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A one-dimensional compound with a Mn(HNC—Fe(lll) linkage of the formula of [NE{,[Mn(acacen)][Fe-

(CN)g] (NEt, = tetraethylammonium, acacenN,N'-ethylenebis(acetylacetonylideneaminato)) has been prepared
by the assembly reaction of [Mn(acacen)CI] and [jgfEe(CN)] in ethanol/2-propanol. The compound crystallizes

in the orthorhombic space gropnmauwith the cell dimensions o = 17.415(5) A,b = 19.79(1) A,c =
11.471(4) A, an@& = 4. The compound assumes a one-dimensional snaky-chain structure consistihgnof (
NC—Fe—CN-), repeating units with dimensions of F€ = 1.952(4) A, Mn—N = 2.316(4) A, Mn—-N—-C =
152.6(3y, Fe-C—N = 177.1(4}, in which the Fe ion is positioned at the inversion center, the [Mn(acacen)]
moiety lies on a mirror plane, and the adjacent one-dimensional chains run like a snake aloagitheith the

same phase. On lowering of the temperature, the effective magnetic moment per FeMn increases gradually from
5.05ug at room temperature and then abruptly below ca. 20 K to 5.4t 1.9 K, indicating that the one-
dimensional chain is a ferromagnetic chain due to an intrachain ferromagnetic coupling between Mn(lll) and
Fe(lll) ions through the bridging CNgroup. The FCM curve (field-cooled magnetization) under 1 Oe showed

a spontaneous magnetization below 2.5 K. The magnetizatibhyysto 55 kOe at 1.9 K showed an extremely
large zero-field susceptibility, indicating that the compound is a ferromagnet due to a weak interchain ferromagnetic
coupling.

Introduction anometalate building blocks and metal ions with polydentate
ligands?® The building principle can be exemplified by the
various possible assembling modes which can occur between
the bulding blocksA andB, the connectivity between the two
eing ensured by the cyanide anion functioning as a bridging
d.

Major attention is currently being devoted to the molecular
design of extended structures with target magnetic propérties.
Apart from the interest in prussian-blue solid-state matetials,
there is increasing research emphasis on macromolecules an?
extended-array bimetallic compounds assembled from hexacy- 'gan
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A One-Dimensional Ferromagnet

(1) —salen-based building block, however, did not enter the
one- or three-dimensional extended structures.

We report here how the properties associated with the [Mn-
(acacen)f fragment [acacen= N,N'-ethylenebis(acetylaceto-
nylideneaminato) dianion], where the metal can easily achieve
hexacoordination, and the stoichiometry of the reaction with
[Fe(CN)]3~ self-adjusting at a 1:1 molar ratio gave rise to a
ferromagnetic one-dimensional network. A particular role is
played by the countercation [Nt.

Experimental Section

Physical Measurements.Elemental analyses for C, H, and N were
performed at the Elemental Analysis Service Center of Kyushu

University. Manganese and iron analyses were made on a Shimadzu atom

AA-680 atomic absorption/flame emission spectrophotometer. Infrared
spectra were measured on KBr disks with JASCO IR-810 and Shimadzu
FTIR-8600 spectrophotometers. Magnetic susceptibilities, field de-
pendences of magnetization up to 55 kOe, and field-cooled magnetiza-
tion measurements under 1 Oe were obtained using a MPMS5 SQUID
susceptometer (Quantum Design Inc.). Corrections were applied for
diamagnetism calculated from Pascal’s constarigsfective magnetic
moments were calculated by the equatigr = 2.828fwT)2, where

xm IS the magnetic susceptibility per formula unit.

X-ray Data Collection and Reduction and Structure Determi-
nation of 3. Single crystals were obtained by the slow crystallization
described in section on the synthetic procedure. A crystal with the
dimensions 0.2« 0.2 x 0.3 mm was used for the X-ray diffraction
study. All measurements were made on a Rigaku AFC7R diffracto-
meter with graphite-monochromated MaxKadiation ¢ = 0.710 69
A) and a 12 kW rotating-anode generator. The data were collected at
a temperature of 2@ 1 °C using thew—26 scan technique to a
maximum 2 value of 50.0 at a scan speed of 168/tin (in w). The

intensities of three representative reflections were measured after every C(10)

150 reflections. Over the course of the data collection, the standard
reflections were monitored and the decay polynomial corrections were
applied. An empirical absorption correction based on azimuthal scans
of several reflections was applied. The data were corrected for Lorentz
and polarization effects. A more detailed procedure of the data
collection can be seen in our previous paper.

The structure was solved by direct methodad expanded using
Fourier technique%. The non-hydrogen atoms were refined anisotro-
pically. Hydrogen atoms were included. Full-matrix least-squares
refinement based on observed reflectidns @.0Q (1)) were employed,
where the unweighted and weighted agreement factoRs=of} ||F,|
— |FI/3 |Fol andRy = [T |W(|Fo| — |Fc|)¥Y |W|Fo|?¥2 were used and
the weights were 18¢(F,)). Neutral atom scattering factors were taken
from Cromer and Waber.Anomalous-dispersion effects were included
in F¢; the values were those of Creagh and McAulel calculations
were performed using the teXsan crystallographic software package
of Molecular Structure Corp. Crystal data and details of the structure
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for X-ray Crystallography The Kynoch Press: Birmingham, U.K.,
1974; Vol. IV, Table 2.2A.
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Table 1. Experimental Data for the X-ray Diffraction Studies of
Crystalline3

empirical GqHsgFeMnNQG, Z 4
formula fw 749.68
a(h) 17.415(5) space group Pnma(orthorhombic)
b (A) 19.79(1) A A 0.710 69
c(A) 11.471(4) peaica (g cnT3)  1.260
o (deg) 90 u(cm) 7.28
B (deg) 90 R2 0.042
y (deg) 90 Ry° 0.043
V (A3) 3952(2)

AR = JIAFI/3|Fol. Ry = [XIW(|Fo| — |Fel)?/3 [WIFolM2

Table 2. Atomic Positional Parameters and Isotropic Temperature
Factors (&) for 3

X y z Heq)

Fe(1) 0.000000 0.0 0.00000 2.49(2)
Mn(1) —0.10006(5) —Y, —0.0016(1) 2.58(2)
o) -0.1973(2) Y, 0.0759(4)  3.1(1)
0(2) —-0.1479(2)  —Y, —-0.1510(4)  2.9(2)
N(1) —0.0439(3) Y, 0.1472(5)  3.6(1)
N(2) 0.0037(3) —Y, —-0.0721(5)  2.9(2)
N(3) —0.0935(2)  —0.1332(2) 0.0084(4)  3.51(9)
N(4) —0.1406(2) 0.0896(2) 0.0616(3)  3.8(1)
N(5) 0.0453(2)  —0.0226(2) 0.2593(4)  5.2(1)
N(6) 0.1794(2)  —0.0142(2) 0.6093(3)  3.08(9)
c(1) —-0.2914(3)  —Y, 0.2203(6)  4.2(2)
c) —0.2085(3)  —Y, 0.1868(6)  2.9(2)
c@d) —-0.1533(4) -, 0.2699(6)  4.0(2)
Cc(4) —0.0727(4) Y, 0.2497(6)  3.4(2)
c(5) —0.0203(4) -V, 0.3583(7)  6.4(3)
c(6) 0.0354(4) —0.2776(4) 0.1274(8)  3.6(2)
c() 0.0635(3) —Y, 0.0153(6)  3.6(2)
c(8) 0.1026(4) —Y, —0.2236(6) 4.3(2)
c(9) 0.0195(4) —Y, —0.1841(6) 3.4(2)

—0.0376(4) Y, —0.2716(6)  3.7(2)
C(11) —0.1152(4) Y, —0.2524(6) 3.2(2)
C(12) —0.1714(4) Y, —0.3526(6) 4.1(2)
C(13) —0.0606(2) —0.0830(2) 0.0060(4)  2.9(1)
C(14) —0.0885(2) 0.0562(2) 0.0406(4)  2.8(1)
C(15) 0.0280(2) —0.0132(2) 0.1644(4)  3.3(1)
C(16) 0.1142(3)  —0.0654(2) 0.6224(4)  3.8(1)
c(17) 0.1086(3) —0.1174(3) 0.5264(5)  5.5(2)
C(18) 0.1698(3) 0.0287(2) 0.5002(4)  4.0(1)
C(19) 0.1006(3) 0.0753(3) 0.5020(5)  5.6(1)
C(20) 0.1785(3) 0.0297(2) 0.7188(4)  3.6(1)
c(21) 0.2402(3) 0.0816(3) 0.7262(5)  5.6(2)
c(22) 0.2559(3)  —0.0506(3) 0.5979(4)  3.8(1)
c(23) 0.2755(3)  —0.0971(3) 0.6975(4)  4.7(1)

determinations are summarized in Table 1. Positional parameters for
non-hydrogen atoms are given in Table 2.

General Procedures and Materials. All chemicals and solvents
used for the syntheses were reagent grade. The quadridentate Schiff
base ligand kacacef and [Mn(acacen)Clt were prepared according
literature methods. [NEJ[Fe(CN)] was prepared at room tempera-
ture?> However, because of its tendency to decompose on irradiation,
crystallization was performed in the dark.

Synthesis of 3, [NE#];[Mn(acacen)][Fe(CN)]. To a solution of
[Mn(acacen)CI],1 (0.31 g, 1.0 mmol), in ethanol (20 mL) was added
a solution of [NEf]s[Fe(CN)], 2 (0.60 g, 1.0 mmol), in ethanol (5
mL). The resulting solution was filtered, to the filtrate was added 30
mL of 2-propanol, and the mixture was allowed to stand for 3 days in
dark. Rhombic brown crystals formed and were collected by filtration,
washed with 2-propanol, and drigdvacua Anal. Calcd for3, CasHsg
FeMnNO,: C, 54.47; H, 7.80; N, 18.68; Mn, 7.33; Fe, 7.45. Found;
C, 54.29; H, 7.78; N, 18.55; Mn, 7.28; Fe, 6.71. IR(KBn)fC=N-
(imine)] 1601 cnt?; v[C—N(cyanide)] 2124 cm!. Mp: >300°C.

(9) teXsan: Crystal Structure Analysis Packag®lolecular Structure
Corp.: The Woodlands, TX, 1985, 1992.
(10) McCarthy, P. J.; Hovey, R. J.; Ueno, K.; Martell, A.EAm. Chem.
Soc.1955 77, 5820.
(11) Boucher, L. J.; Day, V. Winorg. Chem.1977, 16, 1360.
(12) Mascharak, P. Kinorg. Chem.1986 25, 245.
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Scheme 1

[Fe] F

[Mn(acacen)Cl] + [(NEt4)3][Fe(CN)g] |
1 2 lll

-Et4N*CI™ ) |\

[

Il repeating
B unit

CN

Mn]
[Mn(acacen)Fe(CN)s[2"", 3

Table 3. Relevant Bond Distances (A) and Angles (deg)ofith
Estimated Standard Deviations in Parentheses

Fe-C(13) 1.953(4) N(5)-C(15) 1.145(5)

Fe—C(14) 1.956(5) N(6)-C(16) 1.529(5) Figure 1. ORTEP drawing of the anion [Mn(acacen)][Fe(GX) with
Fe—C(15) 1.965(5) N(6)-C(18) 1.522(5) the atom-numbering scheme for the unique atoms, showing 50%
Mn—0(1) 1.912(4) N(6)-C(20) 1.527(5) probability ellipsoids.

Mn—0(2) 1.906(4) N(6)-C(22) 1.522(5)

Mn—N(1) 1.967(5) C(1)-C(2) 1.494(8)

Mn—N(2) 1.980(5) C(2)-C(3) 1.354(8)

Mn—N(3) 2.316(4) C(3)-C(4) 1.422(8)

0(1)-C(2) 1.286(7) C(4)-C(5) 1.544(9)

0(2)-C(11) 1.295(7) C(6)-C(7) 1.48(1)

N(1)-C(4) 1.278(8) C(8)-C(9) 1.516(8)

N(1)-C(6) 1.504(8) C(9)-C(10) 1.413(9)

C(11)-c(12) 1.510(8) C(10)-C(11) 1.369(8)

N(2)-C(7) 1.446(7) C(16)-C(17) 1.510(6)

N(2)-C(9) 1.313(8) C(18)-C(19) 1.517(6)

N(3)-C(13) 1.149(5) C(20)-C(21) 1.488(6)

N(4)-C(14) 1.148(5) C(22)-C(23) 1.507(6)

Mn—N(3)-C(13)  152.6(3) FeC(13)-N(3)  177.1(4)
N@3)-Mn—N(@3)*  172.0(2)

Results and Discussion

Synthesis and Characterization. The reaction betweeh
and2 was carried out in ethanol/2-propanol and always gave a
1:1 molar ratio product3, regardless of the reactant ratio used. et
The use of the [Et)* countercation instead of Kallowed o P

[N Z
Ko

the reaction to be carried out in organic solvents in conjunction

with better crystallization products. A further consequence of

using the [EtN]™ cation is that it results in only very weak @ ®

interchain interactions. Figure 2. (a) One-dimensional chain structure of consisting-efin—
Structural Study. An ORTEP view of the repeating anion ~NC—Fe-CN—),as the repeating unit. (b) Stacking of the adjacent one-

[Mn(acacen)Fe(CN)?~ with the atom numbering scheme of dimensional snaky chains running along thexis.

the unique atoms is shown in Figure 1, while the relevant bond by N,O, donor atoms of acacen [MN(1) = 1.967(5), Mn-

distances and angles are reported in Table 3. Iron occupies theN(Z) = 1.980(5), Mn-O(1) = 1.912(4), and Mr-O(2) = 1.906-

inversion centers. The [M“(aca_‘ce”)] moi_ety lies ona mirror (4) A] and the two axial positions are occupied by the nitrogen
plane and thus is crystallographically required to be in a plane. atom N(3) from [Fe(CNy [Mn—N(3) = 2.316(4) A]. The

This is why C(6) is disordered, since the five-membered chelate average Mr-O and Mn-N distances within the [Mn(acacen)]
ring_ ge_nerally_assumes a_gauche conformation. Becguse_ themoiety are shorter than those observed in [§cacen)]

Fe ion is positioned at the inversion center and the Mn ion lies iy atived3 and rather close to those of the parent compound
on a mirror plane, the two axial coordination sites on each metal [Mn(acacen)CIEt The structural parameters related to the-Mn
are equivalent with regard to bond distance. The compound \=c_ge skele.ton [MA-N = 2.316(4) A, Mn-N—C = 152.6-
assumes a one-dimensional twisted-chain structure running along(3)o] are averages of those observed in the [Mn(.salen-
theb axis, having £ Fe~CN—Mn—NC-), as the repeating unit substituted)}/[Fe(CN)J3~ adductsap

(Figure 1) [Fe-C(13) = 1.952(4), N(3)-C(13) = 1.148(5), Figure 2 shows the stacking of the neighboring chains. The

C(]_S)—N(S) _ 1771(4?, and N(3)—Mn—N(3)* _ 1720(27] adjacent chains run like a snake along IS WI e same

The coordination geometry of the Mn ion is described as an (13) Galio, E.; Solari, E.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C.
elongated square bipyramid, where the basal plane is occupied  Organometallics1995 14, 2156.
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Figure 4. FCM curve (field-cooled magnetization I3 for 3 under a
weak magnetic field of 1 Oe.

Figure 3. Plots of the effective magnetic momem)(and the inverse
of the magnetic susceptibilityd) for 3 per MnFe vs temperature.

phase in the crystal lattice. Two [f&t]* cations per unit are
positioned among the chains, in which all the intermolecular

M/ Ny

bond distances are longer than 3.3 A.

Magnetic Properties of 3 a Ferromagnet. The magnetic
susceptibility was measured from 1.9 to 300 K by a SQUID 50
magnetometer under the applied magnetic field of 800 G. The '
plots of uer @and 1fw vs T are given in Figure 3. Thges per
MnFe at room temperature, 5.0, is slightly lower than the 4.0 1 g 8 2 g
spin-only value of 5.2z expected for the magnetically dilute o e g o °
two-spin system%un, Sre) = (2, /5), where the spin-only value . . ; o
was calculated by assumimgy, = 2.00 andgee = 2.00. This 3.0 1 P * %
is probably due to a low value for the Mn(lll) ion as result of a * o
the distorted environment around manganese or/and of a zero- 204 o o
field splitting14 It should be noted that slightly low magnetic .
moments are often found for mononuclear Mn(lll) complexes °
with the acacen ligantl. On lowering of the temperaturges 10{ e
first increases gradually and then sharply below 20 K, reaching o
a value of 15.5¢5 at 1.9 K. The data above 20 K can be fitted 0 o

to the Curie-Weiss law with® = +12.3 K. The positive value “7 100 200 300 400 500
of the Weiss constant along with the absence of a minimum in HIKG

theuer Vs T curve indicates a ferromagnetic coupling between Figure 5. Magnetization as a function of the applied magnetic field

iron(l11) and manganese(lll) ions through a bridging CN group. up to 55 kOe foi3, performed at 1.9 K@), 4.2 K (@), and 6.0 K 0J).
The value reached hyer at 1.9 K is much larger than that of

the largest possible spin stade= %/, for the ferromagnetically

coupled systemS3un, Sre) = (2, 1/2), i.e. 5.92ug, and suggests  gradually and is still rising at the highest measured field (55
the onset of a magnetic ordering. The occurrence of a magnetickOe), indicating that saturation has not yet been reached. The
phase transition was established by measuring the magnetizatioonagnetization observed at 55 kOe (Nig) approaches the
as function of the temperature under a weak magnetic field. valueNug(gvnSun + 9reSre) = 5 Nug expected for a ferromagnet
The FCM (field-cooled magnetization) curve was obtained by with gun = gre = 2.0. On the other hand, if the coupling were
cooling the sample from 10 to 1.9 K under a magnetic field of antiferromagnetic, the saturation magnetization would\heg-

1 Oe and shows a rapid increase belowZ& (Figure 4). At (gMnSun — 9reSFe) = 3 Nug, and as this value is far exceeded,
the lowest temperature, 1.9 K, the slop&/dT of the FCM it confirms the ferromagnetic nature of the coupling between
curve is still increasing so that the critical temperature, taken Fe(lll) and Mn(lll) centers along the chain. The magnetization
at the maximum of this slope, is around 1.9 K or probably curves taken at temperatures higher tha.5 and 6 K, show
slightly lower. The field dependence of the magnetization up a gradual increase at low fields with a slope in the limit of zero-
to 55 kOe was measured at 1.9, 4.5, and 6 K, and the resultsfield more typical of paramagnetic systems. However, the
are shown in Figure 5, where the molar magnetizatibris behavior at higher fields is similar to that observed at 1.9 K,
expressed iMug units N = Avogadro number) andM is with a gradual increase of the magnetization up to abdugg
expected to have the saturation vaMewhenH/KT becomes at 55 kOe. Such a behavior is typical of systems with a relevant
very large according to the equationMf = NgqugS. The curve anisotropy due to a large zero-field splitting and is consistent
at 1.9 K has the behavior expected for a ferromagnet with an with the high values (up to several ch) observed for Mn(lIl)
extremely large zero-field susceptibility, a very weak magnetic ions in analogous Schiff base compouftisindeed, even for
field being sufficient to induce a magnetization of abold:as. an isolated spin multiplet, the presence of a zero-field splitting
When the field is increased further, the magnetization increasescauses the magnetization to increase more slowly than forecast
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by the corresponding Brillouin function and to reach saturation and co-workerd® The Mn(ll) [S = 5/] and Cu(ll) [S = Y]
at much higher fields. ions display an intrachain antiferromagnetic coupling occurring
Concluding Remarks. To the best of our knowledge, only  wia the intermediacy of the oximato group. The half repeating
three types of one-dimensional compounds exhibiting spontane-unit displacement of one chain with regard to the adjacent one
ous magnetic ordering have been fully characterized from both gives rise to an overall ferrimagnet. (3) A one-dimensional
structural and magnetic viewpoirts,1” although several mag-  ferrimagnet Mn(lIl) hexafluoroacetylacetonato radical complex
netic one-dimensional compounds exhibiting three-dimensional has been reported by Gatteschi and co-workeiEhe interchain
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