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Reactions between [M({Nmacrocycled™ (M = Zn" and NIi'; macrocycle ligands are either CTH:
d,I-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane or cydadn8, 11-tetrazaazaciclotetradecane)

and [M(CN)J]3~ (M = Fé" and Mrd") give rise to cyano-bridged assemblies with 1D linear chain and 2D
honeycomblike structures. The magnetic measurements on the 1D linear chain complex [Fe(cyclam)[Fe(CN)
6H,0 1 points out its metamagnetic behavior, where the ferromagnetic interaction operates within the chain and
the antiferromagnetic one between chains. The Neel temperdtyris, 5.5 K and the critical fielde2 Kis 1 T.

The unexpected ferromagnetic intrachain interaction can be rationalized on the basis of the axially elongated
octahedral geometry of the low spin'F@n of the [Fe(cyclam§" unit. The isostructural substitution of [Fe(GN)

by [Mn(CN)g]®~ in the previously reported complex [Ni(cyclans{ffe(CN)]»-12H,0 2 leads to [Ni(cyclam)3-
[Mn(CN)¢]2*16 H,O 3, which exhibits a corrugated 2D honeycomblike structure and a metamagnetic behavior
with Ty = 16 K and a critical field of 1 T. In the ferromagnetic phaseX 1 T) this compound shows a very
important coercitive field of 2900 G at 2 K. Compound [Ni(CTkHe(CN)}]2*13H,0 4, CsoH116F&N24Ni3013,
monoclinic,A 2/n, a = 20.462(7)b = 16.292(4)c = 27.262(7) A,8 = 101.29(4}, Z = 4, also has a corrugated

2D honeycomblike structure and a ferromagnetic intralayer interaction, but, in contBsattt3, does not exhibit

any magnetic ordering. This fact is likely due to the increase of the interlayer separation in this compound.
{[Zn(cyclam)Fe(CNgzZn(cyclam)] [Zn(cyclam)Fe(CN)-22H,0-EtOH} 5, Ca4H120FeN24023Zn3, monoclinic, A

2/n, a = 14.5474(11) b = 37.056(2),c = 14.7173(13) AB = 93.94(1}, Z = 4, presents an unique structure
made of anionic linear chains containing alternating [Zn(cyclamghd [Fe(CN)]3~ units and cationic trinuclear

units [Zn(cyclam)Fe(CNEn(cyclam)jr. Their magnetic properties agree well with those expected for two
[Fe(CNX]®~ units with spin-orbit coupling effect of the low spin iron(lll) ions.

Introduction two building blocks that frequently are transition metal com-
é)lexes, one with terminal ligands capable of acting as bridges
and another with empty or available co-oordination sites. A
typical example of paramagnetic ligands than can be used for
this purpose is the family of cyanometalate complekabjch
react with transition metal aqua complexes to afford 3D cyanide-
bridged bimetallic assemblies of Prussian-blue typéhese

materials exhibit spontaneous magnetization at considerable high

In recent years considerable research has been put into th
design and elaboration of new polymetallic molecular materials
with extended structures which have intriguing properties and
potential applications in catalysis, electrical conductivity, mo-
lecular-based magnets, and hegtiest chemistry:2 A useful
and popular approach for this purpose consists of assembling
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temperatures and interesting electrochemical, optoelectronic and In this context, recently, we have explored the assembling
magnetooptical propertiés® The crystallization of the Prussian-  reactions between [M(cyclan®] (M = Ni(ll) and Cu(ll);
blue analogues, however, is very difficult and then structural cyclam= 1,4, 8, 11-tetrazaazaciclotetradecane) and [Fe{EN)
information is very limitec® One alternative route to bimetallic building blocks’~° From [Ni(cyclam)f* two different cyanide-
cyanide-bridged materials is that of assembling cyanometalateprigged complexes were obtained depending on the molar ratio
building blocks [M(CN}]™ (M = Mo(V), W(V), n =8, M = of the reactants, [Fe(cyclam)][Fe(Ci6H.0O 18 and [Ni-
Mo(lll), n = 7; M = Cr(lll), Fe(lll), Co(lll), and Fe(ll),n = (cyclam)E[Fe(CN)J2+12H,0 2.7 The former exhibits a 1D chain
233r?tr;?ecl?goz:gtljnsagl\:)ecl)k/i#gzﬁgg?(ta%dp?sﬁ:i%ln(:sor']ljﬁils);frsat\ggg g\)/lg;sstructure with alternating iron(lll) sites and unexpected ferro-
' magnetic coupling within the chain, whereas the latter has a

the crystallization and then the magneto-structural study. 2D honevcomblike lavered structure and exhibits a metamaa-
Depending of the nature of the building blocks, different and . yee © ay - g
netic behavior derived from ferromagnetic intralayers and weak

fascinating structures, that range from discrete entities to 3D ™", o . )
extended networks. can be obtained. some of which exhibit 2ntiferromagnetic interlayers interactions. Furthermore, below

interesting magnetic properties, such as magnetic ordering and3 K & canted structure is formed leading to a ferromagnetic

ground spin states as high 8s= 51/27-%7
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ordering. In this paper we have carried out a deep magnetic
study on the [Fe(cyclam)][Fe(Cl)6H.O 1 in order to gain
insight into its magnetic behavior in the low-temperature regime.
In addition, we report here on the magnetic properties of the
complex [Ni(cyclam)}}[Mn(CN)g]2*16H,0 3, which is prepared

by isostructural substitution in the complex [Ni(cyclag{fe-
(CN)gl2:12H,0 of [Fe(CN)}]3~ by [Mn(CN)s]®~, a building
block with relevant anisotropy and morg tinpaired electrons
than [Fe(CNj]3~. Finally, the syntheses, structure and magnetic
properties of the complexes [Ni(CTH)fFe(CN)]2:12H,0 4
(CTH = d,I-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetrazacyclo-
tetradecane) anfdZn(cyclam)Fe(CNyzZn(cyclam)] [Zn(cyclam)-
Fe(CN)]-22H,0-EtOH} 5 are also reported. With the former,
which exhibits a similar structure to [Ni(cyclang)fe(CN)]2
12H,0, we intend to investigate the effect of bulkier substituents
on the macrocyclic ligand on the interlayer antiferromagnetic
interactions. Comple% presents an unique structure made of
anionic linear chain containing alternating [Zn(cyclafh)and
[Fe(CN)]®~ units and cationic trinuclear units [Zn(cyclam)Fe-
(CN)sZn(cyclam)f.
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Experimental Section Table 1. Crystallographic Data fo# and5

Physical Measurements Elemental analyses were carried out at 4 >
the Centro de InstrumentdcicCientfica of the University of Granada chemical formula  GH11F&N24Niz013  CasHioFeN240237n3

on a Fisons-Carlo Erba analyzer model EA 1108. IR spectra were formula weight 1669.60 1663.47
recorded on a MIDAC model Progress-IR spectrometer using KBr ~Space group A2in A2in
pellets. Variable-temperature magnetic susceptibility data were collected & 20.462(7) 14.5474(11)
on powdered samples of the compounds with use of a SQUID-based b, A 16.292(4) 37.056(2)
sample magnetometer on a Quantum Design Model MPMS instrument. c A 27.262(7) 14.7173(13)
Data were corrected for the diamagnetism of the ligands using Pascal’s a, deg 90 90
) : p, deg 101.29(4) 93.94(1)

constants. X-ray diffraction patterns of powdered samples were recorded v, deg
on a Phillips PW1700 diffractometer with a graphite monochromator Vl, A3 8912(4) 7914.8(11)
and Cu K radiation ¢ = 1.54051 A). pid 4 4

Caution! Perchlorate complexes of metal ions are potentially 1, A 0.71073 0.71073
explosive. Only a small amount of material should be handled with  pcaica,g N3 1.244 1.396
caution. w, mmt 1.003 1.332

Preparations of the Compounds[Ni(CTH)][CIO 4], [Ni(cyclam)]- AR =S ||Fs| = IFell/S|Fol. ® Ry = (S [W(Fo2 — FA)/ 5 [W(Fs)?Z) Y2

[ClO4), and K[MNn(CN)g] were prepared by literature methoidg?-30 w = g/[0(F?) + (a*P)2 + b*P + d + e*sin(d)].
Complex2 was prepared as previously we reported.

[Fe(cyclam)][Fe(CN)]'6H,O 1. To an aqueous solution of  calculations were carried out using SHELXL-$7The crystal of
[Ni(cyclam)](CIOs)2 (0.10 g, 0.22 mmol) in 50 cfrof water was added  compound4 diffracted very poorly, only out to 40in 20 (average
a large amount of Fe(CNJ] (0.73 g, 2.2 mmol). The resulting dark |/4(1) ca. 1.5). The CTH molecules were also disordered. For compound
brown solution kept at room temperature for several days, afforded 5the H-atoms of the cyclam rings were included in calculated positions
dark green crystals which were filtered and air-dried. Yield: 73%. Anal. and treated as riding atoms using SHELXL-97 default parameters. For
Calcd for GeHagN10OsFe: C, 33.32; H, 6.30, N 24.30. Found: C, 4 only the zinc, iron and N-atoms were refined anisiotropically and no

33.29; H 6.38; N 24.04. IR(KBr)»(CN), 2151, 2125 cm-. Although H-atoms were included, while fd all the non-H atoms were refined
this compound can also be prepared frogfit¢(CN)] and cyclam in anisotropically, using weighted full-matrix least-squaresarCrystal
hydroethanolic medium the yield is very poor. data and details of the data collection and refinementfand5 are

[Ni(cyclam)]s[Mn(CN) ¢]2°16H,0 3. To an ice-cooled solution of summarized in Table 1.
[Ni(cyclam)](ClOy), (0.10 g, 0.22 mmol) in 30 cfrof water was added ) .
with stirring an ice-cooled solution of #Mn(CN)g] (0.072 g, 0.22 Results and Discussion

mmol, 0.07 g) in 15 crhof water. A brown precipitate was obtained, L
which was filtered off, washed with water and air-dried. Yield: 70%. As indicated elsewhere, when a large excess of [FeSN)

Anal. Calcd for GoHi0MN2401eMnoNis: C, 33.93; H, 6.99, N 22.61. with I’egal’d to [N|(Cyclam)’ﬂ+ is Used, the Niion of the [Nl-
Found: C, 33.87; H 6.42; N 21.99. IR(KBr)(CN), 2116, 2139 crt. (cyclam)F* unit is substituted by P& and the compound [Fe-
[Ni(CTH)] s[Fe(CN)g]2-13H.0 4. To an aqueous solution of [Ni-  (Cyclam)][Fe(CN3]-6H,O 1 is obtained. Its structufeconsists
(CTH)][CIO4]2 (0.10 g, 0.21 mmol) in 20 cfrof water was added K of neutral polymeric linear chains of alternated [Fe(cycl&m)]
[Fe(CN)] (0.067 g, 0.21 mmol) in 15 cfnof water with continuous and [Fe(CNjJ®~ ions, in which two CN groups of each
stirring at room temperature. The brown precipitate thus produced was [Fe(CN)]3~ unit in trans positions bridge two iron (Ill) atoms

collected by filtration, washed with water and air-dried. Yield: 85%. (see Figure 1). From the same building blocks, [Fe@¥N)and
Anal. Caled for GoHioMN24O1FeNis: C, 43.45; H, 6.46, N 20.28.  [Ni(cyclam)]?*, but using a 1:1 molar ratio the complex [Ni-
Found: C, 43.33; H 6.72; N 20.38. IR(KBr)(CN), 2115, 2143 crmt. (cyclam)B[Fe(CN)+12H:0 2 is formed. It exhibits a cor-

Crystals for X_—ray analysis were (_)btained by slow d_iff_usion of two rugated 2D honeycomblike structdris which each [Fe(CNJ>
aqueous solutions of the reactans into a U-tube containing agarose gelis coordinated through cyanide bridges to three [Ni(cyclam)]
{[Zn(cyclam)Fe(CN)zZn(cyclam)][Zn(cyclam)Fe(CN)]-22H,0-

EtOH} 5. To a solution of cyclam (0.097 g, 0.48 mmol) in 15 taf :n I? ;af altrrangFengt, ;’Yher.?as ?aCh [Nl(i)./c'aq‘h)]:atlgn IS
ethanol was added Zn(Nf-6H,0 (0.14 g, 0.48 mmol) in 10 cfrof inked to two [Fe(CNg]*" units in trans positions (see Figure

ethanol and then an aqueous solution giF&(CN)] (0.1 g, 0.3 mmol). 1). Wat_er molecules occupy the interlayer space and are linked
A yellow precipitate was obtained, which was filtered-off, washed with t0 terminal CN" groups of the [Fe(CN)*~ units and to other
ethanol and air-dried. Yield: 85%. Anal. Calcd fogs810:N24025Zns- water molecules by hydrogen bonds. The isostructural substitu-

Fe: C, 35.63: H, 6.88, N 22.67. Found: C, 35.79: H 6.78; N 23.12. tion of [Fe(CN)J3~ by [Mn(CN)g]3~ in 2, leads to [Ni(cyclam)}

IR(KBr): »(CN), 2110, 2123 crnl. Yellow needles-like crystals suitable  [Mn(CN)g]2:16 HO 3. The IR spectra and X-ray diffraction

for X-ray analysis were obtained by slow evaporation of the filtrate. patterns o and3 (Figure 2) are very similar, almost identical,

IR spectra and X-ray powder diffractograms clearly indicate that crystals indicating that these complexes have the same two-dimensional

and polycrystaliine samples &fare the same compound. framework, although the interlayer spacing may be different.
Crystallography. The intensity data for suitable crystals of com- Compound4 was prepared from [Ni(CTH}T and [Fe(CNyJ3~

pounds4 (very thin brown plate) and (brown-yellow plate) were 1, jii4ing hlocks. Crystals of were not of enough quality as to

collected at 203 K and 223 K, respectively, on a Stoe Image Plate . .
Diffraction Systen using Mo Ko. graphite monochromated radiation. solve the structure .W'th high degrge of accuraRy:( 0.13).
Nevertheless, at this level of solution there is not any doubt

Image plate distance 70 m,scans 6-20C°, stepA¢ = 1°, 20 range ; -
3.27-52.1°, dmax — Omin = 12.45-0.8 1 A. The structure was solved ~ about the more relevant features of this compound. Thus, its

by direct methods using SHELXS-97The refinement and all further ~ Structure is very similar to that & and consists of corrugated
2D honeycomblike layers and water molecules between layers.

(28) Curtis, N. F.; Swann, D. A.; Waters, T. N. Chem. Soc., Dalton In the crystals, layers align along axis with an interlayer

Trans 1973 1963. separation of ca. 10.03 A, which is longer than that observed
ggg Egvsvgerhj ‘i-i_T'gg%e ll\illL;SL.\;ngtl?I%I’gG. S‘;“ﬂ%}%;ﬁ;‘;&-l;e;lg' 1109. for 2 of 8.968 A. The increase of the interlayer spacingiis
(31) Stoe Cie 2000IPDS Software Stoe & Cie GmbH: Darmstadt, likely due the presence of bulkier substituents, methyl groups,
Germany.

(32) Sheldrick, G. M. “SHELXS-97, Program for Crystal Structure De- (33) Sheldrick, G. M.SHELXL-97 Universita Guéttingen: Gitingen,
termination” Acta Crystallogr.199Q A46, 467. Germany, 1999.
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[Ni(cyclam)]s[Fe(CN)gjo-12H20

[Ni(cyclam)

_‘.VG '§<} ;{} T_ double chair
) oo > @ 1 stairie
‘s i{}.@._'v .Q__'T{Q} v structure
| T I T R T AT S|
| | 4000 3500 3000 2500 2000 1500 1000 500
cm’!
., g?p . g?\/:) Figure 2. Powder X-ray diffractiograms (top) and IR spectra (bottom)
N 0—’;@——2§ N for 2 and3.
q@::) C/\O\/D flat brick
., ., . 2, wall-like the chains, similar to those observed for 1 and K[Cu(cyclam)]-
I @“"i@—'q@ N | tayer [Fe(CN)]-4H,0O.° two CN~ groups of each [Fe(CNJP~ unit
d{;b <_J\_::> bridge two zZn(Il) atoms with an Fe--Zn'' distance of 5.349
’z /,,, {}/ A. The zn(l) ion, which is located on a center of symmetry,
N assumes an axially distorted octahedral Zntbordination

olyhedron, with the nitrogen atoms of the cyanide bridgin
Figure 1. Scheme of the crystal structuresl=oénd?2 (top) and a plot poly 9 y ging

: v ! S groups occupying the axial positions. The iron center in the
?gc?tltjc):lr]a;t.bmkwa” like layer and double chain stair like arrangements [Fe(CNKJ> unit, as usual, adopts a minimally distorted
. . octahedral environment. The FE—N and Zn-N—C bond
on the macrocycle. Furthermore, each layer is shifted also alongang|eS for bridging cyanide groups of 176.6(ahd 158.3(3),

baxjs with respect to the peighboring layers in order to relieve respectively, indicates that chains are slightly deviated from
steric crowding, giving rise to a ABAB... layer sequence. linearity

Relevant bond distarlces and anglei are g_athered in Table 2. rjn;clear units are made of two [Zn(cyclaf)units linked
From [Zn(cyclam)t* and [Fe(CNj . building bloqks com- to a minimally distorted octahedral [Fe(Gf{~ unit in trans
poun,d 5 aZge system, was ollcl)tamed. For g:yanlde-brldged positions, leading to an Fe(It}Zn(ll) distance of 5.053 A.The
MsM', systems containingans M''—macrocyclic complexes, Fe-C—N and Zn-N—C bond angles for bridging cyanide

when c_oordination positions on th_e”l\'/bn are f_uIIy saturated, groups of 177.6(3)and 158.7(3) are very similar to those
three different structures are possible depending on the arrangeqpsarved for the chain. The ZgNehromophore exhibits a

ment of M'—macrocyclic units around the Nbn. Thus, a facial square-pyramidal geometry witzfactor value of 0.001¢(=
arrangement leads to a corrugate_-d_ZD honeycomblike structureq ¢, 4 square-pyramid and= 1 for trigonal bipyramid§* In

I|I_<e that of 2-4, V\_/hereas a meridional arrangement Ieac_is 0 this description, the nitrogen atoms of the macrocyclic ligand
e'ther az2b ﬂ‘g[ br.|ck wall-like lay€f or a do.uble clhaln stair- occupy the basal positions, whereas the nitrogen atom of the
like structuré® (Figure 1). Nevertheless, if the Mof the cyanide bridging group occupies the axial position at a longer
macrocyclic-complex unit can exhibit two coordination numbers, - istance. Chains, trinuclear units, water and ethanol molecules
five ar_ld Six, a new structqral type, that @fcan _be _obtaln_ed, are joined by an extended network of hydrogen bonds involving
Its unique structure consists of polymeric anionic chains of the NH groups of the macrocyclic ligands, nitrogen atoms of
alternating [Zn(cyclamf}" and [Fe(CNjJ*" units along the o inal cyanide groups, water and ethanol molecules.
crystallographi axis, cationic trinuclear entities, [Zn(cyclam)- Magnetic Properties. As indicated above, in a previous

Fe(CN},Zn(cycIam)]f, water molecul_es and a molecule _of papef we reported the temperature dependence of A&
ethanol. A perspective view of a chain and a trinuclear cation,

with the atom labeling scheme, is given in Figure 3, whereas (34) addison, A. W.; Rao, T. N.; Reedijk, J.; van Riju, J.; Verschoor, G.
selected bond lengths and angles are gathered in Table 2. Within ~ C. J. Chem. Soc., Dalton Tran&984 1349.
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Table 2. Bond Lengths [A] and Angles [deg] fot and5

Complex4
Fe(1)-C(29) 1.70(5) Fe(1C(32) 1.81(7)
Fe(1)-C(30) 2.00(4) Fe(1)C(33) 2.03(4)
Fe(1)-C(31) 1.93(3) Fe(1C(34) 1.91(4)
Ni(1)—N(1) 2.11(3) Ni(1)}-N(4) 2.03(3)
Ni(1)—N(2) 2.07(3) Ni(L)-N(7) 2.11(5)
Ni(1)—N(3) 2.05(2) Ni(1)-N(8) 2.17(5)
Ni(2)—N(5) 2.15(3) Ni(2)-N(5) 2.15(3)
Ni(2)—N(6) 2.10(4) Ni(2)-N(6) 2.10(4)
Ni(2)—N(9) 2.11(3) Ni(2)-N(9) 2.11(3)
C(29)-Fe(1)-C(32) 175(3) C(34)Fe(1)-C(30) 176.0(14)
C(31)-Fe(1)-C(33) 171.0(17) N(@YNi(1)-N@Q2)  177.5(14)
N(3)—Ni(1)—N(1) 177.0(16) N(7¥Ni(1)-N(@8)  177.2(16)
N(9)—Ni(2)—N(9) 179(2) N(6)—Ni(2)—N(5)  175.8(13)
N(6)—Ni(2)—N(5) 175.8(13)
i=—x+Yy,—z+1Y
Complex5
Zn(1)—-N(1) 2.084(5) Zn(1¥N(2) 2.108(5)
Zn(1)-N(3) 2.100(5) Zn(1¥N(4) 2.089(5)
Zn(1)-N(5) 2.078(3) Zn(2)-N(6) 2.098(5)
Zn(2)—N(7) 2.071(4) Zn(2)y-N(8) 2.365(3)
Fe(1)-C(16) 1.913(7) Fe(HC(17) 1.948(4)
Fe(1)-C(18) 1.931(8) Fe(1)C(19) 1.932(3)
Fe(2)-C(20) 1.945(4) Fe(2)C(21) 1.934(7)
Fe(2)-C(22) 1.939(7) Fe(2)C(23) 1.952(3)
N(5)—Zn(1)-N(1) 99.3(2)  N(5-Zn(1)-N(4) 99.0(2)
N(1)—Zn(1)-N(4) 95.66(16) N(5)-Zn(1)-N(3) 97.1(2)
N(1)-Zn(1)-N(3)  163.45(14) N(4}Zn(1)-N(3) 84.23(17)
N(5)—Zn(1)-N(2) 97.16(19) N(1}Zn(1)-N(2) 84.74(17)
N(4)-Zn(1)-N(2)  163.55(14) N(3}Zn(1)-N(2) 90.74(14)
N(7)-Zn(2)-N(7)i  180.00(16) N(7)-Zn(2)—N(6) 85.20(14)
N(7)i—Zn(2)-N(6) 94.80(14) N(7>Zn(2)-N(6)i 94.80(14)
N(7)i—=Zn(2)—N(6)" 85.20(14) N(6Y-Zn(2)—N(6)' 180.00(17)
N(7)—Zn(2)-N(8) 91.11(16) N(7)-Zn(2)-N(8) 88.89(16)
N(6)—Zn(2)—N(8) 88.07(17) N(6)—Zn(2)-N(8) 91.93(17)
N(7)—Zn(2)—N(8)i 88.89(16) N(7)—zn(2)—N(8)' 91.11(16)
N(6)—2Zn(2)—N(8)i 91.93(17) N(6)—Zn(2)-N(8) 88.07(17)
N(8)-Zn(2)-N(8)i  180.0 C(16)-Fe(1)-C(18)  180.000(1)
C(16)-Fe(1)-C(19)  90.00(13) C(18)Fe(1)-C(19) 90.00(13)
C(16)-Fe(1)-C(19) 90.00(13) C(18)Fe(1)-C(19) 90.00(13)
C(19)—Fe(1)-C(19) 180.0(3)  C(16YFe(1)-C(17) 90.02(18)
C(18-Fe(1)-C(17)  89.98(18) C(19)-Fe(1)-C(17) 89.74(14)
C(19)-Fe(1)-C(17)  90.26(14) C(16)Fe(1)-C(17) 90.02(18)
C(18)-Fe(1)-C(17)  89.98(18) C(19)Fe(1)-C(17) 90.26(14)
C(19)-Fe(1)-C(17)  89.74(14) C(17rFe(1)-C(17)  180.0(4)
C(21y-Fe(2)-C(22) 180.000(1) C(21)Fe(2)-C(20) 89.46(18)
C(22)-Fe(2)-C(20) 90.54(18) C(21)Fe(2)-C(20}i 89.46(18)
C(22)-Fe(2)-C(20)i  90.54(18) C(20}Fe(2)-C(20)i  178.9(4)
C(21)-Fe(2)-C(23)  89.60(11) C(22)Fe(2)-C(23) 90.40(11)
C(20)-Fe(2)-C(23) 91.21(14) C(20)—Fe(2)-C(23) 88.79(14)
C(21)-Fe(2)-C(23)i  89.60(11) C(22)Fe(2)-C(23)i  90.40(11)
C(20)-Fe(2)-C(23)i  88.79(14) C(20)—Fe(2)-C(23)i  91.21(14)
C(23)-Fe(2)-C(23)i 179.2(2)
i=—Xx+3y, —z+ Yy ii =—x+2,-y+1,—z+ Liii = —x+3
2,Y,—Z + 3/2

product per Fgunit for 1, in the temperature range-295 K
and under an applied magnetic field of 1 T. To gain insight
into its magnetic behavior at very low temperature, we have
studied the temperature dependence ofyih€ product under
a magnetic field of 50 G (Figure 4), thus preventing the

compound from magnetic saturation. In the high-temperature

range, the thermal behavior of thgT product per Fgis the

Colacio et al.

Figure 3. A perspective view of a anionic chain and a trinuclear cation
with the atom labeling scheme (top) and a view of the ionic chains
and trimers in the ac plane (bottom).

at room temperature is significantly larger than the spin-only
value of 0.75 crfmol~1K expected for two isolated low-spin
iron(lll) ions (S = 1/2), assumingy = 2.0, probably because
of an orbital contribution to the magnetic moment of the low-
spin iron(lll) ions.

The unexpected ferromagnetic interaction between the Fe-

(1) ions along the chain can be rationalized on the basis of the
axially elongated octahedral geometBy) of the low spin Fe-
(1) ions of the [Fe(cyclam){" unit. In this geometry, the
unpaired electron is located on thg drbital of B,y symmetry
(see Figure 4). Thus, the interaction between this magnetic
orbital and ¢, and d, (t2g) magnetic orbitals on the almost
perfect octahedral Fe(lll) ion of the [Fe(C&#~ unit leads to
zero overlap and then to a ferromagnetic interaction. The delta
dvy—dxy interaction is much more reduced in magnitude and
then a global ferromagnetic interaction is observed. Noteworthy,
a similar unexpected ferromagnetic coupling has been also
observed between CsB) ions in the compound catena-cyano-
(phthalocyaninato) chromium(l1P?

Antiferromagnetic interchain interactions through an intricate

same as that observed at 1 T. Thus, as the temperature iianyork of hydrogen bonds leads to an antiferromagnetic

lowered, theymT product steadily increases from room tem-
perature, with a value of 1.06 émol~1K, until reaching a
maximum of 3.8 crimol~K at about 6 K, and then sharply
decreases to 1.7 émol~!K upon cooling to 2 K. This behavior

is consistent with a ferromagnetic intrachain interaction and

ordering at 5.5 K, which is supported by the maximum in the
in phase ac magnetic susceptibility at 5.5 K and by the maximum
in the M vs T curve (Figure 5). This maximum broadens and
shifts to lower temperatures as the magnetic field increases and

antiferromagnetic interchain interactions, which are responsible (35) Schwartz, M.; Hatfield, W. E.; Joesten, M. D.; Hanack, M.; Datz, A.

of the decrease gfuT at very low temperature. ThesT product

Inorg. Chem.1985 24, 4198.



Cyano-Bridged Bimetallic Assemblies Inorganic Chemistry, Vol. 40, No. 19, 2004881

xmT / cm*mol 'K M/ cm3mol'G
4.0 - E— ] —a M(O9T)
1 5000{ —O— M(0.95T)
3.5 1 ——MUT)
: i 3 —o—M1.05T)
]
3.0 -

25 ‘ 7
il
30007

2.0 /
L5 ] P L) A— : ‘
. 2 4 6 8 10
LO e e e T/K
0 50 100 150 200 M/N

. % o / emu mof!

i / 0.16) = L
1 ] 0.12 \
/ 0.08 !

Fe'l (D) Fe'™ (Oh) ] 008 N/
blg — o p 0.00 B

a g 2345678910
lg —— ] TIK
0 ‘ ‘ ‘ : :
bag (dyy) ——— E . o 1 2 3 4 5
28 H/T
—_}-ﬁt (dyy. dyz. dy;) Figure 5. M vs T (top), M vs H (bottom) ang" .. vs T (inset-bottom)
eg (dyy dyy) for 1.
Figure 4. T vs T (top) and electronic configuration of the metal XMT/emu.mol'l K
centers (bottom) fofl. 30

Ape/ €U moOl?

finally disappears foH > 1 T. This behavior points out the H=0.1T o
existence of a field-induced transition from an antiferromagnetic 20 DJL
ground state to a ferromagnetic state and $soa metamagnet

with a critical field of 1 T. The (M/NB) vs H curve @ 2 K is

¢ 75 150 225 300
T/K

sigmoidal and typical of a metamagnet and, as expected for 10

> 1 T it exhibits hysteresis (Figure 5). The value of magnetiza-

tion at the maximum applied field & T is 2.1 N3, which agrees 0 v < w

well with the expecte® = 1 value of 2.0 M (with gre1 = Qre2 0 73 150 225 300

= 2.00) for the saturation magnetization of two ferromagneti-
cally coupled low spin Fe(lll) ions. &2 K and applied fields
lower that the critical field, the magnetization vs H curve

exhibits a very small hysteresis loop with a remnant magnetiza- 51

tion of 0.003 N and a coercitive field of 50 G. This fact points ;

out the existence of a net magnetic moment in the antiferro- 417 : 6

magnetic phase, more likely due to spin canting of the local ] : 4

Fe(lll) spins, which is responsible of the out-of-phase signal, 3 (2)

%" ac I the ac dynamic susceptibility VB plot (Figure 5). 5] 2 'HC:WG
The temperature dependence of fhd product per MaNi3 : Mr=0d0 5

unit in the range 2300 K for 3, under an applied field of 0.1 173 40 20 0 20 40

T, is shown in Figure 6. ThguT product increases smoothly ] H/kG

from room temperature until 25 K and then sharply with 00 1o 20 30 40 50

decreasing temperature, reaching a maximum value of 20.5 H/kG

emu.mofiK at 16 K. Below this temperaturguT decreases Figure 6. yuT vs T (ym vs T, inset) atH = 0.1 T (top), M vs H

on cooling to 2 K. This behavior is consistent with an intralayer (bottom) and hysteresis curve (inset-bottom) 3or

ferromagnetic interaction between Mn(lll) and Ni(ll), due to

the strict orthogonality of the magnetic orbitals of the Mn(lll)  susceptibility vsT curve (see below). As fa2, the (M/NB) vs
(togd) and Ni(ll) (bs6€2), and antiferromagnetic interlayers H curve at 1.9 K (Figure 6) is sigmoidal and typical of a
interactions. Theyw vs T plot (inset of Figure 6) exhibits a  metamagnet with a critical field of 1 T.tA2 K and applied
maximum at 16 K, which clearly indicates that interlayers magnetic fields upper than the critical field, the compound
interactions lead to an antiferromagnetic ordering. This is also behaves as a typical ferromagnet and, consequently, the (M/
supported by the absence of an out-of-phase signal irathe NpS) vs H curve exhibits hysteresis loop with a remnant
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Figure 7. ymT vs T (top) andyac vs T (bottom) for 3.

0.9 y w i ‘ : . ‘
0 50 100 150 200 250 300
T/K
tFigure 8. ymT vs T for 4 (top) and a plot of the difference ipuT

magnetization of 0.46 Blper NgMn, unit and a very significant
coercitive field of 2900 G, which is typical of hard ferromagnets
(inset F!gurg 6). On mcre@smg temperature to 5 K, the remanen between4 and 5 in order to eliminate the spinorbit contribution
magnetization and coercitive field decrease to 0.85Nd 1000 belonging to the LS & ions (bottom).

G, respectively, as expected. When the compound is placed at

2 Kunder a magnetic fieldf® T and then the field is switched consequence of the increase of the magnetic exchange

off, the field-induced magnetization remains constant with the ;.. ~tion as the number oftelectrons increases. In keeping
time, indicating a good memory effect for this material. If in iy his, the same isostructural substitution in the compound
these conditions, the magnetic field is switched on at 100 G [K{Mn(3-MeOsaler}),{ Fe(CN)}],% promotes an increase in
and the magnetic susceptibility is measured from 2.0 K to room Tn from 9.2 to 16 K. Second, and more important, the
temperature (Figure 7), theuT prpduct Increases linearly with coercitivity dramatically increases fror@ to 3 due to the
|ncrea3|lrl% tempberature, rehgcignﬁ a ma|X|m|um (;{alue O{] 90 magnetic anisotropy of the Mn(lll) ion, with an orbitally
emumol™K at about B K'. This behavior clearly indicates that degeneratéT 4 ground state, which prevents the domains from
the compound is magnetically saturated in the9K temper- rotating freely when the field is applied
ature range. Abqve J9.10 K, xmT rapidly decregses and the. The temperature dependence of ji product per FgNis
(t:)orll"lpo_un(_i 1S gomg” |ntt)o the da_ntlf(;rrqma?]nenc phgse. This for 4is given in the Figure 6. As can be observed in this figure,
ehavior 'f very well observed in the in p agle and out- the ymT decreases with decreasing temperature reaching a
of-.phase;g a0 aC dynamic susceptibilities vs. temperature PIOtS  minimum at about 60 K. Such a magnetic behavior is charac-
(Figure 7). The'sc curve shows only one signal with maximum  yaristic of a low-spin octahedral iron(lll) system with spin
at 16K, which is due to the antiferromagntic ordering. Conse- coupling of the?T ground term. In fact, when thayT
quently,_the%”acvsT_plqt does not exhibits any S|gnal. However, product between 60 K and room temperature for compdynd
when3 |s.pla.ced W'thm an applied magnetic .f'eld @T. and whose magnetic properties are essentially due to isolated iron-
then the field is 5W|t'ched off, tkyg!?c curve gxh|b|ts two signals, (Ill) ions of the [Fe(CN}J®~ units, is subtracted from thayT
one dl_JE o the_antlferromagndetlc ordefnng at 16 K andda NeW ys T curve for4, the resultinggyT remains almost constant in
?P}e with & ;nalxmur::_l?t llKduetoa ek:_romagnet;c Ordering. ihis temperature range with the value expected for three isolated
€x"ac VS T plot exnibits a maximum, which Is not frequency Ni(ll) ions. This result confirms that the magnetic behavior of
dependent, atlll K, thus confirming the ferromagnetic .nature 4 in the high-temperature range is due to sgimbit coupling
B th_e magnetic Ofdef'”g- The f"‘bo"e I’ESUIFS ‘?'eaf'y_ point out gtects. Below 60 K thewT continuously increases on cooling
that if the compound is placed in a magnetic field higher than 1 5 s indicating a ferromagnetic exchange interaction
Fhe Cl’.ltlca| field (in the ferromagnetllc phqsg) andlthen. the field porveen Fe(lll) and Ni(ll) ions within the layer, as a conse-
is switched Oﬁb tlhe ccinpound will exhibits a field-induced 4, ence of the strict orthogonality of their magnetic orbitals.
maAgljlner?zatlon € ov_U'cd— L1 K. f. hath iallv th Noteworthy, in this case does appear neither a maximum in the
these magnetic data confirm t athas essentially the xm VS T curve nor an out-of-phase signal in the ac susceptibility,
same metamagnetic character2zofHowever, the isostructural
sgbstltutlon Of_ [Fe(CNJ*~ by [Mn(CN)G]‘% leads to Important  (36) Re, N.; Gallo, E.; Floriani, C.; Miyasaki, H.; Matsumoto, Korg.
differences. First, §f moves from 7.7 K i2°to 16 K in 3 as Chem 1996 35, 5964.
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which would indicate antiferromagnetic and ferromagnetic from 7.7 K in2to 16 K in 3 as a consequence of the increase
orderings above 2 K, respectively. This behavior may be due of the magnetic exchange interaction as the number,f t
to the increase in the interlayers separatiomfathen compared electrons increases. Second, and more important, the coercitivity
to 2, which may be promoted, at least in part, by the methyl dramatically increases fron2 to 3 due to the magnetic
groups of the macrocyclic ligand. anisotropy of the Mn(lll) ion, with an orbitally degenerdfeq

For 5, ymT steadily decreases with decreasing temperature ground state, which prevents the domains from rotating freely
reaching a value of 1.0 emmol~*K at 10 K (Figure 8). This when the field is applied.

behavior is due to the spirorbit coupling effect of the low Although complex [Ni(CTH)}[Fe(CN)s2+13H:0 4 also has

spin iron(lll) ions. In fact, the difference ipyT between room 3 corrugated 2D honeycomblike structure and ferromagnetic
temperature and 10 K, is just twice that observed for the linear intralayer interaction, however in contrast #oand 3, does

chain compound K[Cu(cyclam)][Fe(C}§)4HO.° which con- exhibits neither a maximum in they vs T curve, which would

tains only one hexacyanoferrate(lll) unit. Below 10 T indicate an antiferromagnetic ordering, nor an out-of-phase
decreases sharply, which may be due to the combined effect ofsignal in the ac susceptibility indicative of a ferromagnetic
the intrachain and interchain exchange interactions. ordering. This behavior may be due to the increase in the

interlayers separation fat when compared t@.

The fact that the [Zn(cyclamd} unit can accept one or two
The 1D linear chain compound, [Fe(cyclam)][Fe(NHO nitrogen atoms of the bridging cyanide groups in axial positions,

1, exhibits a metamagnet behavior with a Neel temperalire  |eading to ZnN and ZnN; chromophores, allows the formation

= 55 K and a critical field 82 K of 1 T, where the  of a new structural type i. Its unique structure consists of

ferromagnetic interaction operates within the chain and the polymeric anionic chains of alternating [Zn(cyclagf)]and

antiferromagnetic one between chains. The unexpected ferro-[Fe(CN)]3" units along the crystallographicaxis and cationic

magnetic interaction between iron(lll) ions along the chain can trinuclear entities, [Zn(cyclam)Fe(C)n(cyclam)], that com-

be rationalized on the basis of the axially elongated octahedral pensate charge. Their magnetic properties agree well with those

geometry of the low spin Peions of the [Fe(cyclamf} unit, expected for two isolated [Fe(CHY~ unit with spin-orbit
leading to orthogonality between thg,dnagnetic orbital of coupling effect of the low spin iron(lll) ion.

this unit and the g and d, magnetic orbitals of the almost
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