and it was stirred at

room temperature until the solids dissolved completely. The
SB = acacen® resulting solution was then added dropwise to an ethanol solution
(10 mL) of [Mn(acacen)]CI®(0.1 mmol, 37.7 mg). After filtration,
crystal structures, and magnetic properties of seven com-the filtrate was added to 20 mL of 2-propanol, and then the mixture

plexes derived from [Mn(SB)]and [Fe(1-CHim)(CN)s]?". was allowed to stand in the dark. After a few days, dark brown
The [Mn(SB)}* complexes employed in the experiments are platelet single crystals suitable for X-ray diffraction formed. They
shown in Scheme 1. were collected by filtration, washed with 1:1 (v/v) 2-propanol
ethanol, and dried at room temperature. Yield: 23.5 mg (30%).
Experimental Section Anal. Calcd. for FeMn@N1oHs¢0g: C, 44.45; H, 7.20; N, 17.87.

. Found: C, 44.30; H, 6.96; N, 18.09. IR (KBrjz 2115 (G=N),
Elemental analyses of carbon, hydrogen, and nitrogen were 1593 cnrt (C=N)

carried out with an Elementary Vario El. The infrared spectroscopy
on KBr pellets was performed on a Magna-IR 750 spectrophotom-
eter in the 4006400 cnt?! region. Magnetic measurements were
performed on a Quantum Design MPMS SQUID magnetometer.
The experimental susceptibilities were corrected for the diamag-
netism of the constituent atoms (Pascal’s tabies).

Synthesis All chemicals and solvents used for the synthesis were
reagent grade. The precursor, [Mg(1-4Hi),(H,O).Fe(CN)(1-
CHsim)]-H,0, was prepared according to the literature metfiéd.
The Mn(lll) Schiff base compounds [Mn(5-Brsalen}®)]CIO,,
[Mn(5-Clsalen)(HO)]CIO,, [Mn(5-Clsaltn)(HO)]CIO,, [Mn(saltmen)-
(H20)]CIO4, [Mn(5-Brsaltmen)(HO)]CIO4, [Mn(5-Clsaltmen)-
(H,0)]CIO,, and [Mn(acacen)]Cl@were prepared as described
elsewher@%46:47Caution: Perchlorate salts of metal complexes with
organic ligands are potentially explag and should be handled
in small quantities with care.

Complexes -5 and 7.The compounds were similarly prepared
as dark brown crystals with the use of appropriate manganese(lll)
Schiff base complexes; therefore, only the synthesis of comblex
was described in detail. A methanol solution (10 mL) of [Mn(5-
Brsalen)(HO)]CIO, (0.2 mmol, 101.6 mg) was carefully layered
onto an aqueous solution (10 mL) of [Mg(1-gin),(H,O),Fe(CN}-
(1-CHsim)]-H20 (0.1 mmol, 51.1 mg). After the mixture stood for
a few weeks in a dark room, dark brown crystals suitable for X-ray
diffraction were obtained. They were filtered, washed with 1:1 (v/

‘\’()_ r;:ftrzlang%—water, ?ojd ‘Xie? at 103”; te'r:nperat'L\zlreH Corréplgx Synthesis and General CharacterizationBecause the
leld: 43.2 mg (33.7%). Anal. Calcd. for FeMuiN11H36O7Br.: coordination bonds between Ffgand the cyanides are weak,

(51) (a) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986. [Mg(l'CH3im)Z(HZO)ZFe(CNk(l'CFbim)]'HZO i_S SOIUbIe_ in
(b) Kahn, O.Molecular MagnetismWiley-VCH: New York, 1993. water to generate free [Fe(C))-CHsim)]?~ anions, which

X-ray Structure Determinations. The data collections df and
2—7 were made on a computer-controlled Siemens P4 diffrac-
tometer and a Rigaku R-axis rapid IP equipped with graphite-
monochromated Mo ¥ radiation ¢ = 0.71073 A), respectively.
All the structures were solved by the direct method (SHELXS-97)
and refined by full matrix least-squares (SHELXL-97) &#.
Anisotropic thermal parameters were used for the non-hydrogen
atoms and isotropic parameters for the hydrogen atoms. Hydrogen
atoms were added geometrically and refined by using a riding
model. In complex, the 1-methylimidazole and its opposite cyano
groups around the Fe(lll) ion experience disorder. In complex
disorder also exists in the tetraethylammonium cations over two
symmetry-related sets of positions. In compl&x when the
compound crystallized in the space grddgm, the presence of a
C, rotational axis through the Fe(1) [0.500, 0.500, 0.227], C(2)
[0.500, 0.500, 0.156], and N(2) [0.500, 0.500, 0.114] atoms results
in the disorder of the 1-methylimidazole group opposite to the cyano
ligand C(2)-N(2). The interlayer perchlorate ions and water
molecules could not be accurately determined. We have tried
different single crystals of complekfor X-ray diffraction, but the
R factors could not be lowered markedly. Nevertheless, the positions
of the intralayer atoms were satisfactorily determined.

Results and Discussion
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Table 1. Crystallographic Data for Complexds-7

1 2 3 4
formula FEMQC41H36N1107BI'4 FeanC41H3aN1107CI4 FeMI’]zC48H3eNlloaC|4 FEMWC49H52N1107C|4
fw 1280.18 1102.34 1112.37 1214.55
T (K) 296 123 113 293
cryst syst monoclinic monoclinic orthorhombic monoclinic
space group P2i/c P2i/c Pca2; P2:/c
a(A) 13.4412(6) 11.265(3) 15.011(3) 14.892(3)
b (A) 18.8460(8) 13.885(4) 28.739(6) 14.443(3)
c(A) 19.6663(8) 15.027(4) 21.756(4) 25.420(5)
£ (deg) 102.2640(10) 92.0390(10) 93.00(3)

V (A3) 4868.0(4) 2349.0(12) 9386(3) 5460.0(19)
z 4 2 8 4
Pealed (g CMT3) 1.747 1.559 1.574 1.478
F(000) 2524 1118 4520 2492
data/restraints/params 9579/0/604 4569/0/332 18329/1/1208 9271/0/668
R1[l > 20(1)] 0.0585 0.0725 0.0653 0.0570
wR2 (all data) 0.1362 0.1604 0.1195 0.0926
5 6 7

formula FeMQC50H54N1107Br4 FeMI’]ngHseN1008 FeMmnganleOzsCIz

fw 1406.41 783.63 2138.45

T (K) 293 123 173

cryst syst monoclinic orthorhombic tetragonal

space group P2i/c Pbcm #/m

a(A) 14.966(7) 11.994(3) 18.805(3)

b (A) 14.423(7) 18.333(4) 18.805(3)

c(A) 25.709(10) 17.220(4) 27.473(6)

B (deg) 92.97(2)

V (A3) 5542(4) 3786.6(14) 9715(3)

z 4 4 4

Pcaled (g €NT3) 1.686 1.375 1.462

F (000) 2812 1660 4444

data/restraints/params 19635/0/677 3233/0/299 4887/0/332

R1[l > 20(1)] 0.0497 0.0735 0.1326

wR2 (all data) 0.1344 0.1619 0.2885

makes it possible to prepare new cyanide-bridged magneticCHzim)]?~ unit uses tweocis-cyano groups to connect with

materials. Complexe$—5 and7 were all obtained as well-

two [Mn(5-Brsalen)] groups, whereas the three remaining

shaped single crystals by the reactions of the appropriateCN~ units are terminal. Two cis-bridging cyanides are in

[Mn(SB)(H,0)]CIO, complexes with [Mg(1-Chim).(H20),-
Fe(CN)(1-CHzim)]-H,0 in a molar ratio of 2:1 by the slow
diffusion method, while comple® was synthesized in the
presence of a large countercation [¥ft". Because of the
divalent form of the [Fe(CNJ1-CHsim)]?~ building block
and the 2:1 molar ratio of Mn:Fe in the final products, the
trinuclear products are neutral. The introduction of different
[Mn(SB)]* compounds results in structurally different prod-
ucts: cis-trinuclear fol, trans-trinuclear fo2—5, 1D chain
for 6, and 2D network for7.

Infrared spectra for complexés-7 show one or two peaks
in the range of 21162130 cnt?!, which are attributable to
the G=N stretching vibration of cyano ligands. The IR
spectrum of compleX exhibits a strong absorption at 1097
cm 1, which can be assigned to the-@D stretching vibration
for the perchlorate anions. This is consistent with the
presence of CIQ anions from the single-crystal X-ray data.

the equatorial plane of Fe(lll) coordination octahedron. The
C—Fe—C bond angles are very close to°9@hile the N(6)-
Fe(1)-C(4) group is nearly linear. The F& distances range
from 1.924(8%-1.938(7) A, whereas the FeN distance of
1.988(5) A is a little longer than that of 1.950(2) A in the
precursor [Mg(1-Chim)(H,0),Fe(CN)(1-CHsim)]-H,0.4%¢
The coordination geometry of the Mn(lll) ion in complex
1is elongated octahedral because of the Jdfeiler Effect
of the high-spin @ electronic configuration of Mn(lll). The
equatorial sites are occupied by theQ¥ donor atoms of
the 5-Brsalefr ligand with average bond distances of VN
=1.976(5) A and Mr-O = 1.880(4) A, while the two axial
positions are occupied by the N atom of the cyanide group
of [Fe(CN)(1-CHsim)]>~ and a water molecule with the
Mn—0 distances of 2.289(4) A for Mn(HO(1W) and
2.266(4) A for Mn(1)-O(2W). The Mn(1}-N(1) and
Mn(2)—N(2) bond distances are 2.236(6) and 2.222(6) A,

Detailed crystallographic data for all compounds are listed respectively, and the MaAN=C bond angles are bent
in Table 1. The labeling schemes for the crystal structures [Mn(1)—N(1)—C(1) = 160.0(5) and Mn(2)-N(4)—C(4) =

of complexesl—7 are depicted in Figures-15 and in the

154.3(5¥]. The adjacent FeMn distances are 5.250(5) A

Supporting Information, and selected bond length and anglesfor Fe(1)-Mn(1) and 5.119(5) A for Fe(BMn(2). The bond

are presented in Tables-3. The relevant bond distances
and angles foB and7 are given as Supporting Information.
Crystal Structures. The asymmetric unit of complex
consists of one [Fe(CM(L-CHsim)]?~ anion and two [Mn(5-
Brsalen)} cations, as shown in Figure 1. Each [Fe(6(l)

distances and angles are similar to those found in the
[MN(SB)]m[Fe(CN)], complexeg?e.29

Figure 1b shows the cell packing diagram of complex
along thea axis. There are hydrogen-bond interactions among
the cyano nitrogen atoms (N(3) and N(5)) of the trinuclear
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Table 3. Selected Bond Distances (A) and Angles (deg) of Comglex

Fe(1)-C(1) 1.918(6) Fe(BC(2) 1.939(5)
Fe(1)-C(3) 1.86(3) Fe(1yN(4) 2.039(7)
Mn(1)—N(1) 2.243(5) Mn(13-O(1W) 2.231(3)
Mn(1)-0(1) 1.879(4) Mn(1}0(2) 1.883(4)
Mn(1)—N(6) 1.994(5) Mn(1)>-N(7) 1.993(5)
Mn(L)-N(1)-C(1)  149.8(5)  N(13-C(1)-Fe(1) 177.9(5)

N(Q2)-C(2)-Fe(l)  179.7(6)  N(3}C(3)-Fe(l) 167(3)

Table 4. Selected Bond Distances (A) and Angles (deg) of Complexes

4 and5
4 5
Fe(1>-C(1) 1.941(3) 1.948(3)
Fe(1-C(2) 1.928(3) 1.935(3)
Fe(1)-C(3) 1.917(4) 1.926(3)
Fe(1)-C(4) 1.950(4) 1.942(3)
Fe(1>-C(5) 1.941(4) 1.943(3)
Fe(1)>-N(6) 2.008(3) 2.009(3)
Mn(1)—N(2) 2.311(3) 2.323(3)
Mn(2)—N(2) 2.258(3) 2.266(3)
Mn(1)—0(1W) 2.323(3) 2.333(2)
Mn(1)—0(1) 1.878(3) 1.885(2)
Mn(1)—0(2) 1.858(3) 1.882(2)
Mn(1)—N(8) 1.987(3) 1.991(2)
Mn(1)—N(9) 2.000(3) 1.986(2)
Mn(2)—0(3) 1.894(3) 1.893(2)
Mn(2)—0(4) 1.862(3) 1.876(2)
Mn(2)—N(10) 1.984(3) 1.981(3)
Mn(2)—N(11) 1.984(3) 1.986(3)
Mn(2)—0(2W) 2.422(2) 2.429(3)
Mn(1)—N(1)—-C(1) 159.7(3) 159.4(2)
Mn(2)—N(2)—C(2) 157.8(3) 157.2(3)
N(1)—C(1)—-Fe(1) 176.5(3) 177.4(3)
N(2)—C(2)—Fe(1) 175.1(3) 175.0(3)

Table 5. Selected Bond Distances (A) and Angles (deg) of Complex

Fe(1)-C(7) 1.949(5) Fe(:)yC(8) 1.943(8)
Fe(1)-C(9) 1.946(5) Fe(1yN(5) 1.979(6)
Mn(1)—N(1) 1.979(4) Mn(1}N(2) 2.331(4)
Mn(1)—O(1) 1.902(3)

Figure 1. (a) cis-Trinuclear structure of compleixwith atom-labeling Fe(1)-C(7)-N(2) 177.7(4) C(TN(2)—Mn(1) 144.4(4)

scheme showing 30% probability thermal ellipsoids (hydrogen atoms and

crystallized water molecules are omitted for clarity). (b) The cell packing Complexe2—5 are all trans-trinuclear and are similar to
of 1 along thea axis. each other. In comple®, the 1-methylimidazole and its
Table 2. Selected Bond Distances (A) and Angles (deg) of Complex opposite CN groups are disordered (see Figure 2); for

Fe(1)-C(1) 1.936(7) Fe(HC() 1.933(7) cgmplexS, egch unit cell cgns@sts of twq ind_ependent trans-
Fe(1)-C(3) 1.935(8) Fe(BC(4) 1.924(8) trinuclear units, one of which is shown in Figure S1. Figure
E‘?S_f,\i(l? ﬁ*ﬁgg; E‘(fz(?N'\é(Z?) i-iggg% 3 shows the structure of compldxto which the structures
CB)-N@) 1.160(8) C(4)YN(4) 1.155(9) of complexes3—5 are similar.
C(5)-N(5) 1.140(7) C(9-N(7) 1.449(9) In all the trans-trinuclear compounds; 5, the [Fe(CN3-
mﬁ;:g(&)) i-ézg((% m((%ﬁ%;’v) 1255;%‘)‘) (1-CHsim)]?~ unit uses twdransCN- groups in the equato-
Mn(1)—0(2) 1.888(4) Mn(1)N(9) 1.981(5) rial plane to connect two [Mn(SBﬂgroups. The axial CN
Mn(2)—N(2) 2.222(6) Mn(2)-0(2W) 2.266(4) group opposite to the 1-methylimidazole ligand is mono-
mn(g):g(i) }-ggg(i) mn(?m(ﬂ) i-g?g(g) dentate. All Fe-C distances range from 1.917(4) to 1.969(6)
n(2)-0) 887(4) n@rNaL 9796) A (excluding the disordered CNn complex2, Fe(1)-C(3)
Mn(1)-N(1)-C(1) ~ 160.0(5)  N(1yC(1)-Fe(1)  176.7(6) = 1.86(3) A), and all the FeC=N linkages are always

MNR)-N@)-C@)  154.3(5)  N(@yC(2-Fe()  173.5(6) linear. The Fe-Nimiazole distances in all complexes have

entities and the oxygen atoms of 5-Brsalen ligands (O(2) similar values, ranging from 1.990(5) to 2.039(7) A. The
and O(4)), coordinated water molecules, and solvent waterMn(lll) ions are coordinated equatorially by,®, donors
molecules. Each coordinated water molecule is involved in of the tetradentate Schiff base ligands and axially by a cyano
two H-bonding interactions with BA separations ranging  nitrogen atom of [Fe(CNJ1-CHsim)]?~ with Mn—Ncyano
from 2.843 to 2.976 A. As shown in Figure 1b, each bond distances ranging from 2.221(5) to 2.323(3) A and a
trinuclear unit is surrounded by six symmetry-related tri- water oxygen atom (MaOyaer bond distance range of
nuclear units through hydrogen bonds. These abundant2.222(4)-2.429(3) A), giving rise to an elongated octahedral
hydrogen-bond interactions form a 2D network. coordination geometry. The bridging cyano ligands coordi-
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exhibits a one-dimensional zigzag chain running along the
¢ axis with (—Fe—C=N—Mn—N=C-), as the repeating
unit. Unlike the 1D analogue, [Et],[Mn(acacen)Fe(CN),
in which [Fe(CN}]®~ uses twotranscyano ligands to
connect two [Mn(acacem)units°2the [Fe(CN3(1-CHsim)]2~
units use twocis-cyano groups in the equatorial plane to
connect with two [Mn(acacen)] moieties. The FeC
distances varies from 1.943(8) to 1.949(5) A, while the-Fe
Nimidazole DONd distance is 1.979(6) A. The coordination
geometry of the Mn(lll) ion is also an elongated octahedron,
where the equatorial plane is occupied byOdldonor atoms
of the acacetr ligand with a Mn(1}-N(1) distance of
1.979(4) A and a Mn(BO(1) distance of 1.902(3) A, and
the two axial positions are occupied by the nitrogen atom
N(2) from [Fe(CN}(1-CHsim)]?>~ [Mn(1)—N(2) = 2.331(4)
A, N(2)—-Mn(1)—N(2B) = 172.8(2}, B indicates a symmetry
operation ofx, 0.5 -y, —7.

The bridging cyanide ligands are coordinated to the
Mn(Ill) ion in a bent fashion with an Mn(HN(2)—C(7)
bond angle of 144.4(4) smaller than that (152.6(3)in

Figure 2. Structure of complexX with atom-labeling scheme showing 30a i i
30% probability thermal ellipsoids (hydrogen atoms and crystallized water [Et4N]2[Mn(acacen)Fe(CN)' The adjacent FeMn dis

molecules are omitted for clarity). Dashed lines represent disordered cyanotan_Ce in the chain is 5.152(5) A. The disorde_red'\Et
and 1-methylimidazole groups. cations are located among the FeNn(lll) chains and

act as charge-balancing cations. In addition, solvent water
molecules are also positioned among the chains.

Crystal Structure of Complex 7. In complex7, the four
equatorial CN ligands around the Fe(lll) ions coordinate
axially to the Mn(lll) ions from Mn(saltmen) moieties, while
the disordered 1-methylimidazole unit and its opposite CN
group remains terminal (Supporting Information). As shown
in Scheme 2, every two adjacent Mn(saltmen) units are
further linked through the MnO bonds, which can be
widely observed among the [Mifsaltmen)f Schiff base
derivatives?®*2%¢:4% Thus, the -NC—Fe—-CN—Mn—0,—
Mn—] repeating units lead the complex to a two-dimensional
layered structure (Figure 5), with the perchlorate ions and
some crystallized water molecules positioned between the
layers.

In complex?, the Fe(lll) ions exhibit a distorted octahedral
geometry, with FeC bond distances of 1.935(14) and
1.936(8) A and an FeNinigazoleboONd distance of 1.961(13)

A. The coordination geometry of the Mn(lll) ions is
elongated octahedral with axial coordination bond distances

Fri]gur_e 3éo;grin:mtl)ez_rl_strtl;]ctrunzeIof”_com_;c)ileahwtijt? at%m—tlar?qelinr?dschetmltle_ g of Mn(1)—N(1) = 2.197(8) A and Mn(1XO(1C)= 2.844(8)

\?vacgvrmrg\olectjlpeg e?reI Ict>ymitteed ?ore cIIFa)lsrict);/).S égmglgis ?s?)stfuacturgll'ytsod:51 A (C indicates the symmetry operation of 0:5x, 0.5y,

(Cl is replaced by Br). 0.5 — 2. The Mn(1)-N(1)—C(1) bond angle of 157.3(7)

shows significant deviation from linearity. The adjacent
nate to the Mn(lll) ions in a bent fashion with the Mn metametal distances are 5.164(8) A for FiIn and
N=C angles ranging from 149.8(5) to 165.2(6)The 3.651(8) A for Mn—Mn.

intramolecular FeMn distances are 5.130 A f&, 5.264, Another feature of [Fe(1-C#im)(CN)s]>~ lies in the
5.189, 5.150, and 5.158 A f@, 5.307 and 5.244 A fo4, rotation of the imidazole ligand attached to the Fe(lll) ion,
and 5.325 and 5.249 A fds. which is relevant to the electron configuration of Fe(lll).

The coordinated water molecules are involved in hydrogen- The dihedral anglep, between the imidazole plane and the
bonding interactions with the nonbridging cyano nitrogen plane defined by three meridian CNigands, as shown in
atoms and the phenoxo atoms of six neighboring trinuclear Scheme 3, can estimate the situatieft-or the present seven
units, forming 2D networks as in compléx complexes and the structurally available complex [Mg(1-

Crystal Structure of Complex 6. As shown in Figure 4,  CHzim)(H,O),Fe(CN)}(1-CHsim)]-H,0,**¢the ¢ value ranges
complex6, { [EtyN][Mn(acacen)Fe(CNJ1-CHsim)]} n-6nH-0, from 11.6 for complex3 to 44.3 for complex6 (Table 6).
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Figure 4. One-dimensional chain propagating along thaxis in complex6 with atom-labeling scheme showing 30% probability thermal ellipsoids
(hydrogen atoms, disordered tetraethylammonium cations, and crystallized water molecules are omitted for clarity): (a) 1D zigzag chaineshewing th
cyanide bridges and (b) view of the chain emphasizing the orientation of the 1-methylimidazole groups.

Scheme 2

The expectation that the F&l(imidazole) bond length is
always longer for the smaller values is basically valid for
the present seven complexés.

Magnetic Properties of Complexes 5. The magnetic
susceptibility was measured from 5 to 300 K, as shown in
Figure 6. The magnetic behaviors of complexess are
quite similar. The room temperatyrgT values are consistent
with the presence of high-spin Mn(lll) and low-spin Fe(lll) and the zero-field splitting term of the Mn(lll) igi}30-34a48c:49,50
ions in 1-5. Table 7 shows the DC magnetic data for the At low temperatures, both effects result in similar magnetic
five trinuclear complexes. behavior.

Complexes1—5 exhibit typical Mn(lll)—Fe(lll) ferro- On the basis of the trimeric model, the magnetic suscep-
magnetic interaction with the low-temperature decrease of tibility data for complexesl—5 can be fitted by the
xmT attributed to intermolecular antiferromagnetic interaction expressions derived from the isotropic exchange spin Hamil-

Figure 5. Layered structure off along thec axis (hydrogen atoms,
perchlorate ions, and water molecules are omitted for clarity).
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Scheme 3. lllustration of the¢ Angle

PN N/
N\%cf:” \\.504/
72N
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/| N ¢
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C

Table 6. Comparison of the Bond Distances for the
[Fe(1-CHim)(CN)s]?-Containing Complexes

structure Fe-N(1—CHzim) (A) ¢ (deq) ref
1 trinuclear 1.988(5) 37.1 this work
2 trinuclear 2.039(7) 23.0 this work
3 trinuclear 2.010(6) 11.6 this work
1.990(5) 337

4 trinuclear 2.008(3) 15.9 this work
5 trinuclear 2.009(3) 17.0 this work
6 1D 1.979(6) 44.3 this work
MgFe 1D 1.950(2) 34.5 45d

7 2D 1.96(1) 42.0 this work

tonian H = —2J5«Suna) + Sun), in which we assume
equivalent interactions among the central Fe(lll) ion and the
two Mn(lll) ions and neglect the magnetic interaction
between the terminal Mn(lll) ions (eq 1 in Supporting
Information).

If a molecular field term is taken into account, the final
magnetic susceptibility can be obtained over the temperature
range of 16-300 K. The obtained best-fit parameters are
shown in Table 8. If all data dowmt5 K were used for the
fitting, no satisfactory results could be obtained, which may
be caused by the neglect of the zfs (zero-field splitting) effect
of Mn(lll) during the fitting. TheJ values are on the order
of several cm?, close to that for the Mn(IIB-Fe(ll1)(CN)e
polynuclear specie¥:48¢:49.50

To include the zfs effect of the ground stag € 9/2 for
ferromagnetically coupled Mfe specied—5), eq 3 can be
derived from the spin Hamiltoniahl = —2JSdSunq) +

‘T_o .
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Figure 6. Temperature dependence gfT/Mn.Fe for complexed—5.

Sun@) + D[S? — §(St+1)/3]0s-912 (s€€ Supporting Informa-  11¢ solid line represents the calculated values using eq 3.

tion). It is worth mentioning that this fitting method should

be used under the condition thlt> |D| and the microstates ~ Table 7. Magnetic Data for the Trinuclear Complexes5

do not couple with the excited spin states (eS.= 7/2;
Figure 7, the energy diagram for the trinuclear compoutids).

Once again, the data in the temperature range e300 K
were used for the fitting with the best-fit parameters shown
in Table 8. The results show that tevalues are slightly
larger than that obtained from the former method, and the
D values are approximately double the correspondidg
values. Figure 6 displays the theoretical curves based on the

room tempymT Curie constant Weiss constant}
(emu K mol?) (emu K mol?) (K)

1 6.38 6.38 1.24

2 6.49 6.49 2.51

3 6.35 6.03 3.56

4 6.34 6.30 3.23

5 6.46 6.38 3.51

The magnetization curves below 5 K for compledess

parameters derived from the latter method. Although the are very similar, showing a slow increase in magnetization
powder magnetic susceptibility data could not unambiguously at low magnetic fields €15 kOe) followed by a sharp
distinguish the negative or positive sign bf positive D increase (Supporting Information). This metamagnetic-like
values could not give satisfactory fitting results for each behavior reveals that marked intermolecular antiferromag-
trinuclear compound. It suggests the presence of negativenetic coupling is present in these complexes. Detailed
zfs parameters for complexés-5. magnetization measurements at®K and in the applied
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¢ Mn—Neyano(A) C=N—Mn (deg) J(cm™) g zJ (cm™}) D (cm™})
4.75(6 2.00(1 —0.36(1 (]
1 37.1 2.236(6), 2.222(6) 160.0(5), 154.3(5) 5.928 50 48 b @) _0.88(1)
4.98(10) 2.01(1) —0.26(1) 4}
2 23.0 2.243(5) 149.8(5) 5.:86(11) 5.04(1) b _0.60(1)
3 11.6 2.221(5), 2.249(5); 165.2(5), 156.9(5); 6.01(8) 2.01(1) —0.29(1) 4}
33.7 2.229(5), 2.298(5) 152.8(5), 147.8(5) 6.68(8) 2.01(1) b0 —0.67(1)
4.51(6 1.99(1 —0.19(1 o
4 15.9 2.311(3), 2.258(3) 159.7(3), 157.8(3) 4_958 1.988 oo o)
4.68(5 2.00(1 —0.18(1 (0]
5 17.0 2.323(3), 2.266(3) 159.4(2), 157.2(3) 5.10263 2.00513 b @ —0.4001)
7 42.0 2.197(8) 157.3(7) 2.34(7) 2.04(2) 0.036(4) b o
aGreater than 10 K data have been used for the fittiiihe value has been set at zero during the fitting process.
E(Sy) T T T T T T
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B - 'qi'q?: —0—1700 Oe
13J/4 > Sp=5/2 g — 4 —o—15000e 1
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Figure 7. Energy levels in th¢Sr,Ms> basis diagram for complexds-5
(onlythe zfs effect is considered for the ground state).
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Figure 8. Magnetization v&H/T plot for complex5 in the range of 26
K and 5-50 kOe. The solid lines represent the best fitting results using the
Anisofit 2.0 software.

magnetic field of 16-50 kOe for compleXs show that the
isofield lines are nosuperimposabléndicating the presence

of appreciable zfs. Significantly, the 5 and 10 kOe mag-
netization curves show decrease with the increasd/of
suggesting the presence of an obvious intermolecular anti-
ferromagnetic interaction if. The 40 and 50 kOe data were
used to fit using the Anisofit 2.0 progré&ff giving param-
eters ofg = 1.74 andD = —0.70 cn1! (Figure 8), assuming

an S = 9/2 ground state and avoiding the intermolecular .

magnetic coupling effect. Thus, the spin-reversal energy
barrier,AE, between thé/ls = 9/2 and—9/2 spin states can
be calculated to bAE = 14 cn1! via AE = (§ — 1/4)|D|.
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shows field-cooled magnetization f6in different applied magnetic fields.

The temperature dependence of theAC magnetic susceptibil-
ity at zero DC and 3 Oe AC magnetic field for compl&x
shows that the out-of-phase AC magnetic susceptibility has
nonzero values below 4.0 K and is frequency dependent
(Supporting Information). This suggests the presence of slow
relaxation of magnetization in complé&g? consistent with

the DC magnetic measurements. However, the signals are
considerably weak because of the presence of intermolecular
magnetic interaction, precluding any quantitative analysis.
It is worth mentioning that two Miire complexes based on
[Fe(CN)]® have been proven to be SMM¥:*&

The above results suggest that trinuclear compotnds
exhibit ferromagnetic Mn(l1)-Fe(l11) coupling, in which an
axial zfs effect and appreciable intermolecular antiferromag-
netic interaction operate, dominating the low-temperature
magnetic behavior.

Magnetic Properties of Complex 6. The magnetic
susceptibility was measured from 2 to 300 K under an applied
magnetic field of 2000 Oe. A plot gfnT versusT is shown
in Figure 9, where, is the magnetic susceptibility per MnFe
unit. TheymT value at room temperature is 3.55 emu K
mol~t. The 14m value above 20 K obeys the CurigVeiss
law with a Curie constant of = 3.60 emu K mol! and a
negative Weiss constant ¢f = —3.23 K, indicating an
antiferromagnetic interaction between the high-spin Mn(lll)
ions and the low-spin Fe(lll) ions through bridging cyanide

(52) Ge, C.-H.; Cui, A.-L.; Ni, Z.-H.; Jiang, Y.-B.; Zhang, L.-F.; Ribas,
J.; Kou, H.-Z.Inorg. Chem.2006 45, 4883.
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Figure 11. Temperature dependence ofT/Mn4Fe for complex7. The

solid line represents the calculated values. The inset shows the field-cooled
magnetizationt), the zero-field-cooled magnetizatiom)( and the remanent
magnetization ) for 7.

Figure 10. Field dependence of magnetization for compéex he solid
line is a guide for the eye.

groups. When the temperature is lowergdl decreases
gradually to reach a minimum of 2.83 emu K m&lt 12.0

K, then increases abruptly to reach a maximum of 11.57 emu 0 Tom o —°
K mol~t at 3.0 K, and finally decreases again to 10.73 emu /o/o
K mol™t at 2.2 K. The presence of the abrupt increase of 81 P e
xmT suggests the onset of magnetic ordering. 5 /O 2 o

To confirm the magnetic phase transition at low temper- Ooo s, /
ature, we measured the FCM (field-cooled magnetization) 4 : / / B
curve under different magnetic fields in the temperature range é&go 2 o
of 2-10 K, and the results are shown in the inset of Figure 27 4 _r:g;z‘“”_fo; R
9. Below 1700 Oe, the FCM curves show a peak-dtK, 0 . . . Hoe .
which can be considered as the antiferromagnetic phase 0 10000 20000 30000 40000 50000
transition temperaturel(). This peak disappears when the H/Oe

curve was measured at 2000 Oe, suggesting a typicalFigure 12. Field dependence of magnetizatidr2aK for complex7. The
metamagnetic behavior of this antiferromagnet and the ran(ﬁzgoallltdzl|rP1<es are guides for the eye. The inset shows the hysteresis loop for
of 1700-2000 Oe of the critical fieldHc).
The metamagnetic behavior was further characterized constant) = 5.64 K and a Curie constaft= 12.1 emu K
by the measurements of field-dependent magnetization atmol™?, indicating an overall ferromagnetic interaction be-
1.8 K. Figure 10 shows that the curve has the sigmoidal shapetween Mn(ll) ions and Fe(lll) ions through bridging cyanide
expected for a metamagnet: the magnetization first increasegyroups.
slowly with the external field because of antiferromagnetic ~ To confirm the magnetic phase transition, the FCM and
interchain interactions and then increases sharply, showingZFCM curve was measured using the usual procedure. An
a phase transition to a ferrimagnetic state. The critical field abrupt increase in the magnetization is observed4s K,
at 2 K isabout 1700 Oe, corresponding to the FCM results. where the remanent magnetization vanishes (inset of Figure
When the field is increased further, the magnetization reachesl1). These characteristics indicate that complexhibits a
2.4Np at the highest measured field (50 kOe) and continues long-range ferromagnetic ordering at 4.8 K. Thisvalue is
to increase, indicating that saturation (expected value of 3 comparable to that (4.5 K) of the isostructural [Mn(saltmen)]
NS for St = Sun — See = 3/2) has not yet been achieved. [Fe(CN)]CIO4.2%
Such behavior can be often observed in [Mn(SB)pntain- The magnetization curve a K (Figure 12) shows a rapid
ing compound® because of the large zero-field splitting of increase in M at low magnetic field, typical of a ferromagnet.
the Mn(lll) ions. At 50 kOe, the magnetization valueigl2 NS, lower than
Magnetic Properties of Complex 7. The magnetic the theoretical value of 1M for a ferromagnetically coupled
susceptibility was measured from 2 to 300 K under an applied Mn4Fe system. Once again, the zfs effect of Mn(lll) should
magnetic field of 2000 Oe, as shown in Figure 11. Jh& account for this phenomenon. Hysteredi2 K is evident
value per MpFe at room temperature, 12.33 emu K ol with the coercive field of about 500 Oe and the remanent
is very similar to the spin-only value of 12.375 emu K mlol ~ magnetization of 2.9\3 (inset of Figure 12). These data
expected for the magnetically dilute five-spin syste®a,,( suggest that complex is a soft ferromagnet.
Svns Suny Suny Sun) = (172, 2, 2, 2, 2). When the temperature To evaluate the magnitude of the intramolecular magnetic
is loweredymT increases smoothly and then sharply without coupling, we tried to fit the magnetic susceptibilities with
a minimum to reach a maximum as high as 41.68 emu K an approximate model. The structural data show that in
mol~tat 5.0 K, strongly suggestive of the occurrence of a complex 7 there are two different magnetic coupling
three-dimensional magnetic ordering. The magnetic suscep-pathways, cyano bridges and phenoxo bridges. The layers
tibilities obey the Curie-Weiss law with a positive Weiss  can be schematically illustrated in Scheme 4, whegefor
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Scheme 4. Two Magnetic Coupling Pathways in the Layer of

phenoxo bridge

cyano bridge

the cyano bridges and for phenoxo ones. It has been
reported by Miyasaka et al. thal| > |J|,29%2%.2%gnd the

2D layer can be therefore described as weakly interacting Situation 2: dihedral angle is zero favoring

MnyFe pentanuclear units.

On the basis of above considerations, the magnetic data

were fitted to the van Vleck equation for the pentanuclear
unit derived from an isotropic exchange Hamiltonidn=
—2JSdSun1 + Sunz + Sunz + Suna).2°*° The magnetic

coupling via the phenoxo bridges was treated as inter-

molecular term using the mean-field method. The final molar
magnetic susceptibilityy(,) is in the form ofym = x/[1 —
2o(22IING?5?)], whereyy, is for the MnyFe pentanuclear unit,

J' is the coupling constant between the pentanuclear units

andz = 4, the number of nearest MiFe neighbors. The best-
fit parameters based on the data above 10 KJare2.34
cm?, z)' = 0.036 cn?, gwn = 1.99, andgre = 2.04. The
calculated solid line shown in Figure 11 agrees well with
the experimental values. The calculafadhlue is comparable
to that (1.4 cm?) for the pentanuclear compound [Mn(salpn)-
(CH30OH)]4[Fe(CNX]CIO49H,0 (salpi~ = N,N-propyl-
enebis(salcylideneiminato) dianion) reported by Liao &P al.

The positiveJ' value suggests the presence of ferromagnetic

Mn(lI1) —Mn(l11) coupling through the phenoxo bridges.

It it noteworthy that thep values for the present complexes
cover a wide range (11-644.3), which should affect the
electronic configuration of Fe(lll) in [Fe(1-Gin)(CN)s]2.4%
Wheng¢ is equal to 45, the d,and g, orbitals are degenerate,
whereas other angles causgtd be a little higher in energy
if the xz plane is used to evaluate tigevalue (Scheme 3).
For the present [Fe(1-Gftn)(CN)s]2~ complexes, the elec-
tronic configuration of low-spin Fe(lll) is unambiguously
dy?dy2dy, which is different from that in [Fe(CN)*". In
the case of octahedral [Fe(C¥, the dyd,dy orbitals are
degenerate, and the unpaired electron is equally populate
on the three orbitals.

Most cyanide-bridged Mn(l15-Fe(lll) complexes reported
previously exhibit ferromagnetic interactions with few
exceptions. This work affords five more ferromagnetically
coupled examples, further revealing that ferromagnetic
Mn"—F€" coupling is more usual. This fact seems to be
contrary to the predictions according to the strict orbital

orthogonality theory because of the presence of magnetic

orbital overlap betweeny orbitals (d,d,dy,) of high-spin
Mn(lll) and low-spin Fe(lll) (d,). However, the frequent
bending of the MR-N=C—Fe linkages and the rotation of
thex andz axes for Mn(lll) compared with thgz plane for
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Figure 13. Different magnetic exchange situations with bentB&=N—
Mn linkages.

Fe(lll) should reduce the overlap and therefore weaken the
antiferromagnetic contribution according to Goodenctgh
Kanamori rules (Figure 13?5 Consequently, overall
ferromagnetic coupling occurs in complexies5 and7. For
antiferromagnetically coupled compléxthe bending of the
bridging linkages and the rotation of thkeplane for Mn(lll)

are present. However, the smallest W=C bond angle

in 6 may be responsible for the AF behavior. In addition to
the reduction of antiferromagnetic coupling, the bent-Mn
N=C bond angle is unfavorable for the ferromagnetic
coupling between dof Mn(lIl) and dy, of Fe(lll) (situation

1 in Figure 13), and below a certain bond angle the overall
magnetic coupling becomes antiferromagnetic.

Conclusions

q We first investigated the [Fe(1-Ghh)(CN)s]?~ building

block for the construction of polynuclear or polymeric
bimetallic Mn(lll)—Fe(lll) complexes. The ferromagnetic or
antiferromagnetic Mn(lIl}-Fe(lll) coupling has been at-
tributed to the bending of the MAN=C—Fe linkage and
the nonplanarity of thexz planes of Mn(lll) and Fe(lll).
Future work involves the synthesis of cyanide-bridged
M(Il) —Fe(lll) complexes (M= Mn, Ni, Cu) using the
versatile [Fe(1-Chm)(CN)s]?>~ building block to gain a
magnetostructural correlatiéh.

(53) Goodenough, J. B2hys. Re. 1955 100, 564. Kanamori, JJ. Phys.
Chem. Solid4.959 10, 87.
(54) zhang, Y.-Q.; Luo, C.-L.; Yu, ZNew J. Chem2005 29, 1285.
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