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Abstract: The reaction between the [Mn(BS}#)]" monomeric and [Mg(u-BS)(H20),]>" dimeric cations and
[Fe(CN)]®~ gave rise to cationanion interactionia the formation of [Fe-C=N—Mn] bridges. Depending on the
nature of the Schiff base and regardless of the stoichiometry used, either the trimerid Mi¢B$)} o{ Fe(CN)}} 1~

(BS = 3-MeOsalen§; 5-Clsalen,7; 5-Brsalen 8; salcy,10) or the pentameric catiod Mn(BS)} 4{ Fe(CN)}}]* (BS

= saltmen,9) is formed, which has been assembled by thedstion or the CI@Q™ anion, respectively. The X-ray
analysis of6 revealed a two-dimensional network layer structure. The magnetic measurements showed its
metamagnetic behavior, where the ferromagnetic interaction operates within each layer and the antiferromagnetic
interaction operates between the layers. The Neel temperdtyris, 9.2 K, and the critical fieldta2 K is 300 Oe.

The temperature dependent magnetic susceptibilitiésofl8 are in agreement with a discrete, symmetrical, trinuclear
structure Mn(lI1y=Fe(II)—Mn(lll) (Sun = 2, See = 1/2, Sun = 2) with a ferromagnetic spin coupling between the
Mn(lll) and Fe(lll) ions, a small antiferromagnetic intertrimer interaction, and a large zero-field splitting of the
Mn(lll) ion. The structure oB consists of a two-dimensional layer containing as the repeating unit a cyclic dodecamer.
The layers stack along tteeaxis, and CIQ~ anions are positioned between the layers. The magnetic measurements
showed this compound’s ferromagnetic behavior. There are, in fact, two kinds of intralayer magnetic interactions,
the interaction between the Fe(lll) and Mn(lll) ions bridged by CN groups and the interaction between two Mn(lll)
ions in the dimer [Mp(saltmeny], both being ferromagnetic. The interlayer magnetic interaction is ferromagnetic.
All of the interactions render t8 an overall ferromagnetic behavior.

Introduction ethylene anion radical) by Miller and Epstéithe inorganie-

The field of molecular magnetism has undergone quite INorganic, oxalato-bridged Mn(H)Cu(il) complex {MnCu-
spectacular advances in the last decadseveral different ~ (PPaOH)(HO)}n (pbaOH™ = 2-hydroxy-1,3-propylenebis-
approaches are currently used in order to design and synthesiz&2Xa@mato) anion) by Kahn and co-workérnd the inorganie
molecular-based magnetic materials exhibiting spontaneous®rganic, Mn(lly-radical complex{Mn(hfack(NITR)}n (hfac
magnetization. The discovery of the first pure organic ferro- — (hexafluoroace.tyl)acetorlato anion and NI$F2(_R)-4,4,5,5-
magnet in thef-crystalline form of p-nitrophenyl nitronyl ~ tetramethyl-4,5-dihydro#i-imidazolyl-1-oxy 3-oxide, R= Et,
nitroxide in 1991 by Kinoshita and co-workérsas inspired ~ P'™ Pr) by Gatteschi and co-workefsHowever, although it
studies on the structure and magnetism of organic radicafs. (3) (a) Kinoshita, MMol. Cryst. Lig. Cryst1993 232 1. (b) Kinoshita,
the other hand, ferromagnetic and ferrimagnetic one-dimensionalM. Mol. Cryst. Lig. Cryst.1989 176, 163. (c) Awaga, K.; Sugano, T.;
chain compounds based upon metal complexes have achievedinoshita, M.Chem. Phys. Let.987 141, 540. (d) Tamura, M.; Nakazawa,

. . .. Y.; Shiomi, D.; Nazawa, K.; Hosokoshi, Y.; Ishikawa, M.; Takahashi, M.;
noteworthy success in the area of molecular design, Syntheslsland Kinoshita, MChem. Phys. Letl.991, 186 401. (e) Chiarelli, R.; Rassat,

magnetism, and theoretical studiesthe organie-organome- A.; Rey, P.J. Chem. Soc., Chem. Commd®92 1081. (f) Chiarelli, R.:
tallic, charge-transfer complex [Fe(Mep)][TCNE]~ (Mes- “avak,,lv# AT.; R_aisatkA.l; Jgolegce\} J-hilature &9954 363 M14T- (9)k
— ; _ agami, T.; Tomioka, K.; Ishida, T.; Yoshikawa, H.; Yasui, M.; lwasaka,
Cp = pentamethylcyclopentadienyl and TCNE tetracyano F.; lwamura, H.; Takeda, N.; Ishikawa, Ii@hem. Lett1994 29. (h) Ishida,
T Kyushu University. T.; Tsuboi, H.; Nagami, T.; Yoshikawa, H.; Yasui, M.; lwasaka, F.;
* Universitadi Perugia. lwamura, H.; Takeda, N.; Ishikawa, NChem. Lett1994 919. (j) Yee, G.
8 Universitede Lausanne. T.; Manriquez, J. M.; Dixon, D. A.; McLean, R. S.; Groski, D, M.; Flippen,
® Abstract published ifAdvance ACS Abstractdanuary 15, 1996. R. B.; Narayan, K. S.; Epstein, A. J.; Miller, J. 8dv. Mater. 1991, 3,

(1) (a) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany, 309. (k) Broderick, W. E.; Thompson, J. A.; Day, E. P.; Hoffman, B. M.
1993. (b)Magnetic Molecular MaterialsGatteschi, D., Kahn, O., Miller, Sciencel99Q 249, 401. (1) Broderick, J. A.; Hoffman, B. Ml. Am. Chem.
J. S., Palacio, F., Eds.; NATO ASI Series E; Kluwer Academic: Dordrecht, Soc.1991 113 6334. (m) Miller, J. S.; Calabrese, J. C.; McLean, R. S.;
The Netherlands, 1991; Vol. 198. (c) Iwamura, H.; Miller, J. S. Proceedings Epstein, A. JAdv. Mater. 1992 4, 498.
of the Symposium on the Chemistry and Physics of Molecular Based  (4) (a) Kahn, O.Structure and BondingSpringer: Berlin, Heidelberg,
Magnetic MaterialsMol. Cryst. Liq. Cryst1993 232-233. (d) Miller, J. 1987, Vol. 68. (b) Nakatani, K.; Carriat, J. Y.; Journaux, Y.; Kahn, O
S.; Epstein, A. JAngew. Chem., Int. Ed. Engl994 33, 399. (e) Miller, Lloret, F.; Renard, J. P.; Pei, Y.; Sletten, J.; VerdaguerJMAmM. Chem.
J. S.; Epstein A. JAngew. Chem., Int. Ed. Endl994 33, 385. (f) Caneschi, Soc.1989 111, 5739. (c) Gleizes, A.; Verdaguer, M. Am. Chem. Soc.
A.; Gatteschi, D.; Sessoli, R.; Rey, Rcc. Chem. Red989 22, 392. (g) 1981, 103 7373. (d) Gleizes, A.; Verdaguer, M. Am. Chem. S0d.984

Caneschi, A.; Gatteschi, D.; Rey, Prog. Inorg. Chem1989 22, 392. 106, 3727.

(2) (a) Le, L. P.; Keren, A.; Luke, G. M.; Wu, W. D.; Uemura, Y. J.; (5) Miller, J. S.; Epstein, A. J.; Reiff, W. MChem. Re. 1988 88, 201.
Tamura, M.; Ishikawa, M.; Kinoshita, MChem. Phys. Lett1993 206, (6) Kahn, O.; Pei, Y.; Verdaguer, M.; Renard, J. P.; Sletted, Am.
405. (b) Kinoshita, MSynth. Met1993 56, 3285. Chem. Soc1998 110, 782.
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is easier to design strategies for one-dimensional compoundsthe assembly of a trimeric ungMn(BS)} »{ Fe(CN}}]~ by the
recent efforts have been directed to the design of multidimen- K* cation, while in the second one the pentameric cation
sional magnetic compounds since ferromagnetism itself is a [{Mn(BS)}4{Fe(CN}}]* is assembled by ClQ anions. Since
three-dimensional property. Along this line, mixed-metal and the X-ray analysis for representative compounds of both classes

mixed-valence assemblies have attracted much attehtidat- revealed two unique two-dimensional layer structures consisting
sumoto et al. reported a series of metal-complex based ferro-of a cyclic octamer [Mn—NC—Fe-CN-)], and a cyclic
magnets{ NBuyJMCr(ox)s3]}x (M = Mn2*, F&*, Ca?t, Ni2t, dodecamer FNC—Fe—CN—Mn-+-Mn)]4 as the net unit and
and C@#") that are designed to form multidimensional network their magnetic measurements including the temperature depen-
structures by assembling alternately tBg-symmetric, - dence of magnetic susceptibility, field dependence of magne-
complex Cr(ox33~ and the metal(ll) io$:° Kahn et al. reported tization up to 55 kOe under various temperatures, hysteresis
the crystal structure and spontaneous magnetizalipor 2.5 loop, magnetization under zero and weak magnetic fields
K) of a three-dimensional mixed-metal assembly, (sist),- revealed the spontaneous magnetic ordering due to the meta-
[Cu(opba)}(DMSO),-2H,0 (rad™ = 2-(4-N-methylpyridinium)- magnetism and ferromagnetism, the crystal structures and the
4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide, opba-phen- magnetic properties are reported. Some preliminary results have
ylenebis(oxamato)! Babel et all! and later Verdaguer et &, already been reportéd.

have revealed that the cyanide system based on the Prussian ] ]
blue family CA'[B" (CN)g] (A" = divalent magnetic metal ion,  Results and Discussion

B!l = trivalent magnetic metal ion, and & monovalent The reaction between the two building blocks [Mn(BS)-
nonmagnetic meta_ll ion) exhibits an excellent molecular design (H20)]* [BS = salen-substituted tetradentate Schiff base ligand]
which gives ferri- and ferromagnets, due to the three- 54 [Fe(CN]3~ has been used for a complegomplex d—d?
dimensional alternate array of'And B'. Among the cyanide  aggregation achieved thanks to the bridging bonding mode
complexes, a compound exhibiting a high magnetic-ordering exhibited by the CN ligand in [Fe(CN}]3~. The experimental
temperature offc = 240 K was reported recently. The — procedure consists in mixing [Mn(BS)§B)]CIO; and Ki[Fe-
inconvenience of this system arises from chemical difficulties (cN)y in a methanot-water solution. The cationic manganese
in characterizing the materials, which precipitate with a variable gerjvative can be present in solution mainly as a monafner

number of water molecules, CA[B(CH)H-0, and which give o1 a5 a dimeiB depending on the steric characteristics of the
single crystals with great difficulty. Since this type of com-

pound is still very limited, it is desirable to develop a novel o | ®
family of multidimensional magnetic compounds that make it /%\
possible to investigate the detailed correlation between the 0H2_|@ <N\M °
crystal structure and the magnetic property. N o N | ™0

We report here extended structures derived from the reac- 2 < S 2 \—‘i_‘_\ M
tion between the cationic complexes [Mn(BS)®J]* and NP o O\M /:>
[Mn,(BS)(H20):]%" (BS = 3-MeOsalen= N,N'-ethylenebis- HOMe oqn)
(3-methoxysalicylideneiminato) dianion; 5-Clsalen N,N'-

OH,
[Mn(BS)(H20)(MeOH))* [Mn2(BS)2(OH2)2]2+

A B

ethylenebis(5-chlorosalicylideneiminato) dianion; 5-Brsaten

N,N'-ethylenebis(5-bromosalicylideneiminato) dianion; saltmen
= N,N'-(1,1,2,2-tetramethylethylene)bis(salicylideneiminato) di-
anion; and salcy= N,N'~(trans1,2-cyclohexanediylethylene)-  gopue pace  The interconversion between the two forms,

bls(sahcylldengmmat(?) d!an|on) and the anlog [F_e(g}F\f). ) depending on the reaction conditions, is a very probable process.
The Mn—Fe interaction is achieved via the bridging bonding - gy ctural evidences for both cations have been obtained from

modg of G—:N while the polymetalllg units areiassembled bY  the crystallization of [Mn(salen)][(k0)(MeOH)[" and [Mry-

the intervention of cations Kand anions (CIg)~. (salen)(H.0)]2* out of the same reactionifle infra).

Depending on the steric properties and the substituents of = Thijs equilibrium would affect the nature of the aggregate
the quadridentate Schiff-base ligand around Mn, we identified formed in the reaction with [Fe(CMp~. Herein the cationic

two classes of extended structures. The first one derives from Starting materiall regardless of the possible form in So|uti0n,

(7) (@) Caneschi, A.; Gatteschi, D.; Renard, J. P.; Rey. P.; Sessoli, R will be abbreviated as [Mn(BS)@D)]CIO, [BS = MeOsalen,

Inorg. Chem.1989 28, 1976. (b) Caneschi, A.; Gatteschi, D.; Renard, J. "1; 5-Clsalen,2; 5-Brsalen,3; saltmen 4; salcy, 3.
P.; Rey. P.; Sessoli, Rnorg. Chem.1989 28, 3314. (c) Caneschi, A,;
Gatteschi, D.; Rey. P.; Sessoli, Rorg. Chem1991, 30, 3937. (d) Benelli,

43
X
C.; Caneschi, A.; Gatteschi, D.; Sessoli,IRorg. Chem.1993 32, 4797. X5 2 o o
(e) Caneschi, A.; Gatteschi, D.; Sessoli,IRorg. Chem.1993 32, 4612. 4 o
(8) (a) Tamaki, H.; Zhong, Z. J.; Matsumoto, N.; Kida, S.; Koikawa, 6 —N N=

M.; Achiwa, N.; Hashimoto, Y.; ®awa, H.J. Am. Chem. S0d.992 114,

6974. (b) Zhong, Z. J.: Matsumoto, N.k8wa, H.; Kida, SChem. Lett.

199Q 87. (c) Tamaki, H.; Mitsumi, M.; Nakamura, K.; Matsumoto, N.;

Kida, S.; kawa, H.; lijima, S.Chem. Lett1992 1975. X=3-MeO,R=en, 1 R=t 4
(9) Recently Decurtins et al. succeeded in obtaining a the single-crystal X =5Cl,R=en, 2 X =H, R =tmen,

X-ray analysis of the analogue compoufifP(Ph)][MnCr(ox)s]}n and X=5-Br.R=en 3 X=H R=Cy,§

revealed its two-dimensional layer structure. Decurtins, S.; Schmalle, H. ' '

W.; Oswald, H. R.; Linden, A.; Ensling, J.; @ieh, P.; Hauser, Alnorg. .

Chim. Actal994 216, 65. The reaction between [Mn(BS){®)]CIO4 and Kg[Fe(CN)]
(10) Stumpf, H. O.; Ouahab, L.; Pei, Y.; Grandjean, D.; Kahns@ence  gave, regardless of the Mn:Fe molar ratio, different aggregates

1993 261, 447. . . .
(fl) G];ieber, W. D.: Babel, DZ. Naturforsch.1982 87h, 832. as a function of the Schiff base ligand only (see Scheme$) 1

(12) (a) Gadet, V.; Mallah, T.; Castro, I.; Veillet, P.; Verdaguer, M. Thus, the reaction was always carried out in a Mr=Fd.:1

Am. Chem. Socl992 114 9213. (b) Ito, A.; Suenaga, M.; Ono, KJ; molar ratio. Compounds from Schemes4lhave been obtained
Chem. Phys1968 48, 3597. =
(13) Mallah, T.; Thiebault, S. Verdaguer, M.; Veillet, 8ciencel993 (14) Miyasaka, H.; Matsumoto, N.;Kawa, H.; Re, N.; Gallo, E.; Floriani,

262, 1555. C. Angew. Chem1995 107, 1565.
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Scheme 1 Scheme 3
[Mn(3-MeOsalen)(H20)]CIO4 + K3[Fe(CN)g] [Mn(saltmen)(H20)]CIO4 + K3[Fe(CN)g]
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b = interchain interaction //
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Scheme 2
9, [{Mn(saltmen)}4{Fe(CN)g}]CIO4-H20
[Mn(5-X-salen)(H20)]ClO4 + K3[Fe(CN)g]
X=Cl2 / Scheme 4
X =Br, 3
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Sl and three bands7{ 2129, 2114, and 2104 cHh in the
-~ G complexes formed, while a single band was observed in the IR
spectrum ford [2118 cnt!] and 10 [2112 cnTY].

Structural Studies. Two structural classes of compounds
are generated from the reaction between [Mn(BSJHICIO,4
and Kg[Fe(CN)], and these are identified from the Mn:Fe ratio
OH, i as the 2:1 and 4:1 compounds, respectively. Compo6Gn@s
belong to the first class, ar@land 10 to the second one.

The structural motif in the first class is the trimeric anion
shown in Schemes 1 and 2. It can be considered as the building
block of different polymeric structures depending on the
arrangement of the countercation” Kand the crystallization
solvent. The structure o8 will serve as an example when
either as a powder, when the Me©H,O solutions were mixed, discussing the structures Gf and 8 for which data are not
or as crystals by a diffusion method (see the Experimental available. An ORTEP view of the trimeric anion@1is shown
Section). in Figure 1, while the relevant structural parameters are reported

Powder and crystals of the same compound will be identified, in Table 1. Iron and potassium occupy the special positions
when both exist, as P and C. Data pertaining to unsubstituted(the inversion centers, Fe (1/2, 0, 1/2) and K (1/2, 0, 0)). The
salen with the chemical formula [Mn(salegje(CN)] are chains are made up by the trimers shown in Figures 2 and 3
reported only in the supporting information, since it produces bridged by K cations which are surrounded by the twoséts
a cocrystallized mixture of the anionic trimeric unit present in of two adjacent trimers. The coordination environment of K
6—8, free [Fe(CN}y]3~, and [Mn(salen)(HO)(MeOH)I" and cations and the KO distances (Table 1) are very close to those
[Mny(salen)(H.0),]?" as countercations, as confirmed by the found in crownetherK complexes. The [Fe(CN]?~ building
X-ray analysis. The structural and magnetic properties are notblock assures both the intra- and the interchain linkages. It
particularly relevant in the present context. These data are givencontains three different pairs of CN ligands, two terminals, and
in the supporting information. Compounés-10 have been two intrachain and two interchain bridgings. We should mention
analytically characterized. The single=®l band at 2118 crit that the Fe-C distances are slightly shorter in the intrachain
in [Fe(CN)]3 is split into two bandsf: 2114 and 2097 cri] bridging CN, but are very close for the other CN bonding modes.

Om = 5-X-salen [X = Cl, Br]
a = chain propagation
7, [K{Mn(5-Cl-salen)}2{n2-Fe(CN)e{(H20)4}In
8, [K{Mn(5-Br-salen)}2{u2-Fe(CN)e}{(H20)4}In
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Figure 1. ORTEP drawing of a trinuclear structure férwith the
numbering scheme of the unique atoms, showing 50% probability
ellipsoids.

Table 1. Relevant Bond Distances (A) and Angles (deg) 6

Mn—N1 1.985(5) Mnr-N2 1.954(5)

Mn—N3 2.290(5) Mn-N4* 2.415(5)

Mn—02 1.868(4) Mr-O3 1.878(4)

Fe—-C19 1.932(5) FeC20 1.943(6)

Fe-C21 1.941(7) C19N3 1.150(7)

C20-N4 1.157(7) C2EN5 1.142(8) Figure 2. (top) Projection along the axis for 6, showing a two-
K-01 3.211(4) K-02 2.721(4) dimensional network structure, in which a net unit is composed of a
K-03 2.789(4) k-0O4 3.109(4) cyclic octamer structure {Mn—NC—Fe—-CN-)]4 and involves a
Mn—K 3.5462(9) sandwich structure. (bottom) Projection perpendicular toatsis,
N1—Mn—N3 91.9(2) NE=Mn—N4* 87.3(2) showing a stacking 01_‘ thg Iaygrs by van der Waals contact, where DMF
N2—Mn—N3 89.4(2) N2-Mn—N4* 84.4(2) molecules of crystallization fill the interlayer space.

N3—Mn—N4*  173.8(2) 02-Mn—N3 94.4(2) _ _

02—Mn—N4* 91.8(2) 03-Mn—N3 93.2(2) salen)] with two oxygens only, the complexation of" Ks
O3—Mn—N4* 87.2(2) C19-Fe-C20 86.4(2) completed either by solvent molecules, as we propose, or by
C19-Fe-C21 92.2(2) C206Fe-C21 92.9(2) oxygens of adjacent chains. This should not allow a regular
01-K-02 50.4(1) OrK-04 62.8(1) interchain Fe-C—N—Mn interaction. This is supported by the
ﬁﬁ_’f\mgglg ?2'95"(51()5) (,\)Aiﬁ 4*0_4(:20* %7521(21) magnetic .prop.ertie.s of and 8 which are, as expec'ted. for
Fe—C19-N3 177.2(5) Fe-C20—N4 178.4(6) isolated trimeric units, not assembled in layers by significant
Fe—-C21-N5 177.5(6) Fe-C—N—Mn interactions. The assembling mode of the

[Mn(BS)(H.0)]* with [Fe(CN)]3~ seems to depend largely on
the steric characteristics of the cation. The nature of the Schiff

The Mn—N distances are much longer in the interchain [Mn* 556 can determine the occurrence in solution of a prevailing

N4, 2.415(5) A] [the asterisk indicates a symmetry operation monomeric or dimeric form of the cation (see formsand B

of x, 1/2 —y, 1/2 + Z] vs the intrachain interaction [Mn-N3, i, eq 1). Compound$—8 are formed as a result of the
2.290(5) A]. The G-N bond distance is only slightly affected assembly of the monomeric cation with [Fe(GNY, while

by the bonding mode, the terminal ones having the shortest bondjy, the case of9 assembly occurs with the dimeric cation
at 1.142(8) A. An additional structural parameter for under- [Mny(saltmen)(H,0);]2*. In the case of a monomeric cation,
standing the interchain interactions is the-K—Mn angle, the two axial positions of the Mn atom cannot be filled by two
varying from being almost linear for the intrachain bonding equally strongz-bonding CN groups because) fivo CN-
[Mn1—-N3-C19, 169.5(5) to an interchain value of 137.2(4)  groupstransto each other will exert a self-labilization of one
for Mn—N4*—C20*. Such Fe-C-N-Mn interactions produce  on the other and (ii) the manganese prefers the penta- vs the
a two-dimensional network having a repeating cyclic octameric hexacoordination. In the case of a dimeric cation the two axial
[(=Mn—NC—Fe-CN-)]4 unit. The center of the octameric  positions are equally available for binding with CNrom

ring is occupied by the K@sandwich. Figures 2b and 3b show [Fe(CN)}]3~. The consequence of those facts is the structure
the two-dimensional layers stacking along thexis and the revealed by an X-ray analysis @&

interaction between the layers, assured by van der Waals The systematic absences of the reflection dat8 oannot
contacts. The DMF molecules of crystallization fill the inter- determine the space group unequivocally, with only lihen
layer spaces. We should emphasize that the building up of thespace group giving a satisfactory result. Figure 4 shows an
chains is assured by the availability of four oxygemes each ORTEP drawing of the pentanuclear catidivin(saltmen)}-
[Mn(3-MeOsalen)] fragment complexing the alkali metal cation. [Fe(CN)]}* while relevant interatomic bond distances and
Thus, the alkali metal cation is ordering the chain to make angles are given in Table 2. The Fe and two cyanide groups
possible the interchain interactiaria a rather long Ma-N lie on a 4-fold rotation axis (0, Q7). The Fe is coordinated
interaction. In the case of and 8, which contain [Mn(5-X- octahedrally by six CN groups, in which each of the four
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Table 2. Relevant Bond Distances (A) and Angles (deg) 96

Mn—01 1.877(9)  MmrO2 1.894(10)
Mn—N1 1.94(1) Mn-N2 1.97(1)
Mn—N3 2.19(1) Fe-C21 1.94(1)
Fe-C22 2.11(4) FeC23 1.84(3)
N3-C21 1.14(2) N4-C22 1.08(5)
N5—C23 1.14(5)

01-Mn—N3 96.0(4) 02-Mn—N3 94.9(4)
N1-Mn-N3 99.7(5) N2-Mn—N3 90.0(4)
C21-Fe-C22  88.4(5) C2:Fe-C23  91.6(5)
Fe-C21-N3 175(1) Fe-C22-N4 180.0
Fe-C23-N5 180 Mn-N3—C21 156.1(10)

Figure 3. Space-filling representation of the two-dimensional network
structure foi6: (top) projection on the layer, (bottom) packing of layers,
where DMF molecules are omitted for clarity.

Figure 5. (top) Projection along the axis of 9, showing a two-

dimensional network structure, in which the out-of-plane structure

between [Mn(saltmen}]ions is composed and a net unit is composed
/C3 of a cyclic octamer structure-f¢Mn—NC—Fe—CN—Mn-+-)]4. (bot-
tom) Projection perpendicular to tleaxis, showing a stacking of the
sheet structure by van der Waals contact.

A crystal structure, projected on thab-plane, is given in
Figure 4. ORTEP drawing of unique atoms of a pentanuclear unit for Figures 5a and 6a, and shows the two-dimensional network
9 with the atom numbering scheme, showing 50% probability ellipsoids. strycture. A projection of the structure along thaxis is given

in Figures 5b and 6b and illustrates the stacking of the layer
equatorial CN ligands coordinates axially to a Mn from a [Mn-  structure, with perchlorate ions positioned between the layers.
(saltmen)] moiety. This occurs in pairga the sharing of an The formation (see Scheme 4) @b involves the same
oxygen from the Schiff base. The coordination geometry around stoichiometry as that dd. This may suggest a close structural
the Mn(lll) ions is a distorted square bipyramidal geometry, in relationship between the two compounds. However, in this case,
which the equatorial sites are occupied by th@©Ndonor atoms  the magnetic measurements were very diagnostic and showed
of the saltmen ligand while the two apical sites are occupied the difference between the two species and also the absence of
by the nitrogen atom N(3) of the CNand the phenoxy oxygen  any extended structure fa0. The magnetic measurements are
atom O(2)* of the adjacent unit (the asterisk indicates a in favor of the presence of the trimeric form shown for
symmetry operation of 1/2 x, 1/2+ vy, 2) with a distance of compound®$—8 and noninteracting cations. Some preliminary
Mn—0O(2)* (phenoxy oxygen}y= 2.847(9) A. X-ray data obtained for the structure made by the separated ions
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Figure 7. Effective magnetic moment fd& (O) and7 (@) per MnuFe
vs temperature. The dashed line represents the calculated cur&e for
using the Hamiltonian shown in eq 2 and the best fit parameters
2.04,gre = 2.04,J = +4.2 cml, 2 = —0.3 cmY, andD = —-7.8
cm L.

value was calculated by assumiggalues ofgy, = 2.00 and
Ore = 2.00. As the temperature is lowered, the magnetic
moment gradually increases to reach a maximum ofu8.4t
20.2 K, and then decreases sharply. The decreaggsoht
low temperature is due to the zero-field splitting term of the
manganese(lll) ion and/or an intermolecular antiferromagnetic
interaction. The magnetic susceptibility data can be fitted by
the spin-Hamiltonian (eq 2) based on the symmetrical linear

H= ﬂH(ZQMnS\/In + gFeS:e) - [S\/Inlsie+ S\/InZS:e] +
D[S, — (1/3)Sun(Sun + D] — 2ISEI(2)

Figure 6. Space-filling representation of the two-dimensional network ~ trinuclear structure of Mn(lih-Fe(lll)—Mn(lll) with the spin-
structure for9: (top) projection on the layer, (bottom) packing of ~ System of Gun, Sre Swn) = (2, 1/2, 2) including a zero-field

layers. splitting term and an inter-molecular interaction term within the
molecular field approach, where the magnetic interaction
{Mn(salcy}{Fe(CN)}}~, 2 [Mn(salcy)(HO)2]*, and CIQ~ between the terminal Mn ions is neglected.

confirmed this. Once again steric factors associated with the The susceptibility for such a system is calculated using the

Schiff base determine the assembly mode. In the case of salcythermodynamic relationship = M / H, where

the particularly hindered cyclohexyl substituent prevents both

the formation of the manganese derivative in a dimeric form M= [Nzi(—dEi/dH) exp(_Ei/kBT)]/[Ziexp(_Ei/kBT)]

and any intertrimer interactions. 3
Magnetic Properties. We have studied the temperature . .

dependence of the magnetic susceptibility in the temperature 1 N€ €nergy levels of the trimeg;, are evaluated by diagonal-

range 1.9-300 K for compound$—10. The results of these ~ 12iN9 the Hamlltoman maFrlx in the bas_ls constituted by the

measurements indicate different behaviors for compoifnés product of the spin functions for the single (2, 1/2, 2) spin

and 10 with respect tc6 and9. Indeed the former compounds ~ Centers.

behave as isolated oligomers, while the latter show the occur-  1he best fit parameters aje= +4.2 cnt+, zJ = —0.3 cnt,

rence of a spontaneous magnetic ordering due to the magnetidMn = 2'?4' gre = 2.04, alndD = —7.8 cnr for 7 andJ =

phase transition at low temperature which reflects their extended 74-2 cem zJ =-0.3 e, gun = 2.02,gre = 2.00, andD =

structure. For these latter compounds further measurements of 8- ¢+ for 8. Actually, it is not possible from these data

the temperature and field dependence of the magnetization havén Polycrystalline samples to distinguish between positive and
been performed. negativeD values, but negative signs have been assumed on

Compounds with Isolated Oligomeric Structure. Com- the b?‘S‘S of magnetization datside infra) and also beca_use
pounds 7 and 8. Since the magnetic behaviors 6&ind8 are negativeD values of a few cm are typical _for_Mn(III) S.Ch'ff
quite similar, only the behavior of will be described. The base complexeS. The above parameters indicate an intramo-

femperare dependence o e fective magnec moman: 4% EToma07elc cuping etueen vl Pl one
per MnpFe unit for7, together with that 06, is shown in Figure W ! u : gnetc1 lon, g

7. Theues at room temperature, 7.3, is slightly larger than zero-field_ splitting. Thg theoreticals vS T curve for?l usi.ng .
the spir!lt-i;fnly value of 7?1143 for thean%agnetigallgl/dill?te three- the best-fit parameters is represented by the dashed line in Figure

spin system $un, Sre Sun) = (2, 1/2, 2), where the spin-only (15) Kennedy, B. J.; Murray, K. Snorg. Chem.1985 24, 1552.
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Figure 8. Magnetization as a function of the applied magnetic field
for 7, performed at 1.9 K@), 4.5 K (@), and 6.0 K @®). Solid line at

1.9 K represents a theoretical curve.

7. The field dependences of the magnetizatio? afieasured
at 1.9, 4.5, and 6.0 K are shown in Figure 8 in the form of
M/Nug vs H plots (whereM, N, ug, andH are magnetization
(cm® mol* Oe), Avogadro’s number, the electron Bohr mag-
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for g = 2.0 (fixed to the value obtained in they fit) and D =
—1.3 cn! (see Figure 8). This fit clearly indicates a negative
D value, positive values being unable to reproduce the almost
linear increase oM with H. The D value obtained from this
fit, —1.3 cnT!, would correspond to By, of about—4 cnt?
and is in reasonable agreement with the known data for other
Mn(lll) Schiff base complexe¥® A slight discrepancy is
observed with the value dw, obtained from thers vs T fit,
—7.8 cnTl. However, it must be considered that in the fitt of
Uesr, the D and zJ parameters were strongly coupled and are
therefore both subjected to a relevant uncertainty.

The overall magnetic behavior of compoundsnd 8 thus
strongly supports their nature of magnetically isolated trimeric
units, as suggested by structural considerations.

Compound 10. The plot of 1ju vs T obeys the Curie law
(1M = CM), indicating no detectable magnetic interaction. The
Uesr @t room temperature, 9.98 is nearly equal to the spin-
only value of 9.95ug for the magnetically dilute five-spin
system ( fourSun, See) = (four 2, 1/2). On lowering the
temperature, thees keeps constant and then decreases gradually
at low temperatures. This behavior is compatible with the
presence of a trimeric MaFe—Mn unit and two non interacting
Mn(BS) cations, as evidenced by preliminary X-ray results. The
low temperature decrease @i could be due to the zero-field
splitting of the Mn(lll) ion and/or antiferromagnetic intermo-
lecular interactions.

Compounds with Extended Structure. Compound 6.
First, it should be noted that the magnetic measurements were
performed both for a powder sampléP, and a crystalline

neton, and the applied magnetic field (Oe)). On increasing the sample,6C. The magnetic behaviors for the two are very

applied magnetic field at 1.9 K, the magnetization value

similar, but show a slight difference at low temperature and a

increases gradually showing an almost linear dependence aboveveak magnetic field (below ca. 300 Oe). Theg: vs T curve

30 K. An analogous behavior is shown 8y This behavior is

typical of systems with a relevant anisotropy due to a large zero-

field splitting and is consistent with the high value-67.8 cn1!

for D, found for the Mn(lll) ion by the fitting oOfues vs T. A
semiquantitative fitting of magnetization ¥ can be obtained
on the basis of the following considerations. First of all, we
note that, for the valu@ = +4.2 cm? found from the fitting of
Uefr, the trimer unit is expected to have 8 9/2 ground state
thermally isolated, at least at 1.9 K, from the fist 7/2 excited

of 6P, taken under an external field of 800 Oe, is given in Figure
7 and shows a distinctly different magnetic behavior from the
other 2:1 complexes and8. The effective magnetic moment
at room temperature, 7.3, is slightly larger than the spin-
only value, 7.14:g, for the magnetically dilute three-spin system
(Sviny Srer Sun) = (2, 1/2, 2). The plot of 34y vs T obeys the
Curie—Weiss law with the positive Weiss constants @f=
+6.8 K. As the temperature is lowered, thgy increases
gradually and then sharply without a round minimum, reaches

state. For such an isolated ground state, the variation of thea maximum value of 32.kg at 9 K, and finally decreases

magnetization with the field would follow the Brillouin function
with saturation to a value of caNgg. However, in the presence
of a splitting of the spin multiplet due to zero-field splitting,

abruptly to 17.4ug at 1.9 K. The maximum value qfef is
significantly larger than that of the largest possible spin state,
Sr = 9/2, for Sunt, Sre Svnz) = (2, 1/2, 2),us0 = 9.95 ug.

the magnetization increases more slowly, reaching the saturation As elucidated by X-ray analysis, the two-dimensional layer
value at much higher fields. The magnetization for such a structure is composed of a cyclic octamer; [Jn—NC—Fe—

system may be calculated by using eq 3.

The energy levels are obtained through a full matrix diago-
nalization employing the 10 spin functions of t8e= 9/2 state
and the effective axial spin Hamiltonidd = ggH.S, + [fox-
(HxSc + HyS) + D[S? — S(S+ 1)/3], where we assumg =
Ox = 0, andg andD are the effectiveg factor and the zero-field
splitting, respectively, for th& = 9/2 state and can be related
through the WignerEckart theorem to the single ion values
Omn, Ore, @ndDwin.26 In particular if gu, = gre, as observed in
our caseg = gwvn = Ore While it is straightforward to show
thatD = (1/3)Dun. Taking into account that the Zeeman energy
is on the order ofigH, intermolecular interactions on the order
of 0.5 cmi* would affect magnetization up to 20-30 kOe. Thus,

CN)]4, involving a sandwich structure in which it should be
considered that there are three possible magnetic paths between
the magnetic metal ions. The first two interactions are intra-
trimer and intertrimer paths between Mn(lll) and Fe(lll) through
a CN group. The magnetic behavior suggests that both
interactions should be ferromagnetic. The absence of a round
minimum in the curve ofier vS T and the structural analogy of
the trimer unit with that for compounds and 8, for which
magnetic data have been fitted for an intratrimer ferromagnetic
coupling constant, strongly support an intratrimer ferromagnetic
path also in compound6P and 6C. The intertrimer path
through a CN group within the planes must be ferromagnetic
in order to explain the abrupt increaseqf below ca. 20 K.

we discarded the experimental data at low fields, taking only although we should also consider the third magnetic path, which

the data above 30 kOe. A reasonably good fit for the jnyolves the Mn(lll) ions through the Kion of the sandwich
magnetization data at 1.9 K at fields above 30 kOe is obtained strycture, the magnetic interaction through theitn, as well

(16) Bencini, A.; Gatteschi, DElectronic Paramagnetic Resonance of
Exchange Coupled Systen®pringer-Verlag: Berlin, Germany, 1990.

as that between the terminal manganese(lll) ion through the
NC—Fe—CN moiety, is negligible. This is confirmed by a study
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Figure 9. FCM (field-cooled magnetization) vEcurve under a weak T/ K

magnetic field, 0.5 Oe, for (topjP and (bottom)6C. Figure 10. FCM (field-cooled magnetization) v& curve under

) ) ) weak magnetic fields, 5&), 10 ©), and 20 ) Oe, for (top)6P and
of the magnetic properties of the complexes for which cobalt- (pottom)6C.

(1) is substituted for the iron(lll) ion o6P and6C. The X-ray -

diffraction pattern of powder and crystal samples of K[Mn(3- 8P showed no decrease after a rapid increase at ca. 8 K.

MeOsalen)[Co(CN)] is isomorphous with respect &P and Furthermore, the m:algnet]zanon va!ue obtained \h@)K.of

6C. Since Co(lll) is diamagnetic, the possible magnetic paths 6P ¢a 100 crfmol (13 is much higher than the maximum

are limited to the two interactions described above. The plot Value of ca. 30 cthmol G observed for sampléC. In order

of 1/ym vs T almost obeys the Curie law, indicating no magnetic to better understand the reasons for these dlfferer!t b.ehawors,

interaction, while the decrease afy at very low temperature - CM curves were taken for boBP and6C at magnetic fields

is ascribed to the zero-field splitting of the Mn(lll) ion. These of 5 10, and 20 Oe and are given in F|gure_ 1_0' We see that

results are consistent with a negligible magnetic interaction While the curves for6C are qualitatively similar to those

between Mn(lll) ions through the Kion and through the NE observed under 0.5 Oe, those f&P are different, showing a

Fe—CN moiety. Our experimental evidence agrees with the VerY small cusp at ca. 8.2 K under 5 Oe, a small peak at ca. 8.5

result of Pecoraro et al. who reported that the magnetic K under 1_0 Oe, gnd a Shar? pe_ak at 8.9 K under 20 Oe.

interaction between Mn(lll) ions through an alkali metal ion is Moreover, Increasing the applied field fr.om.5 to 2(.) Oe causes

nondetectable on the basis of the magnetic properties of [wamn € onset of a rapid increase of magnetization which begins at

(2-OHSALPN)(OAC)s] (2-OHSALPN = N,N'-disalicylidene- higher temperatures, ca. 8.5, 9, and 10 K, respectively. _It is

N,N'-(2-hydroxypropylene)diamingy. wor;h noting that the FCM curves_uno!er 20 Og are essentially
FCM (field-cooled magnetization VB curves of6P and6C equivalent for the two samples, differing only in the value of

were obtained by cooling the sample under a weak magnetic magnetization at the plateau below the maximum, 266 cm
. Y 9 b D 9 mol~1 G vs 70 cnd mol~1 G, for 6P and6C, respectively. These
field, 0.5 Oe, and these results are shown in Figure 9. On - ) .

. . .__ characteristic FCM curves and the positive Weiss constant are
lowering the temperature under a field of 0.5 Oe, the magnetiza-

tion of 6C shows a rapid increase below ca. 10 K, to reach a consistent Wit.h a .met.am.agnetic behavfdThe abrupt increase .
maximum at 9.2 K, and then decreases further v’vhile that of of the_magnet|zat|on indicates ”‘? onset Qf Iong-r_ange magnetic
o ’ ordering due to the ferromagnetic coupling within each layer.
(17) Bonadies, J. A.; Kirk, M. L.; Lah, M. S.; Kessissoglou, D. P, 1he decrease below 9.2 K indicates the presence of interlayer
Hatfield, W. E.; Pecoraro, V. Linorg. Chem.1989 28, 2037. antiferromagnetic interactions. However, the FCM curves in




Reaction of Mn(lll) Schiff Base Complexes and [Fe(g&) J. Am. Chem. Soc., Vol. 118, No. 5, 19989

M/ co’mol 'G M/ Nyg
9000.01 ° 3.0 1 .’
6000.0 - . 2.0 1 e
30000 - . N
®o o °
ceesstcconmmt 'oo‘hz, :o voo © °° ° °
. \'-::ngnanne —— T ﬁ —
50 10.0 150 200 3 : 13
TIK H/kOe
Figure 12. Magnetization as a function of the applied magnetic field
M/ cm'mol’'G for 6C, performed 86 K (@), 9 K (O), and 12 K Q).
“\, antiferromagnetic to ferromagnetic transition, the magnetization
% was taken as a function of the external magnetic field at various
. temperatures below and above the Neel temperature. The results

are reported in Figure 12 only f&C, as the curves foBP are
very similar. Below 9.2 K, the curves have a sigmoidal
behavior: the magnetization first increases slowly with H, as
for a typical antiferromagnet, and then increases abruptly,
o showing a phase transition to a ferromagnetic state, as expected
for a metamagnet. The critical field for the lowest temperature
5000.0 1 of 2 K is almost 300 Oe; as the temperature is raised, the phase
transition shifts to lower fields and finally disappears for
temperatures abovhy, still confirming metamagnet behavior.
..n Hysteresis loops have been observedéieand6C, and those
measured at 4.5 K are given in Figure 13. This confirms that
the interlayer antiferromagnetic coupling does not lead to a fully
antiparallel orientation of the spins below the Neel temperature.
'K These hysteresis loops show a metamagnetic character in the
Figure 11. FCM (field-cooled magnetization) vEcurve under weak  virgin magnetization procedure and a slight difference between
magnetic fields, 100&) and 300 ©) Oe, for (top)6P and (bottom)  the two samples. The field dependence of the magnetization
6C. up to 55 kOe on the powder sam@® was measured at 4.2,

) 6.0, and 7.5 K, and the results are given in Figure 14. On
Figures 9 and 10 show that at temperatures below the sharpincreasing the applied magnetic field at 2 K, the magnetization
peak at 8.59.2 K the magnetic moment does not go t0 zero y51ye is nearly zero below ca. 250 Oe, increases rapidly to a
and even slightly increases. This latter behavior could be plateau (ca.M = 3Nug) around 1500 Oe, and then increases

explained by a spin fluctuation mechanism. In other words, jinearly to 8\ug at 55 kOe. Since the saturation magnetization
although the interlayer spins couple antiferromagnetically and ;s expected to beNus for the system$un, Sre Sun) = (2

the spins between adjacent layers should be antiparallel aty/> 2) on the basis of the equations = NgusS a higher
temperatures below the peak, there are random fluctuations frommaiqnetic field than 55 kOe is necessary for the magnetic
this perfect arrangement which give rise to a resultant magne- g5t ration of this compound. This behavior can be easily

tization. Figure 11 shows the FCM curve measured under 100 jnterpreted in a manner simlar to that above for the magnetiza-
and 300 Oe, fo6P and6C. In both cases, th#l vs T curve tion curves of compound, taking into account the large zero-
under 100 Oe still shows a sharp peak at 9.2 K, while the curve fjg|q splitting effect. Due to the similar trimeric structu@g
under 300 Oe has no peak and remains constant after the abrup expected to have intratrimer paramet&ed Dy, similar to

increase at ca. 9 K. This result implies that an external magneticinse for7. We would expect an isolatedi= 9/2 ground state
field of 300 Oe is high enough to overcome the antiferromag- \ith an effectiveD of about—1.5 cml, as the trimer contribu-
netic interaction operating between the adjacent layers and 0o, 1o the magnetization curve at high fields is anticipated to

make the magnetic vectors parallel, but that 100 Oe is not. To pe gimjjar to that shown in Figure 8 for compouhd Therefore,
confirm the metamagnetic transition, and better characterize thethe trimer contribution to th& vs H curve at low temperaures

(18) (a) Carlin, R. L.Magnetochemistry Springer-Verlag, Berlin, IS eXpeCted_to reach a value of abOLMu% at about 10 kOe,
Germany, 1986. (b) Kahn, O. IiMagneto-Structural Correlationsn and then to increase linearly up to ciug at 55 kOe. Due to
Exchanged Coupled Syster@atteschi, D., Kahn, O., Willett, R. D., Eds.;  the strong intertrimer ferromagnetic interactions within the
Reidel: Dordrecht, The Netherlands, 1985. (c) Carlln,. R.; vanDuynengdt, layers, the plateau is reached immediately after the metamagnetic
A. Acc. Chem. Red98Q 13, 231. (d) De Fotis, G. C.; McGhee, E. M.; s S .

Bernal, |.; Losee, D. BJ. Appl. Phys.1987, 61, 3298. (e) Smart, J. 5.  transition at 2086-300 Oe. The magnetization then increases
Effectve Field Theories of Magnetisnsaunders: Philadelphia, 1966. linearly and could be interpreted analogously through the full
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Figure 13. Hysteresis loopNl/Nug vs H) at 4.5 K for (top)6P and
(bottom) 6C. The remnant magnetization is 5000 Tmol™* G, and

the coercive fields is 400 and 200 G, respectively.
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Figure 14. Magnetization as a function of the applied magnetic field
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Miyasaki et al.
20.0
Hesff

15.0 A

4

o
100 . .h.."........l..l . . . . . . . . . . . . . .
5.0 1

80.0 160.0 240.0 320.0
T/K

Figure 15. Effective magnetic moment fo® per MnyFe against
temperature.

expected saturation value dil8g at 55 kOe. This interpretation
also agrees with the metamagnetic nature of compo6Ra@sd

6C, as it is well known that metamagnetism is usually associated
with a large anisotrop}?

Another interesting point to note is that the magnetization
saturates more easily as the temperature increases (see Figure
14). These behaviors are consistent with a metamagnetic
charactef? where within each layer the coupling between
magnetic metal ions is ferromagnetic and the coupling between
the layers is antiferromagnetic. The interlayer antiferromagnetic
interaction is expected to be very weak due to the van der Waals
contacts, where DMF molecules are positioned between the
layers as a crystallization solvent. It is also envisaged that the
DMF molecules affect the interlayer antiferromagnetic interac-
tion and also the spin fluctuation mechanism mentioned above.
Therefore, the magnetic difference below 300 Oe between the
two sample$P and6C, which have been prepared by different
methods, can be ascribed to a slight difference in the interlayer
interaction between them. Moreover, the higher magnetization
value observed foBP at the plateau below the peak in the FCM
curves (see Figure 10) clearly indicates weaker interlayer
antiferromagnetic interactions.

Compound 9. The magnetic properties of sampl@B and
9C are quite similar, and only the behavior 8P will be
described. Thees vs T curve of9is shown in Figure 15. The
plot of 1/ym vs. T obeys the CurieWeiss law with a positive
Weiss constant of® = +2.8 K. The uer of 9 at room
temperature, 9.88g is nearly equal to the spin-only value of
9.95ug for the magnetically dilute five-spin system (fo8¢in,

So = (four 2, 1/2). As the temperature is loweredss
increases gradually and then sharply without a minimum,
reaching a maximum value of ca. 14 at 4.4 K, and finally
decreases to ca. 12s at 1.9 K. The sharp increase at low
temperatures would suggest a ferromagnetic interaction and
three-dimensional magnetic ordering.

To confirm the magnetic phase transition, the magnetization
M vs T was investigated in zero and weak magnetic fields. The
results are represented in Figure 16. The FCM (field-cooled
magnetization v¥) curve was obtained by cooling the sample
under a weak magnetic field, 0.5 Oe, and shows a rapid increase
below ca 5 K and a break in the curve aroufid = 4.5 K.

matrix diagonalization technique and the effective axial spin When the field was switched off at 1.9 K, remnant magnetization
Hamiltonian (eq 2). It is therefore the strong anisotropy of the was observed. The remnant magnetization vanishes afc.the
Mn(lll) ion which prevents the compound from reaching the upon warming. Finally, the zero-field-cooled magnetization
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under 0.5 G: field-cooled magnetizatio®)( remnant magnetization

(®), zero-field magnetizatiort). mentally confirmed by the magnetic measurement of the

cobalt(lll) substitute which is the isomorph of the iron(lll)

(ZFCM), obtained by cooling in zero field and warming under €ompound. On lowering the temperature, the effective magnetic
the field, was measured. It is very similar to the FCM curve, Moment per Mn increases from ca. 4.5 to i) indicating a
probably because above 1.9 K, the domain wall dynamics are féfromagnetic interaction of the out-of-plane dimeric unit.

very fast. All of these features are characteristic of a ferro- ~ Magnetostructural Correlation. The magnetic interaction
magnetically ordered state below 41&. between various combinations of two magnetic centers A and

The hysteresis loop at 4.5 K is shown in Figure 17 and B with a CN™ group has been examined experimentally and

displays a characteristic behavior for a ferromagnet with a theoret|cal[y2.° .

coercive field of about 80 Oe and a remnant magnetization of " the simplest orbital scheme of exchange between two
1800 cnd mol- G. The field dependence of the magnetization Magnetic centers, A and B,the coupling constani can be

up to 55 kOe was measured at 1.9, 4.5, and 6.0 K, and the91Ven by the equation

results are shown in Figure 18. On increasing the applied 1
magnetic field at the lowest temperature of 1.9 K, the magne- J=—VN1J
tization value increases gradually. Note that the slope of this NANg 3
magnetization curve in the limit of zero field (see Figure 18) is

smaller than that of typical ferromagnets and also that, at higherwhereJj is the contribution due to the interaction between the
fields, the increase of magnetization is very slow. The saturation magnetic orbitals on A andj on B, andn; is the number of
magnetizationMs is expected to be 1Rug for this five-spin unpaired electrons on centefl = A,B).

system (fouiSun, S = (four 2, 1/2) on the basis of the equation In general, the pair contribution can be written as the
Ms = NgusS, but the observed magnetization only reaches sum of a ferromagnetic ternj;™ > 0, and an antiferromagnetic
10.3\ug at 55 kOe. Magnetic fields higher than 55 kOe are term,JjA"< 0, asJ; = JF + JAF.

therefore necessary for the magnetic saturation of this com- Using the model of localized orbitals developed by Kahn et
pound. This can be interpreted in a way similar to that for al.?d J* can be expressed aj™ = 2k;, in terms of the
compounds?, 8, and6 by taking into account the large zero- bielectronic exchange integral

field splitting of the Mn(lll) ions within the pentamer units. It

should be noted that the magnetization saturates more easily as kii = @i(l)bi(z)mrﬂ' a1-(2)bj(1)D

the temperature decreases, as seen in Figure 18. This tendency, . . )
which is opposite that observed for the metamagréficalso ~ While J can be written a3jA" = t;eS;, wheret; is the transfer
supports the ferromagnetism of compouhd |n_t_egral andS; is the overlap between the orbitads and b;:

The above magnetic behavior shows that the intralayer and Sij = @;(1)|bj(1)D . . AF
interlayer magnetic interactions are both ferromagnetic. Since AL first order,znti,»' is proportional toS; so that J*" is
complex9C assumes a two-dimensional layer structure with a proportlpnal t0S;%; €., the stronger the oyerlap, the stronger
net unit of a cyclic dodecamerf(NC—Fe—CN—Mn---Mn-)]a, the ant|ferromagnet|c contrlbutlpn. Orbitals orthogonal by
the magnetic interactions between the Fe(lll) and Mn(lll) ions symmetry (strictly ort_hogonal) W'”. hav; = 0 and will not
through the CN group, as well as that between the two Mn- contrlbqte to the qntlferromagnetlsm. Usually, the annferroT
(Ill) fons in the out-of-plane dimeric unit, must both be ferro- magnetic contributions are much larger than the ferromagnetic
magnetic. Such an out-of-plane dimer structure is well known  (19) (a) Matsumoto, N.; @awa, H.; Kida, S.; Ogawa, T.; Ohyoshi, A.
for a number of manganese(lll) complexes with the salen ana-Bull. Chem. Soc. Jpn1989, 62, 3812. (b) Sato, Y.; Miyasaka, H.;
logues. Although the most cases a small antiferromagnetic inter-Ma‘(tzsg)rnsc’éﬂw';&fﬁﬂv_";aﬁg{fggI(ér’gwa‘_:'.r;"'Jgecéféﬂ’p,\r/le‘SS: . Hanack, M.. Datz,
action is observetf;1’a ferromagnetic interaction is also known A inorg. Chem.1985 24, 4198.
for a few other complexe®. The Mn—0 distance of the MyO, (21) (a) Anderson, P. W. IMagnetism Rado, G. T., Suhl, H., Eds.;

i i i ich i i Academic: New York, 1963; Vol. 1, p 25. (b) Goodenough, IMBgnetism
dimeric core is 2.847(9) A, which is substantially longer than 668 TR BondWiley: New York, 1963. (c) Hay, P. J. Thiebault,

for the related manganese(lll) complexes exhibiting antiferro- 3 c . Hoffmann, RJ. Am. Chem. Sod975 97, 4884. (d) Reference 18b,
magnetic coupling. The ferromagnetic interaction is experi- p 37.

ij
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Figure 18. Magnetization as a function of the applied magnetic field
for 9, performed at 1.9 K@), 4.5 K ), and 6.0 K @).

ones, so that only one antiferromagnetic path (i.e., a caijple
for which §; = 0) is often sufficient to lead to an overall
antiferromagnetic coupling), < 0, between the two centers. If,
however, all the orbitals are orthogonal, the overall interaction
will be ferromagneticJ > 0.

Miyasaki et al.
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Figure 19. Schematic orbital interaction in the (Cffe—CN—Mn-
(BS) unit betweerd,y(Fe) andd,(Mn): (a) parallelxy local axis on
Fe and Mn, (b) local axis rotated 45

As far as the local axis on Mn is concerneds the same while
x andy point toward the two N atoms and the two O atoms of
the quadridentate Schiff base ligand. First consider the Mn-
(1) situation: the ¢z—y2 is far higher in energy, so that the
four unpaired electrons are in the,ddk, dy, and gz orbitals.
In the Fe(lll) ion, with a pseudooctahedral configuration, the
five electrons occupy the threg, electrons, leaving only one
unpaired.

Considering, at first order, the configuration around Fe(lll)
as perfectly octahedral, the electronic configurations with the
unpaired electron on.g dy, or d,; are degenerate, and therefore

These concepts have been widely employed in the interpreta-equally populated with a statistical factor of 1/3. If thend

tion of the nature of the magnetic interactions through CN
bridges in the Prussian blue famil§?#1322 For example, a
combination of Ni(Il)-Cr(lll) gives an ideal system for showing

y local axes on Mn(lll) were parallel to theandy local axes
on Fe(lll), as usually happens in compounds of the Prussian
blue family, there would be two antiferromagnetic paths

ferromagnetic interaction because three unpaired electrons ofcorresponding to the ,gMn)—d.{Fe) and ¢{Mn)—dy{Fe)

Cr(lll) occupy the (49)° configuration and the two unpaired
electrons of Ni(ll) occupy the @ configuration, so that the
six J;j contributions are all ferromagnetic due to the strict
orthogonality.

nonzero overlaps.

However, these two couples of local axes are rotated by
approximately 45with respect to the commaraxis and almost
bisect each other. As a consequence, th@vith) and dAFe)

For the compounds reported in this study we have observedorbitals, as well as the,gMn) and d{Fe) ones, do not point

trimeric and pentameric units made from CN-bridged Fe(lll)
and Mn(lll) species, which show small ferromagnetic Mn¢Hl)
Fe(lll) interactions. A smaller ferromagnetic coupling has been
observed also for intertrimer CN-bridged Mn(HJe(lll)
interactions which make up the bidimensional structure in
compound6.

An analysis of the Mn(l1l)-Fe(lll) system (high-spint (tzg)*-
(eg)*, low-spin &, (t2g)®) similar to that of the Prussian blue
family leads to the conclusion that both ferromagnetic and
antiferromagnetic contributions coexist and that an overall
antiferromagnetic coupling would be expected.

toward each other and the overlap is strongly reduced (see
Figure 19).

The large number of ferromagnetic paths could therefore
overcome these two reduced antiferromagnetic contributions
giving an overall, small, ferromagnetic interaction. The same
explanation applies to the intertrimer interaction observed in
compound6. Here the interaction is smaller because of the
longer N—Mn distance.

This explanation cannot be applied to the pentamer unit where
the local axes are rotated. However, in this case, th&\ €
Mn angle is 156, and this bending should reduce the overlap

We must, however, take into account that the Prussian blue between the magnetic orbitals and weaken the antiferromagnetic

family shows highly symmetric cubic structures in which the
M—C—N—M units are perfectly colinear and the metals have

paths.

regular octahedral coordination. In our case the geometry of Concluding Remarks

the M-C-N-M units is less regular, with one of the metals, Mn,
in a six coordinate bipyramidal coordination and the C-N-Mn
angle different from 189 at least for the pentamer and the
intertrimer interactions. We also recall that an unexpected
antiferromagnetic coupling has been observed between two CN
bridged bipyramidal Cr(lll) §®, (t2g)%], in the catenacyano-
(phthalocyaninato)chromium(I1#

Extended Mn(lll}-Fe(lll) structures have been obtained from
the reaction of [Mn(BS)(pD)]" cations and the [Fe(C¥§anion.
The assembly mode of the two components is achieved thanks
to the bonding mode of the bridging CNanion and is largely
dictated by the steric properties of the Schiff base ligand around
manganese. These are mainly responsible for the occurrence
of the cation in a monomeric or dimeric form. In the former

We have considered possible orbital explanations for the case we produce the 2:1 structures shown in compléx@s
observed intertrimer ferromagnetic coupling. In order to discuss and8, where the building block is thd Mn(BS)} { Fe(CN)}} ]~

the orbital interactions in the trimeric units, we have set the
Mn—Fe—Mn bond along the-axis, with the origin on Fe and
pointing thex- andy-axes toward the equatorial CNyroups.

(22) Klenze, R.; Kanellakopulos, B.; Trageser, G.; Eysel, Hl.H-Chem.
Phys.198Q 72, 5819.

trimer. In the latter case we produce the 4:1 struc@wénich
contains the pentanuclear building bloglvn(saltmen) « Fe-
(CN)g}]™. The assembly mode assured by cations and anions
on the above-mentioned building blocks gives rise to three-
dimensional structures. Depending on such an assembly mode,



Reaction of Mn(lll) Schiff Base Complexes and [Fe(g&)

we discovered materials having significantly different magnetic
behavior. While7 and8 assume a discrete trimeric structure,

J. Am. Chem. Soc., Vol. 118, No. 5, 19993

IR (KBr): »(C=N), 1601, 1625 cm’; »(C=N), 2100, 2114 cm'.
Mp: >300°C.

6 has an extended two-dimensional layer structure consisting Preparation of 7. To a solution of2 (0.254 g, 0.5 mmol) in 50 mL

of a cyclic octamer [FMn—NC—Fe—-CN—)],4 as a net unit and
shows a metamagnetic behavior with a Neel temperaiyre

9.2 K and a critical field 582 K of 300 Oe, where the
ferromagnetic interaction operates within each layer and the
antiferromagnetic interaction operates between the lay&has

a two-dimensional layer structure consisting of dodecamer
[(-NC-Fe—~CN—Mn-:-Mn—)]4 as a repeating unit and shows a
ferromagnetic behavior with the a Curie temperaflye= 4.5

K, where two kinds of intralayer magnetic interaction are both
ferromagnetic (interaction between Fe(lll) and Mn(lll) through
CN and that between Mn(lll) and Mn(lll)) in the out-of-plane
dimeric unit) and interlayer interaction is also weakly ferro-
magnetic. The above amazing versatility in the chemical
formulation, crystal structure, and magnetism can be brought
on by the properties of the manganese(lll) Schiff base complex.
We are now working on a novel family of extended multidi-

of methanol was added a solution of[Re(CN)] (0.165 g, 0.5 mmol)
in 5 mL of water at room temperature. The resulting solution was
allowed to stand for 1 h, and the yellow-brown precipitate thus obtained
was collected by suction filtration, washed with 1:1 (v/v) methanol
water, and dried in vacuo to give a pale, yellow-brown powder. Anal.
Calcd for GoH3oN10OgClsFeKMm,: C, 41.37; H, 2.92; N, 12.70; Mn,
9.96; Fe, 5.06. Found: C, 41.42; H, 2.95; N, 12.46; Mn, 10.17; Fe,
4.83. IR (KBr): »(C=N), 1600-1636 cnti; »(C=N), 2104, 2114,
2129 cml. Mp: >300°C.

Preparation of 8. To a solution of3 (0.298 g, 0.5 mmol) in 50 mL
of methanol was added a solution offRe(CN)] (0.165 g, 0.5 mmol)
in 5 mL of water at room temperature. The resulting solution was
allowed to stand for 1 h, and the green-brown precipitate thus produced
was collected by suction filtration, washed with 1:1 (v/v) methanol
water, and dried in vacuo to give a green-brown powder. Anal. Calcd
for CsH3oN100sBrsFeKMnp: C, 35.63;H, 2.52; N, 10.93; Mn, 8.58;
Fe, 4.36. Found: C, 35.99; H, 2.57; N, 10.64; Mn, 8.69; Fe, 3.91. IR
(KBr): v(C=N), 1635 cn1%; »(C=N), 2104, 2112, 2127 cmd. Mp:

mensional compounds by use of the manganese(lll) Schiff base 3gq ¢

component and the other building componnt.

Experimental Section

General Procedure. All chemicals and solvents used for synthesis
were reagent grade. The quadridentate Schiff base ligapdgHH-
5-Clsalen, H-5-Brsalen, H-3-MeOsalen, ksalen, Hsaltmen, and b
salcy) were synthesized by mixing the corresponding salicylaldehyde
and the diamine in a 2:1 mole ratio in methanol according to the
literature?* Ks[Fe(CN)] was purchased from Wako Pure Chemical
Industries Ltd. and used without further purification. SincgRe-
(CN)g] has a tendency to decompose on heating and irradiation, the
syntheses of the iron(Ifjmanganese(lll) complexes were performed
at room temperature and crystallization was performed in a dark room.
Caution: Perchlorate salts are potentially explosive and should only
be handled in small quantities.

Preparation of Manganese(lll) Complexes [MnL(H,O)]CIO 4
(HoL = Hz-5-Clsalen, 1 Hx-5-Brsalen, 2 H;-3-MeOsalen, 3
H.saltmen 4; and H.salcy, 5). The manganese complexes were
prepared by mixing manganese(lll) acetate dihydrak, &hd NaClQ
in methanol in a molar ratio of 1:1:1.5 according to the method reported
previously?® The complexes were obtained as dark brown crystals and

identified by C, H, and N microanalyses and by the characteristic bands

in their IR spectra.

Preparation of 6P. To a solution ofl (0.294 g, 0.5 mmol) in 50
mL of methanol was added a solution of[Re(CN)] (0.165 g, 0.5
mmol) in 5 mL of water at room temperature. The resulting solution
was allowed to stand for 1 h, and the reddish brown precipitate thus
produced was collected by suction filtration, washed with 1:1 (v/v)
methanot-water and dried in vacuo to give a red-brown powder. Anal.
Calcd for GaH3eN1gOsKMnoFe: C, 49.77;H, 3.58; N, 13.18; Mn, 10.84;
Fe, 5.51. Found: C, 49.63; H, 3.68; N, 13.57; Mn, 10.63; Fe, 5.03.
IR (KBr): »(C=N), 1601, 1624 cm*; »(C=N), 2097, 2114 cm' Mp
>300°C.

Preparation of 6C. Into a N,N-dimethylformamide solution of
(0.25 mmol in 30 mL DMF) was diffused a 2-propanevater mixed
solution of Kj[Fe(CN)] (0.25 mmol in 30 mL of mixed solution).
After standing for one week at room temperature in a dark room,
brown, thin, plate crystals were obtained. The red-brown crystals
thus obtained contain twd\,N-dimethylformamide molecules per
trinuclear unit as the crystallization solventd, 149 g cm?®
(measured by the flotation method in benzetetrachloromethane).

(23) Recently we have prepared the 1:1 compound with the formula of
(EuN)z[Mn(acen)][Fe(CNg], where EiN = tetraethylammonium ion and
acen= N,N'-ethylenebis(acetylacetonylideneiminato) dianion. The crystal

structure analysis revealed that the compound assumes a linear one

dimensional structure. Unpublished result.

(24) Pfeifer, P.; Hesse, T.; Pfitzner, H.; Scholl, W.; ThielertJHPract.
Chem.1937, 149 217. B

(25) Matsumoto, N.; Takemoto, N.; Ohyoshi, A.k@wa, H.Bull. Chem.
Soc. Jpn1988 61, 2984.

Preparation of 9P. To a solution of4 (0.247 g, 0.5 mmol) in 50
cm?® of methanol was added a solution of[Re(CN) (0.165 g, 0.5
mmol) in 5 cn? of water at room temperature. The resulting solution
was allowed to stand for 1 h, and the brown precipitate thus produced
was collected by suction filtration, washed with 1:1 (v/v) methanol
water, and dried in vacuo to give a red-brown powder. Anal. Calcd
for CgeHoaN14015CIFeMny: C, 55.10;H, 5.05; N, 10.46; Mn, 11.72; Fe,
2.98. Found: C, 54.90; H, 4.76; N, 10.39; Mn, 11.74; Fe, 2.94. IR
(KBr): »(C=N), 1600-1630 cn1?; »(C=N), 2118 cnm%; »(CI—0),
1096-1144 cntt. Mp: >300°C.

Preparation of 9C. Crystals suitable for single-crystal X-ray
analysis were prepared by the same diffusion method as that used in
the preparation 06C. The methanol solution of (0.25 mmol in 30
cm?® of methanol) and an aqueous solution of[f/e(CN)l (0.25
mmol in 30 cni of water) were diffused slowly into each other using
an H-type glass tube at room temperature. After standing for one week
at room temperature in a dark room, well-defined dark brown, rhom-
bic crystals were obtained. The crystals easily effloresce in the
air to give a black-brown powderd, = 1.42 g cn® (flotation
method in benzenetetrachloromethane). IR (KBryy(C=N), 1600-

1630 cntl; »(C=N), 2120 cn1?; »(ClI—0), 1100-1150 cntl. Mp:
>300°C.

Preparation of 10. To a solution of5 (0.253 g, 0.5 mmol) in 50
cnm?® of methanol was added a solution of[Re(CN)} (0.165 g, 0.5
mmol) in 5 cn? of water at room temperature. The resulting solution
was allowed to stand for one week at room temperature in a dark room,
and the black rhombic crystals thus produced were collected by suction
filtration, washed with 1:1 (v/v) methanelvater, and dried in vacuo
to give a yellow-brown powder. Anal. Calcd forgélssN14O1z
ClFeMny: C, 56.42; H, 4.52; N, 10.71; Mn, 12.00; Fe, 3.05. Found,;
C,56.43; H, 4.48; N, 10.67; Mn, 11.86; Fe, 2.83. IR(KB#(C=N),
1600-1630 cntl; »(C=N), 2112 cntt; »(CI—0), 1096-1151 cnr?.

Mp: >300°C.

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
AA-680 atomic absorption/flame emission spectrophotometer. Infrared
spectra were measured on KBr disks with JASCO IR-810 and Shimadzu
FTIR-8600 spectrophotometers. Densities were measured by the
flotation method in mixed solutions of benzene and tetrachloromethane.
Magnetic susceptibilities were preliminarily measured with a Faraday
balance in the temperature range of-@D0 K and with a HOXSAN
HSM-D SQUID magnetic susceptometer under the applied magnetic
field of 100 G in the 4.2100 K temperature range at Kyushu
University, where the calibrations were made with [Nig8)Os (en

= ethylenediamine) for the Faraday balance and with Mng{EQ,),-

6H.0 for the SQUID susceptomet&.Magnetic susceptibilities were

(26) Lindoy, L. F.; Katovic, V.; Busch, D. Hl. Chem. Educl972 49,
117.
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niques?® The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included. Full matrix least-squares refinement
based on observed reflectior®q hadl > 3.0Q(l) and9C hadl >

Table 3. Experimental Data for the X-ray Diffraction Studies on
Crystalline Compound§C and9C

- 6¢ 5¢ 4.00s(1)) were employed, where the unweighted and weighted agree-

chemical formula 1@3';'50KZEMI’}2N12010 (.?I_gaH?goClFeMrhNMoB ment factors oR = S|Fo| — ‘Fcl‘/leol andR, = [ZW(‘Fol _ |Fc|)2/
g%}})\) 1:23'4223)((2)) 137328)) Sw|Fo|4 2 were used. The weighting scheme was based on counting

(x 15' 646(2) 28.279(5) statistics. Plots oEw(|F,| — |Fc|)? versus|F,|, the reflection order in
Ex()deg) 90' 90' the data collection, sif/A, and various classes of indices showed no
B (deg) 102.91(1) 90 unusual trends. Crystal data and details of the structure determinations
y (deg) 90 90 are summarized in Table 3.
V (A3 2612.1(9) 9948(1) Neutral atomic scattering factors were taken from Cromer and
Z 2 4 Waber3® Anomalous dispersion effects were includedFg.4 the
fw 1159.82 1838.79 valuesAf and Af were those of Creagh and McAuléy.The values
space group P2,/c 14/m for the mass attenuation coefficients are those of Creagh and Htfbbel.
A(R) 0.71069 0.71069 All calculations were performed using the teXsan crystallographic
Pealcd (9 €NT3) 1.475 1.228 software package of the Molecular Structure C&rgn complex9C,
u (cm™) . 8.97 7.24 the fragility of the crystals made it difficult to improve the quality of
no. of reflections 3221 4488 the X-ray analysis and because of high symmetry in the crystal group
S:,b'c gg 1133 I14/m and the existence of disordering, the atoms which constitute the

AR = Z||Fo| — |Fell/Z|Fo|. ® Ry = {Z[W(|Fo| — |Fel)?/Z[w|Fo|?} 2
cw = 1/o(F,) Flotation method in benzene/tetrachloromethane.

measured at Lausanne University using a MPMS5 SQUID susceptom-
eter (Quantum Design Inc.), where the applied magnetic fields were
600—-800 G. Field dependences of magnetization up to 5.5 T, magnetic

hysteresis loops, field-cooled magnetization, and remnant magnetization

perchlorate ion were refined isotropically.
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measurements were made on a MPMS5 SQUID susceptometer (QuanUniversity of Lausanne (N.R.).

tum Design Inc.). Corrections were applied for diamagnetism calculated
from Pascal’s constant$. Effective magnetic moments were calculated
by the equationuer = 2.828(mT)Y?, where %y is the magnetic
susceptibility per formula unit. Fitting the magnetic data to the
theoretical expression was performed by minimizing the agreement
factor, defined a& = Zi(y°0s9 — y°¥°92/y°>sdthrough a Levenberg
Marquart routine.

X-ray Data Collection and Reduction. Single crystals o6C and
9C were prepared by the diffusion method described in the synthetic
procedure. A single crystal @C was cut from a thin plate crystal,
mounted on a glass fiber, and coated with epoxy. Crystal dimensions
were 0.5x 0.3 x 0.1 mm for6C. As crystals of9C eliminate their

Supporting Information Available: Figures S1, S2, and
S3 showing an ORTEP drawing, projections along and perpen-
dicular to theb axis, and a space-filling representation of the
three-dimensional packing structure {gn(salen)}[Fe(CN)]-
3MeOH5H,0} and text describing data collection and reduction
and structure solution and refinement and tables giving crystal-
lographic data, fractional atomic coordinates, anisotropic dis-
placement parameters, complete lists of bond distances and
angles, and thermal parameters &8, and{[Mn(salen)}[Fe-
(CN)g]-3MeOH5H,0} (68 pages). This material is contained

crystallization solvents on decomposition, they were encapsulated in ain many libraries on microfiche, immediately follows this article

glass capillary with a small amount of mother liquid, and the dimensions
of the crystals were 0.% 0.15 x 0.3 mm. All measurements were
made on a Rigaku AFC7R diffractometer with graphite monochromated
Mo Ka radiation ¢ = 0.71069 A) and a 12 kW rotating anode
generator. The data were collected at a temperature aof 20°C
using thew-26 scan technique to a maximun® Zalue of 50.0 at a
scan speed of 16.@eg/min (inw). The weak reflection$(< 10.0Q-

in the microfilm version of the journal, can be ordered from
the ACS, and can be downloaded from the Internet; see any
current masthead page for ordering information and Internet
access instructions.

JA952706C

(28) SAPI91: Fan Hai-Fu. Structure Analysis Programs with Intelligent

(1)) were rescanned (maximum of four scans), and the counts were copirol Rigaku Corp., Tokyo, Japan, 1991. MULTANSS: Debaerdemaeker,
accumulated to ensure good counting statistics. Stationary backgroundr : Germain, G.; Main, P.; Refaat, L. S.; Tate, C.; Woolfson, M. M.
counts were recorded on each side of the reflection. The ratio of peak Computer program for the automatic solution of crystal structures from

counting time to background counting time was 2:1. The diameter of

the incident beam collimator was 1.0 mm, the crystal to detector distance
was 235 mm, and the computer-controlled detector aperture was set to

9.0 x 13.0 mm (horizontal vertical). The intensities of three repre-

X-ray diffraction data, University of York, U.K., 1988. SHELXS86:
Sheldrick, G. M. A program for X-ray crystal structure determination,
University of Cambridge, 1986.

(29) DIRDIF92: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
W. P.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. The

sentative reflections were measured after every 150 reflections. OverDIRDIF program system. Technical Report of the Crystallography Labora-
the course of the data collection, the standard reflections were monitoredtory; University of Nijmegen: The Netherlands, 1992.

and the decay corrections were applied by a polynomial correction.

An empirical absorption correction based on azimuthal scans of several

reflections was applied. The data were corrected for Lorentz and
polarization effects.

Solution and Refinement of Crystal Structures. The structures
were solved by direct metho¥#sand expanded using Fourier tech-

(27) Boudreaux, E. A.; Mulay, L. NTheory and Applications of
Molecular ParamagnetismJohn Wiley and Sons: New York, 1976; pp
491-495.

(30) Cromer, D. T.; Waber, J. Tinternational Tables for X-ray
Crystallography The Kynoch Press: Birmingham, England, 1974; Vol.
IV, Table 2.2A.

(31) Creagh, D. C.; McAuley, W. J. Irinternational Tables for
Crystallography Wilson, A. J. C., Ed., Kluwer Academic Publishers:
Boston, 1992; Vol. C, pp 219222, Table 4.2.6.8.

(32) Creagh, D. C.; Hubbel, J. H. Imternational Tables for Crystal-
lography, Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston,
1992; Vol. C, pp 206-206, Table 4.2.4.3.

(33) teXsan: Crystal Structure Analysis Package, Molecular Structure
Corp. 1985, 1992.



