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Two new one-dimensional (1-D) 3d-5d cyano-bridged bimetallic assemblies, {[Cos"(DMF)12]]WY(CN)gl]} (1) and
{ [Mn3"(bipy)(DMF)g][WY(CN)g]2} = (2), have been synthesized and characterized, where bipy stands for 2,2'-bipyridine
and DMF represents N,N-dimethylformamide. The X-ray analyses show that the two complexes belong to the P1
space group with Z = 1 and CspHgsNps01,C0sW,, @ = 11.690(3) A, b = 12.703(3) A, ¢ = 13.712(3) A, o =
86.889(4)°, B = 73.256(4)°, and y = 77.033(4)° for 1 and CgoH72Nas0sMnsWo, @ = 10.672(2) A, b = 13.024(3)
A, ¢ =16.0003) A, oo = 78.32(3)°, B = 75.69(3)°, and y = 66.63(3)° for 2. The structures of the two complexes
are similar and consist of 12-atom rhombic M;W,(CN), (M = Co (1), Mn (2)) units, which act as a basic component
to be repeatedly connected through W—C—-N-M-N—-C-W linkages to form a one-dimensional infinite 3,2-chain;
these chains are well separated by the DMF molecules or 2,2'-bipyridines coordinated to the metal ions Co?* for
1 and Mn?* for 2. Magnetic studies, including linear and nonlinear ac susceptibility measurements, demonstrate
that the long-range magnetic ordering and spin glass behavior coexist in the two 1-D compounds.

at Tc over 100°C.Y and single-molecule magnet behavior
The design and elaboration of new molecule-based mag-2t 10w temperaturé: Recently, the magnetism of 3dd/5d

netic materials has been an active area of research from botfPimetallic cyano-bndgfd assemblies derived from octacya-
a fundamental and potential application perspective during "ometalates (IM(CNJ™, M = Mo, W) has attracted much

the past decade. Over the past few years, hexacyanometalatédtention, due to the d orbital of their central 4d/5d metal
(IM(CNg)]™, M = Fe, Mn, Co, etc.), acting as good building 1°"S being more diffuse than that of 3d metal ibasd their

blocks, have been used to construct a family of molecule- Versatility in geometry, as well as their photoresponsive

based magnets with interesting structures and propémies, (2) For example: (a) Ohba, M.; Maruono, N.ké@wa, H.; Enoki, T.;
such as the discovery of the magnetaptical phenomenoH, Latour, J-M.J. Am. Chem. S04.994 116 11566. (b) Miyasaka, H.;

- . . Matsumoto, N.; ®awa, H.; Re, N.; Gallo, E.; Floriani, CAngew.
the finding of a molecule-based magnet with bulk magnetism Chem., Int. Ed. Engl1995 34, 1446. (c) Miyasaka, H.; Matsumoto,
N.; Okawa, H.; Re, N.; Gallo, E.; Floriani, @. Am. Chem. So&996
118 981. (d) Re, N.; Gallo, E.; Floriani, C.; Miyasaka, H.; Matsumoto,
N. Inorg. Chem.1996 35, 5964. (e) Ohba, M.; Kawa, H.; Fukita,
N.; Hashimoto, Y.J. Am. Chem. S0d997 119 1011. (f) Ohba, M.;
Usuki, N.; Fukita, N.; Gawa, H.Angew. Chem., Int. EAL999 38,
1795. (g) Zhang, S.-W.; Fu, D.-G.; Sun, W.-Y.; Hu, Z.; Yu, K.-B;
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properties. Until now, compounds with various structures

Li et al.
tion of (n-BugN)3[W(CN)g]. A solution of Co(CIQ),-6H,0 (55 mg,

ranging from discrete entities to three-dimensional extended 0.15 mmol) in CHOH (2 mL) was added to a solution af-BusN)s-
networks have been well documented, some of which exhibit [W(CN)g] (112 mg, 0.10 mmol) in CkDH (3 mL) under an inert
intriguing magnetic properties, such as long-range magneticatmosphere with stirring to give red polycrystalline material after

ordering and ground spin state as highSas 5/,.57°

In this report we present the new cyano-bridged 1-D
Co'-WVY complex{[Cos(DMF)12][WVY(CN)g]2]}» (1; DMF
= N,N-dimethylformamide). The magnetic study shows that
compoundl is frequency-dependent and exhibits magnetic
hysteresis at low temperature, just like the “single-chain
magnet” (SCM) behavior predicted in 1963 by Glauber and
observed in 1-D Ising chain compounds reported recently
by Clerac et al*® However, further measurements demon-
strate that compountlis a ferromagnet with the coexistence
of long-range ferromagnetic ordering and glassy behavior.

Here, we report the syntheses, structures, and magnetid"’

properties of compleg and its 1-D analogug]Mn3' (bipy).-
(DMF)g][WVY(CN)g]2} » (2; bipy = 2,2-bipyridine).
Experimental Section

Materials and Instrumentation. The precursor r-BusN)s-
[W(CN)g] was prepared according to published procediir&ther

several minutes, which was filtered and washed with methanol.
Then the red product was dissolved in DMF. Well-shaped red block
crystals were obtained by slow diffusion of diethyl ether into the
resulting DMF solution for several days (yield 75%). Anal. Calcd
for C52H84N28012003W2: C, 33.98; H, 4.57; N, 21.34. Found: C,
33.81; H, 4.45; N, 21.19. IR (cm, KBr disk): vc_y 2194 (m),
2180 (m), 2170 (m), 2144 (w).

Preparation of {{Mn 3(bipy)2(DMF)g][W(CN) g2} . (2). A solu-
tion of MnCl,*4H,0 (0.297 g, 1.5 mmol) and 2;bipy (0.468 g,
3.0 mmol) in CHOH (30 mL) was added to a solution @FBu,N)z-
[W(CN)g] (1.118 g, 1.0 mmol) in CBOH (20 mL) with stirring to
give a pale yellow precipitate immediately, which was filtered and
ashed with methanol. Then the precipitate was collected and
dissolved in DMF. Brown block crystals were obtained by slow
diffusion of diethyl ether into the resulting DMF solution for several
days (yield 92%). Anal. Calcd for ggH7o:N2s0sMn3Wo: C, 39.04;
H, 3.93; N, 21.24; Mn, 8.93. Found: C, 38.96; H, 4.01; N, 21.62;
Mn, 9.23. IR (cnm?, KBr disk): vc_n 2178 (m), 2158 (m).

Crystal Structure Determination. Single-crystal X-ray data for
{[Co3(DMF)13][W(CN)g]2}» (1) were collected on a Bruker Apex

starting materials were of analytical grade and were used without SMART CCD system equipped with monochromated Ma. K

further purification. C, H, N elemental analyses were carried out

radiation ¢ = 0.71073 A) at room temperature. The data

with a Perkin-Elmer 240C elemental analyzer, and the contents of integration and empirical absorption corrections were carried out

metal ions were analyzed on a HOBIN YVON JY38S ICP spec-
trometer. Infrared spectroscopy on KBr pellets was performed
on a Bruker Vector 22 FT-IR spectrophotometer in the region
4000-400 cnt!. The magnetic susceptibilities, ac magnetic suscep-
tibility, and field dependence of magnetization @pa T at 1.8 K

by SAINT??2 and SADABS? programs, respectively. The structure
was solved by direct methods and refined BA using the
SHELXTL! suite of programs. All non-hydrogen atoms were
refined anisotropically by full-matrix least squares. Hydrogen atoms
were generated geometrically. For comp®intensity data were

were obtained on Crysta”ine Samp|es using a Model MagLab Systemcollected on an Enraf-Nonius CAD-4 four-circle diffractometer by
2000 magnetometer. The experimental susceptibilities were cor- @-scan techniques using graphite-monochromated Maoddiation
rected for the sample holder and the diamagnetism contributions (4 = 0.710 73 A) at room temperature. Corrections for Lorentz
estimated from Pascal’s constants. Effective magnetic momentsand polarization effects and for absorption ¢can) were applied.

were calculated using the equatiog = 2.828(uT)Y2, whereyy
is the molar magnetic susceptibility.

Preparation of {[Co3(DMF) 15][W(CN)g], (1). All of the fol-
lowing procedures were carried out in the dark to avoid decomposi-

(5) Rombaut, G.; Verelst, M.; Golhen, S.; Ouahab, L.; Math@i€.;
Kahn O.Inorg. Chem.2001, 40, 1151.
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39, 1605. (b) Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hidai, M.; Fujishima,
A.; Ohkoshi, S.; Hashimoto, KI. Am. Chem. So200Q 122, 2952.
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Chem.2002 41, 5891. (d) Podgajny, R.; Desplanches, C.; Sieklucka,
B.; Sessoli, R.; Villar, V.; Paulsen, C.; Wernsdorfer, W.; Dromze
Y.; Verdaguer, M.Inorg. Chem.2002, 41, 1323.

(7) (a) Rombaut, G.; Golhen, S.; Ouahab, L.; MathoaieC.; Kahn, O.

J. Chem. Soc., Dalton Tran®00Q 3609. (b) Li, D.-f.; Gao, S.; Zheng,
L.-m.; Tang, W.-x.J. Chem. Soc., Dalton Tran002 2805.

(8) Podgajny, R.; Korzeniak, T.; Balanda, M.; Wasiutynski, T.; Errington,
W.; Kemp, T. J.; Alcock, N. W.; Sieklucka, BZhem. Commur2002
1138. Li, D.-f.; Zheng, L.-m.; Wang, X.-y.; Huang, J.; Gao, S.; Tang,
W.-x. Chem. Mater2003 15, 2094.

(9) (a) Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hidai, M.; Verdaguer, M.;
Ohkoshi, S.; Hashimoto, Kinorg. Chem2200Q 39, 5095. (b) Song,
Y.; Ohkoshi, S.; Arimoto, Y.; Seino, H.; Mizobe, Y.; Hashimoto, K.
Inorg. Chem2003 42, 1848. (c) Sra, A. K.; Rombaut, G.; Lahitete,
F.; Golhen, S.; Ouahab, L.; Mathonge C.; Yakhmi, J. V.; Kahn, O.
New J. Chem200Q 24, 871. (d) Li, D.-F.; Gao, S.; Zheng, L.-M.;
Sun, W.-Y.; Okamura, T.-a.; Ueyama, N.; Tang, W.New J. Chem.
2002 26, 485.
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Soc.2002 124, 12837.
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The structure was solved by direct methods and refineParsing

the SHELXTL suite of programs. Except for the disordered carbon
and nitrogen atoms of the coordinated DMF molecules (N11, N13,
N14, C19, C20, C21, C22, C23, C24, C26, C27, C29, and C30),
the majority of the non-H atoms were refined anisotropically. The
maximum and minimum residual densities are 2.877 22401

e A3, respectively, which are within 1.0 A from W1. The
crystallographic data for the two compounds are summarized in
Table 1.

Results and Discussion

Synthesis.For complexl, we initially hoped to prepare a
CoyWs cluster as a single-molecule magnet (SMM) with large
anisotropy using the bare metal ionand [W(CN}]®",
as for the reported Y 's clusters (M= Mn?*, Ni2t; M' =
Mo, W).52¢ However, it is unexpected that a one-dimen-
sional coordination polymer is obtained and exhibits a
structural feature similar to that of compl@xFor complex
2, in the reaction recipe, the Mhand bipy ratio is 1:2, but
in the complex, only 1 bipy to 1.5 Mn was found. We

(12) SAINT Data Integration Software; Bruker AXS. Inc., Madison, WI,
1997.

(13) Sheldrick, G. M. SADABS Empirical Absorption Correction Program;
University of Gdtingen, Gatingen, Germany, 1996.

(14) Sheldrick, G. M. SHELXTL Program for Crystal Structure Determina-
tions; Siemens Industrial Automation, Inc.: Madison, WI, 1997.



Bimetallic Cyano-Bridged Polymers

Table 1. Crystal Data and Structure Refinement Details for Table 2. Selected Bond Distances (A) and Angles (deg) for
{[COADMP):AIW(CN)lzbr (1) and{[Mno(bipy)2DMPIW(CN)dlte  {ICOOMP)AIW(CN)alz} o (1
@ Bond Distances (A)
1 2 Co(1)-0(1) 2.111(3) Co(130(2) 2.083(3)
formuia GiHaNai0iCoM,  CotHrNaOMnaW; CoNG 21313 Commey 21000
TS i Gorod  dome ooy soua
c yace yrou Pl Pl Co(2-N(2) 2.096(3) W(1yC(1) 2.165(4)
PR group 11.690(3) 10.672(2) W(1)-C(2) 2.164(4) W(1)¥C(3) 2.140(5)
DA 12703(3) 13.024(3) W(1)-C(4) 2.143(5) W(13-C(5) 2.162(4)
" 13712(3) 16.000(3) W(1)-C(6) 2.175(4) W(1-C(7) 2.148(5)
o/deg 86.859(4) 78.32(3) W(1)-C(8) 2.148(4) C(2INE) 1.139(5)
sideg 73.256(4) 75.60(3) C(5)-N(5) 1.143(5) C(6)N(6) 1.139(4)
yldeg 77.033(4) 66.63(3) Bond Angles (deg)
\Z”A3 i9°0~0(8) 11964-4(7) O(1)-Co(1-N(5)  85.85(12) O(2}Co(1)-O(1)  88.12(12)
- 1 6065 560 0(2-Co(1-0(3)  90.63(13) O(2)Co(1)-N(5)  89.50(13)
R — 3799 3050 0(2)-Co(1)-N(6)  88.52(12) O(3}Co(1-N(6)  88.35(12)
no'Girinscoled 10892 Sorooirol mhm opcanNg el
. —CO . (o] .
no. ot indep riins L i0R = 0.0238) 8872t = 0.0654) O(4)-Co(1)-O(3)  89.35(12) N(BJCo(1-N(5)  93.78(13)
Rindices ( > 20())*  Rl= 0.0327 Riz 0.0573 O(4)-Co(1)-N(5)  90.38(12) O(5%Co(2)-N(2)  91.51(14)
u B3 0.0644 R5— 01398 0(5)-Co(2-0(6)  91.97(14) O(BYCo(2)-N(2)  93.04(13)
Rindices (all data) RY- 0.0388, R1% 00998, gﬁgﬁ%?g; 11%7 '27((34)) &25;\'7\/((51)) %O(gl)) igg'iﬁ)w)
_ _ — -Co . - .
WR2=0.0655 WR2=0.1691 CB-W()-C(2)  137.54(15) C(5W(1)-C(6) 72.08(14)
AR1= 3 |IFo| = [Fel/Z|Fol; WR2 = [SW(IFol? = [Fel)I/3IW(Fo)]2 N()-C()-w() — 178.1(4)  NErC)-W(l)  178.0(4)

NGR)-CR)W(1)  1785(4)  N@4YC@)-W()  177.0(5)
. . . N(5)—C(5)-W(1 176.1(4 N(6)-C(6)-W(1 176.8(3
have also tried to use [Mn(bipgH-0)I(CIO:). as the starting A cowt)  Treee  Neooiwd)  1rys

material, and the same crystals were obtained. This implies
that the bipy ligands coordinated to Ktrwere replaced by
cyano groups and/or DMF molecules in the spontaneous self-
assembly process @& A similar example has been shown Table 3. Selected Bond Distances (A) and Angles (deg) for
by Dunbar et al. for a MgFe, 2-D ferrimagnets {IMns(bipy)(BMP)gl[W(CN)el2}» (2)°

a Symmetry transformation used to generate equivalent atos:x(
+1,-y+2,—-z+ 1.

Description of Structures. Selected bond distances and Bond Distances (A)
angles for complexe$ and2 are listed in Tables 2 and 3, mgg:g((ﬂ g:g?g((%) mggﬁ(%)... 22.'1133((3()))
respectively. The molecular structures of complekemnd Mn(1)—N(9) 2.262(10) Mn(13-N(10) 2.233(9)
2 are shown in Figure 1 and Figure S1 in the Supporting mgg:ﬁ% g-;gg((g)) M(q(ﬁ(%:a(f) i-iggg)@
Information. N(4)—C(4) 115415)  N(6}C(6) 1.122(14)
(@) {[Co3(DMF)1[W(CN)g]2}. (1). X-ray crystallo- W(1)-C(1) 2.169(11) W(1)>C(5) 2.145(11)
graphic studies revealed that complexs a neutral, one- W(1)-C(2) 2.130(11) W(1)C(6) 2.188(11)
dimensional infinite chainlike polymer. The asymmetric unit wg;:ggg gig%ﬁg mggg; giggg%
of the structure consists of oneWCN)s®~ moiety connected
to two different types of Cbcenters by cyanide bridges. Bond Angles (deg)

. i . . C(4)-W(1)-C(1) 72.8(4)  C(4yW(1)-C(6) 136.5(4)
The W1 atom is coordinated by eight CN groups, with-@/ C(1)-W(1)-C(6) 124.4(4)  O(2yMn(1)-0(1) 178.3(4)

distances ranging from 2.140(5) to 2.175(4) A in a distorted N(4)'-Mn(1)-O(1) ~ 89.5(4)  N(4}—Mn(1)-N(1)  100.9(4)

bicapped trigonal prism. The two Co atoms are all in a gggjmggg% giii((j)) g((%"fw?z()l),\:?'g) ;g:ggg

slightly distorted octahedral geometry. The equatorial sites o(4)-mn(2)-N(6) 91.1(3)  C(FN(4)-Mn(l)i  171.6(10)
of Col are occupied by two oxygen atoms and two nitrogen ﬁﬁg_%?fv?%) ggigg)) ﬁgg((g))wzg) ﬁf;‘-g(g)s)
atoms (O1, O3, N5, and N6 = —x + 1, -y + 2, —z+ 1), N(3)-C(3)-W(1) 176.8(10)  N(4YC(4)-W(1) 177.9(11)
and the apical positions are occupied by two oxygen atoms n(s)—c(s)-w(1) 178.6(13)  N(6)C(6)-W(1) 175.9(10)
(02, O4) from DMF molecules. The other Co atom (Co2), N(7)-C(7)-w(1) 178.4(13)  N(8C(8)-W(1) 178.6(11)
localized at the special equivalent positions ¥4, 0), is a Symmetry transformation used to generate equivalent atoiiny—

coordinated with four oxygen atoms (05, 06,'Q&nd O%) +2,-y+1,-z+1

from four DMF molecules occupying the equatorial sites and

two nitrogen atoms (N2, N2 from two adjacent W(CN)  to form a 4-metal 12-atom rhombic cycle, &é,(CN),,
units at the axial positionsi (= —x + 2, —y + 1, —2). Each while Co2 links the cycles in a trans mode through
WVY(CN)s group connects three Co atoms (Col, Cahd  W1-C2-N2—-Co2-N2'-C2-WT1"linkages to form a 1-D
Coli) via three cyano bridges (G35, C6-N6, and infinite chain, running along one of the diagonal directions
C2—N2) with the Co-Ncy distance ranging from 2.096(3) of the b andc axes (Figures 1a and 2). This type of 1-D
to 2.131(3) A. W1, Col, Wland Colwere joined by four ~ chain has been defined as a 3,2-chain g et al.
cyano bridges (C5N5, C6—N6, C5—N5, and C6-N6) which has been found in complexggDMF)ioln,[Ni-

(15) Smith, J. A.; Gdla-Mascars, J.-R.; Cleac, R.; Dunbar, K. RChem. (16) Carna, J.; Orendd, M.; Potodiak, |.; Chomig J.; Orendéova A.;
Commun200Q 1077. Skorepa, J.; Feher, ACoord. Chem. Re 2002 224, 51.
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Figure 3. Packing diagram of compleX The hydrogen atoms and the C

Figure 1. Molecular tructures for (a) complek and (b) complex2 and N atoms of the coordinated DMF molecules are omitted for clarity.

showing a fragment of the one-dimensional infinite structure with the atom- . . i, .
labeling scheme. The hydrogen atoms and the C and N atoms of the While the apical positions are occupied by two oxygen atoms

coordinated DMF molecules are omitted for clarity. Symmetry operations: (01, O2) from two DMF molecules. The other Mn atom
S'r) ]._X——;-ij:l_)%j) %X_j ; 1_),(“)_;122 Y+ L=z (i) x+ 2, -y (Mn2), localized at the special equivalent positions (1, O,
1), are coordinated with four oxygen atoms (O3, 041?03
YW Le . oAf and O#) from four DMF molecules occupying the equatorial
o S e sites and two nitrogen atoms (N6, N6from two adjacent
W(CN)s units at the axial positionsi = —x + 2, —v,
—z + 2). Each W(CN)g group connects three Mn atoms
(Mn1, Mnli, and Mn2) via three cyano bridges (EN1,
C4—N4, and C6-N6), with the Mn—Ncy distance ranging
from 2.180(10) to 2.254(9) A. Similar to the case fbr
W1, Mn1, W1, and Mn1" were linked by four cyano
bridges (CEN1, C41—N4i, C1i—N1, and C4-N4) to
oy form a 4-metal 12-atom rhombic cycle, MAI,(CN),, while
TN, Mn2 links the rhombic cycles in a trans mode through
Fioure 2. Packing i ' in th | T g W1-C6—-N6—Mn2—N6"—C6"—W1" linkages to form a
a;grl::seaﬁd theécclggd ;\?g;gmsoofctﬁg](F:)oorcli?natzc?%?/l?:nfrlloleciIe)é ar?egg%itted 1-D 3,2-chain, runnlng along one of the d|agonal directions
for clarity. of theb andc axes (Figure 1b). The shortest metahetal
intrachain distances for W+Mn1, W1---Mn2, Mn1:--Mn2,
(CN)4l3}w (Ln = Sm, Yb, Er)’ In complex1, the shortest ~ W1---W1ii, and Mn%--Mn1ii are 5.508(2), 5.417(2), 10.028-
metat--metal intrach_ain distances fo_r WiCol, WZ--Co2, (3), 8.714(3), and 6.693(4) A, respectively. The nearest
Col+Co2, Wk:-W1', and Col--Col are 5.335(1), 5.363- interchain distances are separated by the coordinated DMF
(1), 10.252(2), 8.443(1), and 6.491(2) A, respectively. The and bipy molecules with a distance of 10.672(2) A along
adjacent chains are separated well by the coordinated DMFthea axis (Figure 3). Unlike complek, however, in complex
molecules, with a distance of 11.690(3) A along thaxis 2 there is a weak interaction between the one-dimensional
(Figure 2). No pronounced hydrogen-bonding interaction, chains viaz—x stacking existing between the adjacent
except the van der Waals force between the chains, can banterchain aromatic rings of 2;bipyridine, at a face-face
found. distance of 3.95 A. The reason for the smaller interchain
(b) {[Mn 5(bipy)2(DMF)][W(CN) ¢] 2} (2). The structure  separation ir2 can be attributed to the bipy ligands replacing
of 2 reveals that the complex is also a neutral, one- two DMF molecules inl.
dimensional infinite polymer, similar to complek The Magnetic Studies. (a){[Co3(DMF)15][W(CN)g]2} (1).
asymmetric unit of the structure consists of on&(@N)g*~ The temperature dependence of the magnetic susceptibility,
moiety connected to two different types of Moenters by, can be fit by the CurieWeiss law, withg" = 2.0 (S=
cyanide bridges. The W1 atom is coordinated by eight CN 1/,) gc° = 2.84 = 3/,), and® = +14.44 K (T > 25 K),
groups with W-C distances ranging from 2.129(10) to indicative of ferromagnetic coupling between the W(V) and
2.188(11) A'in a distorted bicapped trigonal prism. The two Co(ll) metal centers (Figure 4). At room temperatygT
Mn atoms are all in a slightly distorted octahedral geometry is 12.68 cmd mol~* K (10.07 ug) per CaWs,, close to the
(Figure 1b). For Mn1, the__equatorial sites are occupied by expected spin-only value (12.09 émol~! K, 9.83 ug per
four nitrogen atoms, N1, N4 N9, and N10, with an average  Co,W->) for three Co(ll) 8= 3/,, g = 2.84) and two W(V)
Mn—N distance of 2.22 Aif = —x+ 2, -y + 1, -z + 1), (S= Y, g = 2.0) centers. As the temperature is lowered,
. the yu T value monotonically increases and then increases
(17) Knoeppel, D. W.; Liu, J.; Meyers, E. A.; Shore, S.I8org. Chem.

1998 37, 4828. Knoeppel, D. W.; Shore, S. Gorg. Chem.1996 abruptly up to a maximum value of 46.78 ¢mol™* K
35, 1747. (23.90uz) at 14 K, followed by a drop to 12.75 éimol*
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Figure 4. Plots ofym (O) andymT (&) vs T in the range of 2300 K at —o—1111Hz

1 kOe for complexL per CaW- unit. Inset: plot ofym~1 vs T in the range
of 25—300 K (the solid line is the best fit based on the Cuiieiss law).
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Figure 5. Plots of field-cooled magnetization (FCM,) and zero-field-
cooled magnetization (ZFCMD) vs temperature measured at 100 Oe for
complex1.

K (10.10ug) at 2.8 K. The abrupt increase #uT suggests
the onset of magnetic ordering, and the decreasgydf
below 14 K results from a saturation of thg value and/or
the zero-field splitting effect.
The FCM and ZFCM data for complekdiverge below Figure 7. Nonlinear susceptibilitieg,| of complex1 measured atfan
ca. 10 K, the FCM continuing to increase and approach a Hac= 2 Oe (zero applied dc field) with frequency 31111 Hz.

plateau value, while the ZFCM data show a peak at ca. 7 K ) .
(Figure 5). This may imply the presence of long-range Valué of o is rather fast compared with that of SMM or

magnetic ordering in complek To probe the nature of long-  SCM.*?which preclude the possibility of single-chain magnet
range ordering irl, the temperature dependence of linear Dehavior for complexl. A quantitative measure of the

ac molar magnetic susceptibilities was performed at zero field requency shift is obtained from = ATy/[TpA(log f)]) =
below 9 K (Figure 6). It can be seen that the susceptibility 0-08, which places the compourdn the range of a spin
data are evidently frequency dependent. For all frequenciesdlass and excludes a superparamaghet.

used, the in-phase component of the ac susceptibjii, Even harmonics can be observed only if a system exhibits
shows a rounded maximum in the ranges86K. This is a spontaneous magnetization, due to the lack of inversion
always accompanied by a maximum in the out-of-phase Symmetry with respect to the applied field. Only odd
component,y"y, at somewhat lower temperature with harmonics are expected for a spin glass, while for ferromag-
decreasing frequencies. The peak temperaturgyofin- nets both even and odd harmonics should be pré&est.
creases and the peak height decreases with increasing he second harmonics f(2esponses) for complex have
frequency, implying a slow relaxation process. The shift in sharp peaks (Figure 7), which indicates that a spontaneous
temperature of maxima ip'w andy''v with the frequency ~ moment is formed at that transition (ca. 7.3 K) while the
are reminiscent of single-molecule magnet (SMM), spin- frequency dependence of both components of the nonlinear
glass, superparamagnetic, or the recently reported single-

chain magnet (SCM) behavior. We tried to obtain the (18) Mydosh, J. ASpin Glasses: An Experimental Introducticiaylor
and Francis: London, 1993.

relaxation time €) from the Arrhigius law?° (19) Griu, M. A.; Wynn, C. M.: Fujita, W.; Awaga, K. Epstein, A. J.
Phys. Re. B 1998 57, 58.
7(T) = 15 exp@A/(KgT)) (20) Grtu, M. A.; Wynn, C. M.; Fuijita, W.; Awaga, K.; Epstein, A. J.

Appl. Phys.1998 83, 7378.

The best-fit parameters arg = 2.3 x 1015 s andA/ks = (21) Qfdgrgglzakis, J.; Katsarakis, N.; Giapintzakis,JJAppl. Phys2002

170(3) K (see Figure S3 in the Supporting Information). The (22) Bajpai, A.; Banerjee, APhys. Re. B 200Q 62, 8996.
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Figure 8. Field dependence of the magnetization at 1.8 K for comflex
per CaW- unit. Insert: hysteresis loogM/NS vs H) at 1.8 K.
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Figure 9. Plots ofym (¢) andymT (O) vs T in the range of 2300 K for
complex2 per MnsW5 unit. Inset: expanded view of the minimum region
of ymT.
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Figure 10. Temperature dependence of zero-field ac susceptibility for
complex2, measured at 2 Oe ac field with frequency #1111 Hz.

Figure 11. Nonlinear susceptibilitieg, of complex2 measured atfan
Hac = 2 Oe (zero applied dc field) with frequency ¥11111 Hz.

around 75 K. Upon further cooling, the value @ikT
increases rapidly, reaching a sharp maximum value of 54.60
cm® K mol~* (20.90ug) around 5.6 K. The minimum in the

susceptibility suggests slow relaxation processes and glassixmT vs. T curve indicates a ferrimagnetic behavior with a

ness. Nonzero values g§' (Figure S4 in the Supporting
Information) could be attributed to the irreversible domain-
wall motion?® Thus, complexl should be a long-range-
ordering ferromagnet, but with some glassy behavior or
possible related blocking of the domain w4

The field dependence of the magnetization—70T)

Mn"—WV intrachain antiferromagnetic interaction, and the
maximum value in the curve, much larger than the above-
mentioned spin-only value, suggests the occurrence of long-
range magnetic ordering. Below 5.6 K, the valueyafT
decreases abruptly, while the value increases slowly at
low temperature. This indicates that the decreasg\df

measured at 1.8 K shows a rapid increase from zero field below 5.6 K should be attributed to the saturation of the

(Figure 8). At 7 T, the magnetization reaches 10NB5close
to the saturation value 11N for three Co(ll) and two W(V)

value. The magnetic susceptibility above 75 K obeys the
Curie—Weiss law (Iym = (T — ©)/C) with a negative Weiss

atoms. A hysteresis loop at 1.8 K was observed with a ratherconstant®, of —3.64 K (Figure S5, Supporting Information),
large coercive field of ca. 907 Oe and a remnant magnetiza-which also indicates an intramolecular antiferromagnetic

tion of ca. 3.39NS.
(b) {IMn 5(bipy)2(DMF) ][W(CN) g]2} (2). The dc vari-
able-temperature (2300 K) magnetic susceptibility of the

coupling between the adjacent Mn(Il) and W(V) ions through
the cyano bridges. The Curie constadt,is equal to 13.75
cm?® K mol™?, close to the expected value of 13.875%d

complex has been measured on a crystalline sample in a fieldnol™ with g = 2.0.

of 1 kOe. Plots ofymT vs T andym vs T are shown in Figure
9, whereyy is the magnetic susceptibility per MW, unit.
TheymT value at room temperature is ca. 13.56°¢mol—
(10.41 ug per MnsW,), which is slightly smaller than the
spin-only value (13.875 cfrK mol™%, 10.50ug) for three
high-spin Mn(ll) S = %) and two W(V) 8= 1/,) centers
with g = 2.0. AsT is lowered,ymT decreases smoothly and
reaches a minimum value of 12.96 tKkmol~* (10.18ug)

(23) Gencer, A.; Ercan, . &elik, B. J. Phys.: Condens. Mattet 998
10, 191.

(24) Evangelisti, M.; Bartolomel.; de Jongh, L. J.; Filoti, GPhys. Re.
B 2002 66, 144410.
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Both the zero-field-cooled magnetization (ZFCM) and
field-cooled magnetization (FCM) curves measured in a low
field of 100 Oe show a rapid increase h at ca. 3.5 K,
implying the occurrence of spontaneous magnetization at this
point. Figure 10 shows the linear ac magnetic susceptibility
with different frequencies. Similar to compoury the
susceptibility data are also frequency dependent, indicative
of spin-glass behavior for compourd The nonlinear ac
susceptibility measurement f@ has also been performed
to confirm the spontaneous ferromagnetic ordering (Figure
11). The second harmonicsf(Besponses) for compleR
exhibit sharp peaks at ca. 3.5 K and are frequency dependent,
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the high-spin Mn(lll) and the low-spin Fe(lll) via the
bridging cyanide anions, while the chains weakly couple to
each other ferromagnetically, thus giving a ferromagnet with
Tc below 2.5 K27 Okawa’s grouf®?® has investigated the
magneto-structural correlation of a series of one-dimensional
cyanide-bridged bimetallic assemblies over the past few years
and has come to the conclusion that the ferromagnetic or-
dering over the lattice in these compounds will be overcome
by the antiferromagnetic interaction between the chains,
which is not negligible when the separation between the
chains is smaller than 10 A. In our case, the X-ray structural
Figure 12. Field dependence of the magnetization at 1.8 K for complex analyses have shown that the one-dimensional chains are well
2 per MrsW unit. Insert: hysteresis loopM{N3 vs H) at 1.8 K. separated by DMF molecules or bipy ligands, and the nearest
interchain separations are larger than 10 A. Even such a weak
which demonstrates that compléxis a ferrimagnet with interchain interaction, van der Waals forceslimnd z—
glassy behavior. stacking in2 and3, should have a role in the bulk magnetism.
The field dependence of the magnetization-{0T) mea-  The origin of glassy behavior of the compounds may derive

sured at 1.8 K shows a rapid increase with applied field and from the disorder of the coordinated DMF molecules; further
rapid increase of the magnetization, as a magnet, reachingyork is underway to understand its nature.

13.07Ng per MW, at 907 Oe, very close to the expected )
Sr = 13, value of 13Ng for a ferrimagnetic MAsWY, (%/, Conclusion
x 3 — 1Y, x 2="13,) system, assuming = 2.0 (Figure 12). Two new cyano-bridged 3e5d bimetallic polymers,
A hysteresis loop at 1.8 K was observed with a small coercive {[Co3(DMF)1,][W(CN)g]2} » (1) and{[Mnz(bipy)(DMF)g]-
field less than 10 Oe, indicating that compouhi} typical [W(CN)gl2} (2), have been obtained and structurally
of a soft magnet. characterized. X-ray crystallography for the two compounds
The compound MW,V (2) is isomorphous with its M6 reveals that the two complexes are neutral one-dimensional
analogu€® { [Mn3(bipy)(DMF)g][Mo(CN)g]2} - (3), and their 3,2-chainlike cyano-bridged bimetallic coordination polymers
magnetic properties are also similar. Compexhibits with 12-atom rhombic WM2(CN), (M = C0o' (1), Mn'" (2))
long-range magnetic ordering at ca. 2.8 K and shows weakunits. Magnetic property studies reveal the coexistence of
frequency dependence (Figure S7, Supporting Information). long-range ferromagnetic ordering and glassy behavior in
Its phase transition value is smaller than that of com@lex the two compounds. The magnetic phase transition temper-
This should be due to the fact that the 5d orbitals of W atures for complexe$ and2 were determined to be around
atom are more diffuse than the 4d orbitals of the"Nom, 7.3 and 3.5 K, respectively. Compouftdexhibits a rather
and thus, a stronger magnetic interaction fo¥ ¥#In" is larger coercive field (907 Oe) as compared to that of complex
expected. For the three 1-D compounds, similar magnetic 2 and other reported magnets based on octacyanometalates.
properties should be attributed to their similar 3,2-chain
structures.
For compoundd and2, the coupling nature of Cle-WV
in 1is found to be ferromagnetic but the magnetic interaction
Mn"—WV in compound2 is antiferromagnetic. Recently,
there were a few reported examples of antiferromagnetic
coupling for a cyano-bridged Ma-WV systenfP9aband the Supporting Infor_mation Availablt_a: Additio_nz_a_l figures giving
origin of antiferromagnetism has been analyzed within the @nother ORTEP view and magnetic susceptibility plots and X-ray
Anderson super-exchange the8hj5 The ferromagnetic crysta.llog.raphlc.flles in CIF format for the two compounds. This
. v . . material is available free of charge via the Internet at http://
coupling Cd—WV system has not been reported until now; pubs.acs.org.
however, the origin of ferromagnetism might be interpreted
by Chibotau’s analysis as an analogue of Nku-CN),- IC034539K
Co'(H0);}].% ) . ) (25) Chibotaru, L. F.; Mironov, V. S.; Ceulemans, Angew. Chem., Int.
Reports of one-dimensional cyano-bridged polymers Ed. 2001, 40, 4429 and references therein.
exhibiting long-range ferromagnetic ordering have been (26) hba, M.; &xawa, H.Coord. Chem. Re 200Q 198 313 and references
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therein.
rare to daté® In 1996, Matsumoto et al. reported a one- (27 Rre, N.; Gallo, E.; Floriani, C.; Miyasaka, H.; Matsumoto, INorg.
dimensional ferromagnet, [NEt[Mn(acacen)][Fe(CNj 8) %f;]%m-ll\;wf'ijlf, 60'34,-@ HLJ. Chem. Soc.. Dalton Trans997
1 H H H . a, M.; Fukita, N.; wa, H.J. em. Soc., Dalton Tran s
(acacer= N,N'-ethylenebis(acetylacetonylideneaminato)), in 1733, Ohba, M.; Uauki, N.: Fukita, N..l@wa, H Inorg. Chem1998

which an intrachain ferromagnetic coupling exists between 37, 3349.
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