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Two cyanide-bridged WY-M [M = Mn'" (1), Co" (2)] bimetallic Mn'" and Ré—Mn" clusters formed by [M(CNL]"™ (M =

clusters were prepared by self-assembling a new molecular Mo or Ré'; L = tridentate ligandp = 3) in which an
precursor [W(CN)s(bpy)]~ and the corresponding metal complexes. octahedral coordination sphere around the M atom is
Compound 1 shows a tetranuclear W,Mn; entity, consisting of a preoccupied by a tridentate ligand as a capping gfolmp.

this context, for the first time, we have utilized octacoordi-
nated [W(CN)(bpy)]~ (bpy = 2,2-bipyridine), notably
including a 5d metal ion angg = 6, as a new useful
magnetic building brick by incorporating the precursor into
magnetic anisotropic metal ions. In this Communication, we
present the synthesis, structures, and magnetic properties of

The quest for new single-molecule magnets (SMMs), @ tetranuclear [W(bpy)(CNJ[Mn(L)]>-3H:0 [1; L = N,N"-
which show slow magnetic relaxation originating from the bis(2-hydroxyacetophenylidene)-1,2-diaminopropane] and a
large total ground-state spin and uniaxial magnetic anisotropy trinuclear [W(bpy)(CNglo[Co(DMSO)] (2; DMSO = di-
of molecular clusters, concerns potential applications to high- Methyl sulfoxide). Among them, compourtd exhibits a
density information storage materials. A reasonable synthetic SMM behavior, which is a rare example of SMMs containing
approach to creating discrete molecules instead of extendecdPd metal iong.
networks in the search for SMMs is to choose capped cyanide A stoichiometric reaction of (AsRJ{W(CN)e(bpy)P in
(CN)-based building units [M(CNL]"~ (M = 3d metal ion; MeCN with [Mn(L)(H20)]x(ClO4)2*H,0° in water leads to
L = polydentate ligandp = 2—4) as synthons. These the formation of red crystals dfin a yield of 79%’ The IR
building blocks have been extensively studied in the con- data forl show characteristic CN peaks centered at 2172w,
struction of clusters and 1D and 2D framewotkad some  2152vw, 2147vw, 2133vw, and 2116vw cinAmong them,
of them exhibited superparamagentic behavidmscontrast, ~ the band observed at 2172 cthtan be assigned to bridging
despite expected strong exchange coupling of 4d or 5d CN groups, and the remaining bands are responsible for
magnetic ions compared to 3d metal ion systems, such SMMterminal CN groups in comparison with the IR peaks of the
analogues of 4d or 5d ions are still so limited; they aré'Mo precursor evident at 2160w, 2151vw, 2144vw, 2134vw, and
2124vw cmt. Treatment of (AsPH[W(CN)s(bpy)] with a
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cshong@korea.ac.kr. Co?' ion in MeCN in the presence of a trace of DMSO

Jahn-Teller ion, Mn", which serves as an anisotropic source, while
compound 2 exhibits a trimeric W,Co structure. Among them,
compound 1 displays slow relaxation of the magnetization, which
is typical of a single-molecule magnet behavior.
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*Nuclear Fusion Research Center. ; ;
! . at 2173w and 2143w cm, suggesting the existence of a
(1) (a) Toma, L.; Lescoimec, R.; Vaissermann, J.; Delgado, F. S.; Ruiz- L . 99 9
Paez, C.; Carrasco, R.; Cano, J.; Lloret, F.; Julve Qhem—Eur. J. bridging mode of CN ligands.

2004 10, 6130. (b) Zhang, ¥.-Z; Gao, S, Wang, Z-M.; Su, G, Sun,  X.ray analysi$ reveals that compountl can be viewed
H.-L.; Pan, F.Inorg. Chem.2005 44, 4534. (c) Zhang, Y.-Z.; Gao, . .. \/ I
S.; Sun’ H_L' Su’ G' Wang’ Z_M’ Zhang’ S.-Whem. Commun. as a tetl’anudear ent'ty COnta'n'ng tWO Wnd tWO Mﬁ

2004 1906. (d) Lescoueec, R.; Lloret, F.; Julve, M.; Vaissermann,  centers bridged by CN and phenoxide linkages (Figure 1a).
J.; Verdaguer, M.; Llusar, R.; Uriel, $norg. Chem2001, 40, 2065.
(e) Lescolieec, R.; Lloret, F.; Julve, M.; Vaissermann, J.; Verdaguer,

M. Inorg. Chem 2002 41, 818. (3) (a) Sokol, J. J.; Hee, A. G.; Long, J. R.Am. Chem. So2002 124,
(2) (a) Wang, S.; Zuo, J.-L.; Zhou, H.-C.; Choi, H. J.; Ke, Y.; Long, J. 7656. (b) Schelter, E. J.; Prosvirin, A. V.; Dunbar, K. RAm. Chem.
R.; You, X.-Z. Angew. Chem., Int. EQR004 43, 5940. (b) Li, D; Soc.2004 126, 15004.

Parkin, S.; Wang, G.; Yee, G. T.; Prosvirin, A. V.; Holmes, S. M. (4) Yoon, J. H.; Kim, H. C.; Hong, C. Snorg. Chem 2005 44, 7714.
Inorg. Chem2005 44, 4903. (c) Wang, C.-F.; Zuo, J.-L.; Bartlett, B. (5) Szklarzewicz, Jinorg. Chim. Actal993 205, 85.

M.; Song, Y.; Long, J. R.; You, X.-ZJ. Am. Chem. So006 128 (6) Karmakar, R.; Choudhury, C. R.; Bravic, G.; Sutter, J.-P.; Mitra, S.
7162. (d) Li, D.; Parkin, S.; Wang, G.; Yee, G. T.; @e, R, Polyhedron2004 23, 949.
Wernsdorfer, W.; Holmes, S. M. Am. Chem. So2006 128 4214. (7) See the Supporting Information.

10.1021/ic061651k CCC: $33.50 © 2006 American Chemical Society Inorganic Chemistry, Vol. 45, No. 24, 2006 9613

Published on Web 10/26/2006



COMMUNICATION

154 T T T T T —
S=2__
129 g=3—=
124 g §=3—
104
— ; - 8- S=4—
£ 18 ] -2
v S =3
o a 3 6
S 64 1%
- g 49 S=4—
o S=4_
3 {1 21
04 s=5_
0 T T T T T T
0 50 100 150 200 250 300 complex 1

T(K)

Figure 2. Plot of ymT vs T (left) at a field of 0.5 T and energy diagram
(right) for 1. The solid line represents the theoretical fit.

Figure 1. Molecular views of (a]l and (b)2 with a selected atom-labeling
scheme. Color code: W, pink; Mn, orange; Co, green; S, violet; O, red; N,
blue; C, gray. Symmetry codess =2 — x, -y, 1 — zfor1;a=1 — X,
1—-y,1—zfor2
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The W center contains one bpy ligand and six CN groups. ]

One among all of the CN ligands acts as a linker between 0 50 100 150 200 250 300

W and Mn ions with a distance of 5.546(1) A. The apical TK)

sites of a tetragonally elongated octahedral environment of Figure 3. Plot of ymT vs T at 0.1 T for2. The solid line denotes the
. . . theoretical fit.

the trivalent Mn ion owing to the JahiTeller effect are

occupied by the bridging CN group [MAN1 = 2.291(3)  ere simulated usingAGPACK on the basis of the
A] and O atom from phenoxide [MniOla= 2.408(3) A], isotropic spin Hamiltoniam! = —2J3(Sw1*Svnt + Sunta Swia)
while the equatorial positions are filled by two N and two  — 2J,(Syu1°Sun1s), WhereJ; stands for the exchange coupling
O atoms from the Schiff base ligand with an average-Mn  constant between WSy = ¥,) and MA" (Su, = 2) through
N(O) length of 1.93(7) A. The intramolecular MiMn CN andJ, represents that between Mions via phenoxides.
separation is equal to 3.333(1) A, and the angle of-Mn A calculated result giveg = 1.98,J; = 0.83 cn1?, andJ,

0O1—Mn1lais 100.7(19. No 7— interactions are observed, = 0.95 cm?, implying that all spins in the cluster are
but H bonds between lattice water O3 and free N atoms of ferromagnetically coupled. The ferromagnetic nature between
CN ligands [03b-N2 = 2.911(6) A and O3bN3c = CN-linked W —Mn"" and phenoxide-bridged Mhpairs in

2.94006) Alb=x,1+y,zc=—-x 05+Yy, 05— 7 are 1 is consistent with octacyanometalate-basetd—Mn'"

present. The shortest intermolecular distance is 7.5280(7) Acompoundand Mri" dimers?*°respectively. The trinuclear

for MN—W. For 2, as displayed in Figure 1b, the Co atom unit of 2 exhibits ferromagnetic interactions betweeM {8y

in an inversion center adopts a distorted octahedral geometry "/2) and Cd (Sco = *;) mediated by CN bridges because

consisting of two N atoms from bridging CN groups [Col ;he_?r:adual rt|se ym T .dowr} :ﬁ 1t5' K 1S obsgrvEd (Fc;gure
N1 = 2.138(6) A] and four O atoms from DMSO molecules a)n' isot(eroe);?(r:naexrﬁ);isrfg dgl - (i 232?[(:8:%—&#18:?;\, Sn
[mean CotO length= 2.086(1) A]. The intramolecular s indicatrt)ad asg N 1=Col T ol =Wt
Co—W distance is 5.3236(4) A. The pyridyl rings of bpy
ligands undergo intermolecular—s contacts ranging from _ 2.2
. . . . = (NB°g74kT)[A/B

3.720 to 3.965 A (Figure S1 in the Supporting Information). 7m = (NS g AKkTIAVB]
The shortest intermolecular distance is 7.7282(5) A for whereA = 1 + 10 exp(3) + 10 exp(%) + 35 exp(&), B
W=W. =1+ 2 exp(X) + 2 exp(X) + 3 exp(&), andx = JKT. A

For 1, the ymT value of 6.78 crthK mol~! at 300 K, as best fit with the equation under consideration of the molec-
shown in Figure 2, increases smoothly and reaches to aular field approximationZJ) affords parameters gf = 2.45-
maximum value of 14.5 ciK mol™! at 4 K, suggesting the : : :
existence of overall ferromagnetic interactions between ®) gogaj/gg‘;gii Jc'ﬁé%gg"fgg'%‘g%r‘" J-M; Coronado, E.; Tsukerblat,
magnetic centers. Below 4 K, a dropjnT may be relevant (9) Kou, H.-Z.; Ni, Z.-H.; Zhou, B. C.; Wang, R.-lhorg. Chem. Commun.

; : . ; 2004 7, 1150.
with ze.ro-f|eld .spl|tt|ng of a ground state and/or |nte'rmo- (10) Saha, 5. Mal, D.: Koner, S.: Bhattacherjee, A°fii3h, P.: Mondal,
lecular interactions through the H bonds. The magnetic data ~ S.; Mukherjee, M.; Okamoto, K.-Polyhedron2004 23, 1811.
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(1),J=7.6(8) cm?, andzJ = —1.16(3) cm™. The exchange T ' Py ' ;
parameters are overestimated because of the presence of 15+ e .
spin—orbit-coupling effects. The weak antiferromagnetic °§ 4
coupling between molecules can be mediated vianther O g2
interactions. E 101 <0

The M(H) data for1 increase sharply at low fields and 5 o 5 10 ‘Ii 2
then monotonically to a value of 7.65 at 7 T, which is EN/e ol o mplemmeD)
not saturated to the expected one (@® wheng = 2) 4 5kHz
possibly because of an incomplete population on the ground =) VV 9kHz
state (Figure S2 in the Supporting Information). Rothe ol o8 : :
saturation valueta? T corresponds to 4.9z, comparable 20 25 T?KO) 35 40

to the ferromagnetic ground state among two Y
9 9 9 W €& 12) Figure 4. Plot of yn'" vsT at various frequencies df The solid lines are

and one. Cb (2_3 :”B) spins (F'gure S3 in the Supporting drawn by the Lorentzian peak function fitting. The inset shows the €ole
Informatlon).ll Cole diagram, where the solid line is a best fit of the data to a generalized

The abrupt decrease jmT for 1 is associated with zero- ~ Debye model.
field splitting, which is ascertained by the non-superimposed semicircle, and a best fit with a generalized Debye model
magnetization data (Figure S4 in the Supporting Information). affordsys = 0.63 cnd mol-2, ¥t = 20.1 cn¥ mol%, 7 = 6.0
Attempts to extract reasonable zero-field-splitting parameters x 105 s, ando. = 0.11 (inset of Figure 4), supporting a
from the data proved unsuccessful because of the low-lying distribution of single relaxation processédn the case of
first excited state that lies 2.83 chabove arS= 5 ground 2, there is no frequency dependenceyix’ (Figure S6 in
state, as illustrated in Figure'2To probe the slow relaxation  the Supporting Information).
of the magnetization, ac magnetic susceptibilities are mea- |n summary, we have prepared and characterized two
sured at zero dc field and an ac field of 5 G. Epincreasing bimetallic clusters constructed by [W(C¥bpy)]~ and
the oscillating frequencyf( makes maxima atj in the in- magnetic anisotropic metal ions, and exhibits slow
phase componenty') shift toward higher temperatures relaxation of the magnetization. The successful application
(Figure S5 in the Supporting Information), whéfigcan be  of the new capped precursor involving a 5d metal ion would
obtained by Lorentzian fitting. A quantity, defined A3/ open an opportunity to build up designed SMMs with
[TeA(log f)], is calculated to be 0.14, revealing tHabtehaves improved properties.
as a superparamagriétThe cusp temperature of the out-
of-phase termy,") in the ac magnetic data is also varied
against the frequencies (Figure 4). The relaxation behavior
can be assessed by employing the Arrhenius law sf 1
expUe/ksT) wherer = 1/2zv. A linear fit of maxima in
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