Inorg. Chem. 2005, 44, 5969-5971

Inorganic: Chemistry

* Communication

Cyano-Bridged Mn "sM" (M = Fe, Cr) Complexes: Synthesis, Structure,
and Magnetic Properties

Hitoshi Miyasaka,* -+ Hitomi Takahashi, T Tomokura Madanbashi, T Ken-ichi Sugiura,
Rodolphe Cle'rac,*$ and Hiroyuki Nojiri **

Department of Chemistry, Tokyo Metropolitan Weisity, 1-1 Minami-ohsawa,

Hachioji, Tokyo 192-0397, Japan, CREST, Japan Science and Technology Agency, 4-1-8 Honcho,
Kawaguchi, Saitama 332-0012, Japan, Centre de Recherche Paul Pascal, CNRS-UPR 8641,

115 Avenue du Dr. A. Schweitzer, 33600 Pessac, France, and Institute for Materials Research,
Tohoku Uniersity, Katahira, Aoba, Sendai 980-8577, Japan

Received April 13, 2005

Two cyano-bridged tetranuclear complexes composed of Mn(lll) by a high-spin ground state and its anisotropic nature, the
salen (salen = N,N'-ethylene bis(salicylideneiminate)) and hexacy- assemblies of Mt salen analogues and polycyanometalate
anometalate(lll) (M = Fe, Cr) in a stoichiometry of 3:1 have been [M™(CN)J® is an interesting strategy to obtain SMM
selectively synthesized using { NHa(1-C1zHzs)s} s[MM(CN)g] (M = systems. Indeed, Mh salen complexes possess a strong
Fe, Cr) starting materials: [{ Mn(salen)(EtOH)}s{ M(CN)s}] (M = uniaxial anisotropy induced by the Jahfeller distortion

of its Mn'"" metal ions in an octahedral ligand field. Thus, a
family of complexes,{Mn" (R-salen)({ M"(CN)s} ]~
building block to bind three [Mn(salen)(EtOH)]* units. The strong fg;ﬂe:u;hszlser;ygf jg{},f{,gaﬁ 'E""F”S; fr)? o E,r(iln
frequency dependence and observation of hysteresis on the field synthesized so far, but only a few compounds have been
dependence of the magnetization indicate that 1 is a single- structurally characterizéavith n = 1: (NEt)[Mn(saldmen)-
molecule magnet. (H20)][Fe(CN)] (saldmef~ = N,N-(1,1-dimethylethylene)-
bis(salicylideneiminato) dianiorf)with n = 2: K[Mn(5-
] o Rsalen)}[IM(CN)¢] (M = Fe, Cr)%” and (NEf)[Mn(salmen)-
_Smce the beglnnmg_ of the 1990;, much effort_ has be_en (EtOH)L[Fe(CN)] (salmeri~ = N,N-(1-methylethylene)bis-
directed to the synthesis of cyano-bridged magnetic mate”a|3(salicylideneiminato) dianiord:and with n = 6: {[Mn-
to design classical three-dimensional ordered magnets of(sajen)(HO)[M(CN)eJ}{M(CN)s} (M = Fe, Cr) (salefr
Prussian-blue typyé and, more recently, nanosized high-spin  —  N-ethylenebis(salicylideneiminato) dianictInterest-
complexes exhibiting the so-called single-molecule magnet gy among these complexes, those with= 2 possess
(SMM) behavior? Since this property is essentially governed  gvm behavior’-10 Herein, we report on the synthesis, crystal
structure, and magnetic properties of new 3 complexes:

*To wh d hould be add d. E-mail: mi ki
compretionacip (M. o ressed Emal myassa® 1 [vin(salen)(EtOH)YIM(CN)4 -solvents (M= Fe, 1-2MeOH

Fe, 1; Cr, 2). Compounds 1 and 2 are isostructural with a T-shaped
structure, in which [M(CN)e]*~ assumes a meridional-tridentate

T Tokyo Metropolitan University. 2H,0; Cr, 2:2MeOHH0).
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Figure 1. ORTEP drawing ofl (50% probability ellipsoid).

Compoundsl and 2 were synthesized by the assembly
reactions of [Mn(salen)(+D)]CIO, with { NH2(n-C12H2s5)2} 5
[M(CN)¢] (M = Fe, Cr) in a 1:1 mixing ratio in a MeOH/
EtOH solution ¢&60% yield for both compoundsj.Despite
the reaction in the mixing ratio of 1:1, the stoichiometry of
the final compounds is unambiguously 3:1, forming a class
of neutral complexes. It is worth noticing that the use of
K3[Fe(CN)] in a MeOH/H,O medium instead of NH,(n-
Ci2H32s5)2} s[FE(CN)] led to a compound with the same 3:1
stoichiometry but including several oligomeric species in its
crystal structuré. Compound4. and2 crystallize in the same
monoclinic space grouf2;/c and are isostructural with
similar unit-cell dimension$® An ORTEP drawing ofl is
depicted in Figure 1 (Figure S1 f&). (CIF files are also
available on application to the Cambridge Data Centre, 12
Union Road, Cambridge CB21EZ, UK (fax+44) 1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk): CCDC-268707
for 1 and 268708 for2.) In both compounds, the M(CQ)
moiety acts as aeridionatus-coordinating-donor building-
block and binds three Mn(salen)(EtOH) moieties. Micn
bond distances are very similar, ranging from 2.249(2) to
2.307(2) A for1 and from 2.234(4) to 2.293(4) A i@, but
significantly different MR-N—C angles are found with Mn-
(1)—N(7)—C(55) = 170.7(2y, 168.7(4}, Mn(2)—N(8)—
C(56) = 148.9(2¥, 149.9(4}, and Mn(3)-N(9)—C(57) =

(11) Marvilliers et al. have reported an example of cyano-bridged Mn
Cr using a pentadentate ligand. However, no crystal structure has been
reported in the literature. Marvilliers, A.; Mallah, T.; Riviere, E.;
Parsons, S.; Munoz, C.; Vostrikova, K. Hol. Cryst. Lig. Cryst1999
335, 483.

(12) Anal. Calcd forl-2H,0-2MeOH (%): C, 52.67; H, 5.13; N, 11.89.

Found: C,52.90; H, 4.55; N, 12.39. IR (KBr pellety{C=N), 2118

cm™L; »(C=N), 1601, 1624 cm'. Anal. Calcd for2-H,0-3MeOH

(%): C,53.13; H,5.24; N, 11.80. Found: C, 52.88; H, 4.97; N, 11.92.

IR (KBr pellet): »(C=N), 2131 cn1t; »(C=N), 1601, 1624 cm’.

Crystal data fol: CgH72N12013MnsFe, fw = 1413.98, monoclinic

P2i/n (#14),T = —1804+ 1 °C,a = 15.772(2) Ab = 14.454(2) A,

c=29.129(4) A8 = 104.240(2y, V = 6436.5(14) R, Z = 4, Dcalc

= 1.459 gcm3, Fooo = 2932.00u(Mo Ka) = 8.67 cnt?, Final R1

=0.041 ( > 2.005(1)), R = 0.052 (all data) wR2= 0.131 (all data),

GOF = 1.003, pmax = 1.48 €/A3, pmin = —0.99 e /A3, Crystal data

for 2: Cg2H7oN12012MnsCr, fw = 1392.12, monoclinid2i/n (#14),

T=-180+ 1 °C, a = 15.8314(13) Ab = 14.5301(11) Ac =

29.226(2) A,p = 104.9231(13), V = 6496.1(9) B, Z = 4, Dcarc =

1.423 gcm3, Fogo = 2884.00u(Mo Ka) = 8.02 cnv?, Final R1=

0.064 ( > 2.005(1)), R = 0.081 (all data) wR2= 0.150 (all data),

GOF = 1.246, pmax = 2.32 €/A3, pmin = —1.02 e/A3,

(13)
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Figure 2. T vsT plots of1 (a) and2 (b) at 1000 Oe. The solid red lines
are simulated curves based on a Heisenberg tetranuclear model (see text).
Insets: M vs H plots of1 (a) and2 (b) at 1.8 K.

[u]
o 50

161.9(2), 161.5(4}, for 1 and 2, respectively. Each Mn-
(salen)(EtOH) moiety has an elongated octahedral geometry
with a Jahn-Teller distortion along the (EtOH)Mn—Ncy
axis (Mn—Ogon ranges from 2.307(2) to 2.360(2) A fdr
and from 2.290(3) to 2.325(3) A fd?). Equatorial Ma-X
(X = N and O) bond distances are typically found below
2 A

Figure 2 shows plots of T vs T for 1 and2 measured in
the temperature range 800 K at 1000 Oe. Above 50 K,
the susceptibility obeys the CuriVeiss law withC = 10.3
cmKemol™* and & = —2.4 K for 1 and C = 11.6
cm-K-mol~t and§ = —13.7 K for 2, respectively. Fod,
the ¥ T product is almost independent of temperature in the
100—-300 K range (10.13 cfrK-mol™) and then gradually
and continuously decreases to 1.8 K (3.66%¢tmol™1).
To evaluate exchange couplings between'"MSu, = 2)
ion and Fé& ion (S = 1/2) via an—NC— bridge, the
magnetic susceptibility was simulated using a Heisenberg
four-spin model (centered-triangle model) Hamiltontan:

H = =23,(Sun1'Sw) — 23:(Suna'Sw) — 235(Suna'Su) - (1)

whereSy = SeandJ;, J,, andJ; are Mn--Fe interactions.

As the three MR-NC—Fe bridges are structurally indepen-
dent, these couplings are indeed expected to be diffedent (
= J, = J3). Nevertheless, simulation of the experimental data
was performed step-by-step. First, the three interactions have
been identically treated, but no satisfactory solution has been
found. Therefore, the second step was performed for a case
in which two interactions are maintained in equal and the
third one is free (note that MRAINC—Fe and Mn3-NC—

Fe bridges are similar structurally speaking, and hegge,
and J; should not be much different). With this approach,
the experimental data were well simulated dow” tK with

Gav = 2.085(2) Ji/ks = Jolks = —4.0(1) K, andly/kg = +4.8-

(1) K for 1 (solid red line in Figure 2a). No improvement of
the fitting was obtained using three independlparameters.
Two of three Mn:-Fe exchanges are thus antiferromagnetic,
whereas the last one is, indeed, necessarily ferromagnetic to
simulate correctly the experimental results. In addition, the
magnitude of exchange couplings falls, for both ferromag-
netic and antiferromagnetic ones, in the range of values
reported previously./89%-11 Empirically, Mn—N—C bond

(14) The susceptibility was calculated using the MAGPACK package
developed by J. M. Clemente-Juan et al. Bstfdmenar, J. J,;
Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, BJ.SComput.
Chem.2001, 22, 985.
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Figure 3. Frequency and temperature dependence of ac susceptibilities Figure 4. M vs H data measured on a polycrystalline sampld at 0.5
(x', in-phase;y", out-of-phase) ofl (zero dc field and 3 Oe ac field). K. Inset: Magnification of theM vs H plot at low fields between-2 and

2T.
angles close to 180tend to favor ferromagnetic coupling L

in cyano-bridged MH —Fé" systemd:29:19Therefore, the out-of-phase ac susceptibility'() observed above 100 Hz
Mn(2)—N(8)—C(56) link with a 149 angle could mediate and its temperature dependence clearly indicate the presence

ferromagnetic exchange, while MnEN(7)—C(55) and Mn- of magnetization relaxation. Since thel vs T plot is still
(3)-N(9)—C(57) possessing larger angles161°) would decreasing even at low temperatures without a clear plateau

stabilize antiferromagnetic interactions. Consequently, this (Figure S2), low-lying excited states are thus thermally
coupling scheme leads to & = 3/2 spin ground state in  POPUlated even at 1.8 K (energy diagrams lofand 2,
agreement with the'T value observed at low temperature palc_ulated using _susceptlb!hty—_ﬁttmg parameters, are given
(x': in-phase ac susceptibility) (Figure S2). It should be noted in Figure S3). This conclusmp |s'also supported by the field
that, in addition to the intracomplex exchange interactions, déPendence of the magnetization fbrat 1.8 K, which
contributions from the anisotropy of Mhions (D) and reaches values (ca. 9% at 7 T) larger than #s expected

intercomplex antiferromagnetic interactiozs)(are probably ~ fOf the Sr = 3/2 ground state (inset of Figure 1 and Figure
relevant below 5 K. Therefore, the obtainddalues may S4). Despite the presence of low-lying excited states and a
be slightly overestimated. small St value, ac susceptibility measurements strongly

TheyT product of2 decreases gradually from 300 K (11.1 suggest thal is a SMM.

ci-K-mol-1) then reaches a plateau at about 20 K and To confirm this hypothesis, field dependence of the
finally decreases again below 10 K (7.2 &Hrmol-L at 10 magnetization has been measured on a polycrystalline sample

K, 6.2 cn?-K-mol™! at 1.8 K). The magnetic susceptibility ?r: 1 atdO.tS K a(r;d extelrn;ll ﬁﬁld? up tp ior;r Eigure 4 sth?jv¥s
was calculatett using the Hamiltonian given in eq 1 with Sl\(jlslﬁ I?'a an trheve?_e tah %/.:,heress et.awtc_)r expeche ora
Su = & The treatment with equal values led to a very | ) tls vt\{or fnf ing tha ¢ sfmat%neh|_za;]|ort1 reac fst a
good fit, which was slightly improved introducing the cea_r slgll;ra Ion‘lobl ’afB gx_;l)_ﬁpe Olrtde '9 ?StSp't?]Staﬁ
intercomplex interaction in mean-field approximation (Sr= ) ) available forl. This resutt demonstrates that a
1516~  — _ _ _ the spin levels can be explored with fields up to 20 T and
(23):*%19gay = 2.03(1),d1/ke = Jofkg = Jalks = —2.3(1) K, furth firms th £ low-Ivi ited stat
2J/ks = —0.2(1) K for 2 (solid red line in Figure 2b). This ~'!'!1€" CONIIIMS tE Presence of IoWying exclier $.awes.

: _ : In summary, a new family of cyano-bridged Msm"
coupling scheme leads to & = 9/2 spin ground state N
confirmed by theM vs. H plot at 1.8 K (inset Figure 2b) (M" = Fe, Cr) tetranuclear complexegMn(salen)(EtOH).-

which is almost saturatedt & T reaching 8.3ug. The {M(CN)_G}] (M_ = Fe, 1 Cr, 2), hﬁs been selecti\_/ely
estimation of the exchange coupling betweenVamd Ct' synthesized usingNH;(n-Ci2Hz5)2} [M™(CN)e] as a startllrllg
ions via the—NC— linkage agrees well with literature values mate”ﬁl'_ The effective e_xchange couplings betweer!!Mn
ranging from—1.6 to —3.6 K, %talways found of antifer- and M" ions afford a spin ground state & = 3/2 for 1

romagnetic nature. Nevertheless, the obtaihedlue must angsﬁ = 9/2for2, ;elspelct_wely. D_esdplte_a smﬂ;ﬂg \rﬁ?e
be taken with some caution, taking into account the adopted aﬁ the p_re;e?ce 0 Ow}gﬁl\; ):)C'tr? spin stafesxhibits
approximations (i) the three nonequivalent MEr interac- characteristic features o ehavior.
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