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A single crystal of the title compound [Mig(H20)s{ WY(CN)g} 4-13H:0],, was synthesized in a hot aqueous solution
containing octacyanotungstate, J8&(CN)g]-3H,0, and Mn(ClQ),-6H,0. The compound crystallized in the
monoclinic system, space grol2;/c with cell constantsa = 15.438(2) A,b= 14.691(2) A,c = 33.046(2) A,

B = 94.832(9), andZ = 4. The crystal consists of a W-CN—Mn'" linked three-dimensional networkNn''-
(H20)} s{ Mn"(H20), }:{ WY(CN)g} 4]n and HO molecules as crystal solvates. There are two kinds of W sites:
one is close to a dodecahedron geometry with six bridging and two terminal CN ligands; the other is close to a
bicapped trigonal prism with seven bridging and one terminal CN ligands. The field-cooled magnetization
measurement showed that the compound exhibits a spontaneous magnetizatiorTbeto®4 K. Further
magnetization measurements on the field dependence reveal it to be a ferrimagnet where all of ibadvare
antiparallel to all the W ions.

Introduction blocks for these purposes. As for hifheompounds, different
formulations of a vanadiumchromium cyanide system were
reported withT, above room temperature by Verdaguer et al.
(Te = 310 K) 19 Miller et al. (372 K)!* and Girolami et al. (376
K).12 As for the triggering of magnetic properties by external
stimuli, we have shown that the magnetism can be controlled
by electrochemical stimudff and optical stimufi*=1¢ in some
OIof the Prussian blue analogues; particularly the cehtiedn
cyanides exhibited interesting photomagnetic properties at low
temperatures due to light-induced electron trankfétin other
respects, magnetic anisotropic effects were recently studied by
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There is a growing interest in the field of molecule-based
magnet$.8 The properties of these materials can be modulated
by a flexible molecular design. Moreover they can be synthe-
sized at room temperature in contrast to conventional magnets.
One of the important targets in this field is to obtain high-
molecule-based magnétst? Another is to obtain tunable
magnetic materials, whose magnetic properties can be controlle
by external stimuli such as light-16 Hexacyanometalates
[M(CN)g]™™ have been used recently as molecular building
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Table 1. Crystallographic Data fot

Zhong et al.

Table 3. Selected Torsion Angles (deg)

chem formula  GH44N3,02:MngW, z 4

fw 2293.93 Geaca (g/c®) - 2.041
space group  P2j/c T(K) 296(1)
a(h) 15.438(2) A A 0.71069
b (A) 14.691(2) u (cmt) 71.98
c(A) 33.046(2) R2 0.046

f (deg) 94.832(9) R.? 0.055
V (A3 7468(1)

AR = J|IFol = IFcll/ZIFol. ® Ry = [SW(IFo| — IFc))¥ZwWFo7Y2

Table 2. Selected Bond Angles (deg)

Mn(l) N(11) C(11) 162.6(9) Mn(2) N(12) C(12) 166(1)
Mn(2) N(12a) C(12a) 173.8(10) Mn(3) N(13a) C(13a) 176.9(9)
Mn(5) N(15) C(15) 165.6(9) Mn(6) N(16) C(16) 178(1)
Mn(1) N(21) C(21) 169.7(10) Mn(l) N(21a) C(2la) 154.5(10)
Mn(2) N(22b) C(22b) 154.5(8) Mn(3) N(23) C(23) 167.6(9)
Mn(3) N(23a) C(23a) 164.5(10) Mn(4) N(24) C(24) 162.8(9)
Mn(5) N(25a) C(25a) 164(1)  Mn(1) N(31) C(31) 165.9(9)
Mn(3) N(33a) C(33a) 163.1(9) Mn(4) N(34) C(34) 169(1)
Mn(4) N(34c) C(34c) 169(1)  Mn(5) N(35) C(35) 165.5(9)
Mn(6) N(36) C(36) 176.9(9) Mn(6) N(36c) C(36c) 159.6(10)
Mn(l) N(41) C(41) 161.4(9) Mn(2) N(42) C(42) 165.9(9)
Mn(2) N(42a) C(42a) 176.2(9) Mn(3) N(43) C(43) 165.0(10)
Mn(4) N(44) C(44) 173.6(9) Mn(5) N(45b) C(45b) 164(1)
Mn(6) N(46) C(46) 164.7(10) W(1) C(10) N(10i) 179(1)
Ww(l) C(10) N(10j) 178(1)  W() C(11) N@1) 177.8(9)
W(l) C(12) N(12) 175(1) W(1) C(12a) N(12a) 177.8(9)
W(1) C(13a) N(13a) 176.3(9) W(1) C(15) N(15) 178.2(9)
W(1) C(16) N(16) 177.7(10) W(2) C(20) N(20) 174(1)
W(2) C(21) N(21) 178.4(10) W(2) C(2la) N(2la) 176.9(9)
W(2) C(22b) N(22b) 177.4(9) W(2) C(23) N(23) 177.3(10)
W(2) C(23a) N(23a) 178.9(9) W(2) C(24) N(24) 173.2(9)
W(2) C(25a) N(25a) 175.5(10) W(3) C(30) N(30) 178(1)
W(3) C(31) N(31) 176.7(10) W(3) C(33a) N(33a) 176.8(10)
W(3) C(34) N(34) 176.3(10) W(3) C(34c) N(34c) 179(1)
W(3) C(35) N(35) 174.9(10) W(3) C(36) N(36) 178.5(9)
W(3) C(36c) N(36c) 178.7(10) W(4) C(40) N(40) 179(1)
W(4) C(41) N(@41) 177.3(9) W(4) C(42) N(42) 178.9(9)
W(4) C(42a) N(42a) 176.3(10) W(4) C(43) N(@43) 175.6(9)
W(4) C(44) N(44) 1743(9) W(4) C(45b) N(45b) 178.5(9)
W(4) C(46) N(46) 174.4(10)

versatile building blocks. These species might show various

w(1) c(11) N(11) Mn(1) 24(26)
w(1) C(12) N(12) Mn(2) 56(15)
w(1) C(12a) N(12a) Mn(2) 105(25)
w(1) C(13a) N(13a) Mn(3) 64(27)
w(1) C(15) N(15) Mn(5) 1(34)
w(1) C(16) N(16) Mn(6) —104(36)
w(2) c(21) N(21) Mn(1) —29(37)
W(2) C(21a) N(21a) Mn(1) 61(18)
w(2) C(22b) N(22b) Mn(2) —25(20)
w(2) C(23) N(23) Mn(3) 105(19)
w(2) C(23a) N(23a) Mn(3) —79(53)
w(2) C(24) N(24) Mn(4) —70(8)
w(2) C(25a) N(25a) Mn(5) 49(16)
w(3) C(31) N(31) Mn(1) —8(18)
w(3) C(33a) N(33a) Mn(3) —83(17)
W(3) C(34) N(34) Mn(4) —81(17)
w(3) C(34c) N(34c) Mn(4) —26.4
W(3) C(35) N(35) Mn(5) —1(13)
w(3) C(36) N(36) Mn(6) 148(24)
w(3) C(36¢) N(36c¢) Mn(6)  —143(42)
w(4) C(41) N(41) Mn(1) 43(21)
w(4) C(42) N(42) Mn(2) ~18(52)
w(4) C(42a) N(42a) Mn(2) 43(27)
w(4) C(43) N(43) Mn(3) ~111(11)
w(4) C(44) N(44) Mn(4) —20(16)
w(4) C(45b) N(45b) Mn(5) 135(38)
w(4) C(46) N(46) Mn(6) 40(12)

Mn(CIO,),:6H,O were mixed and then allowed to stand for about a
week at 50°C in a brown bottle. Red and yellow single crystals were
obtained. The red one is the title compound, [MR>O)s{ WY(CN)g} 4*
13H,Q]n (1), while the yellow one is of the compositiofiNIn" (H20)s} --
{WV(CN)g} -4H20].. The structure and properties of the latter will be
described elsewhere. PolymericVWMn" compounds can also be
prepared at room temperature under similar conditions, which were
obtained only as the microcrystals with a slightly different composition.
Crystallographic Data Collection and Structure Determination.
The red plate crystal having approximate dimensions of 64030
x 0.10 mm was mounted in a glass capillary. All measurements were
made on a Rigaku AFC7R diffractometer with graphite-monochromated
Mo Ko radiation and a rotating anode generator. The data were
collected at a temperature of 231 °C using thew-scan technique to

geometrical structures (e.g., square antiprism, dodecahedrong maximum value of @ = 55.7° at a scan speed of 16%/@nin (in ).

bicapped trigonal prism) depending on the external environ-
ments!® This flexibility may be advantageous in bringing out

Of the 17777 reflections which were collected, 17142 were uniBue (
=0.070), 12478 reflections observdd{ 3.005(1)]. The intensities of

the tunable property. Furthermore, an enhanced exchangehree representative reflections were measured after every 150 reflec-
interaction may be expected due to the increased overlaptions, which revealed no significant decay during the data correction.
between the diffuse orbitals of 4d or 5d metal ions and those The data were corrected for Lorentz and polarization effects and for

of 3d metal ions. We have obtained a new family of molecule-
based magnets,M',[M(CN)g] (A = alkali metal ions) derived
from [M(CN)g]®~ (M = Mo, W) units and simple metal ions
(M" = Mn, Co, Ni, Cu}®2%and observed photomagnetic effects
in some of these compounésAlthough structural information

absorption, from which 12478 reflectionis$ 3.00s(1)] were used in

the following calculations. The structure was solved by the direct
method and expanded using Fourier techniques. The non-hydrogen
atoms were refined anisotropically, whereas the hydrogen atoms of the
water molecules were not included in the refinements. All calculations
were performed using the teXsan crystallographic software package

is obviously important in understanding the magnetic properties of Molecular Structure Corporatidi. The crystallographic data are
and photomagnetic properties of these compounds, to ourgiven in Table 1.

knowledge no crystal structures of three-dimensional metal
assemblies derived from [M(CRH}~ and simple metal ions have
been reported so far. This paper provides for the first time the
result of the single-crystal X-ray crystallography of one of the
compounds in this family, [MgH20)e{ W(CN)g} 413 HO].

Physical MeasurementsThe infrared spectrum was measured with
a Shimadzu FT-IR 8200PC spectrometer. Magnetization measurements
were carried out with a Quantum Design MPMS-5S superconducting
quantum interference device (SQUID) magnetometer working down
to 1.9 K and up to 50 kG.

The magnetic properties of this compound are also described.pagits and Discussion

Experimental Section

Preparations. Nag[W(CN)g]-3H,O was prepared according to the
literature method! The aqueous solutions of ¥j&/(CN)g]-3H.O and

(18) Leipoldt, J. G.; Basson, S. S.; Roodt,Adv. Inorg. Chem1993 32,
241.

(19) Hashimoto et al. Work in progress.

(20) Verdaguer, M.; Desplanches, C.; Sieklocka, B. Work in progress.

IR Spectrum. The title compound shows twec=ny band
modes at 2196 and 2172 chwith two shoulders around 2160
and 2140 cm! in its IR spectrum. The band at 2140 chis
analogous to thec=n) band of (HB@N)3[W(CN)g] (HBusN

(21) Pribush, R. A.; Archer, R. Onorg. Chem.1974 13, 2556.
(22) teXsan: Crystal Structure Analysis Packag®lolecular Structure
Corporation (1985, 1992).
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Figure 1. Structure of thg Mn'"(H,0)}3{ Mn"(H20).} s{ WY(CN)g} 4-13H,0 asymmetrical unit. Ellipsoids at the 50% probability level.

= tributylammonium) and can be attributed to a terminal cyanide dron. The bond angles and torsion angles around the Nt
group. It is well-known that a shift ofic=y) to high frequency C—W linkages are listed in Tables 2 and 3, respectively.
is observed in most cases of the hexacyanometalate-based\though all the W-C—N bond angles are close to 18073~
compounds due to the N coordination to other metal 18A. 179), the Mn—N—C bond angles significantly deviate from

A similar trend was also reported on a series of octacyanomo- 18, ranging from 154.5(8)to 178.F (the mean value is
lybdate(IV)-M(ll) polymers23 Therefore, the remaining three  166.7). The torsion angles of MAN—C—W show various
bands at higher frequency are attributed to the bridging cyanide values. In most cases, the absolute values of the torsion angles
groups. The higher frequency bands are stronger than the lowerare larger than 10 These data clearly show that most of the
one, suggesting that most of the CN groups are bridging. This Mn—N—C—W linkages are considerably far from being linear

is in accord with the X-ray structure. and coplanar.

Crystal Structure. The crystal consists of a three-dimensional ~ The environment near the asymmetric unit is shown in Figure
network[{ Mn" (H20)} z3{ Mn" (H20), } s{ WY(CN)g} 4], and HO 2. The five W atoms form a tetragonal pyramid. The W1, W4,
molecules as crystal solvates. The structure of the asymmetricW2, and W2* atoms build the basal plane, and W3 lies at the
unit {Mn"(H20)} s{ Mn"" (H20)2} o WY (CN)sg} 4 13H,0 is shown apex at a distance of 5.50 A from the basal plane. The Mn1
in Figure 1. The W sites can be classified into two groups; one atom is at the center of a square plane with a small skift 8
is W1, and the other is (W2, W3, W4). The geometry around A) from the basal W+W4—W2—W2* plane. Each face of the
W1 is close to a dodecahedron, where six CN ligands are W square pyramid is capped by a Mn atom (Mn4, Mn5, Mné6,
bridged with Mn and the other two are terminal ones. W2, W3, or Mn3*) through three W-CN—Mn linkages. In addition, the
and W4 atoms are each surrounded by sev€N—Mn linkages W atoms on the three edges of the basal plane-W4, W2—
and one terminal CN ligand. Their geometry is close to a W4, and W1-W2*, are bridged by the Mn2, Mn3, and Mn2*
bicapped trigonal prism. As for Mn sites, there are also two atoms, respectively, while the W atoms on the other bridge
different sites, MnA (A= 1, 2, 3) and MnB (B= 4, 5, 6). (W2—W2*) are not bridged by the corresponding Mn4* atom
MnA sites are surrounded by fiveNC—W linkages and one ~ (Mn4*—N20= 4.08(1) A). The structure of the Wing unit in
water molecule. MnB sites are surrounded by fetC—W Figure 2 is similar to that of the ng (M = W, Mo) spin
linkages and two water molecules in cis conformation. The cluster previously reportet,but here one W atom is substituted
geometry around the Mn ions is described as a distorted by a HO molecule.
octahedron. Let us see how the network structure forms. First, the W

The Mn—N bond lengths range from 2.173(9) to 2.257(9) motifs share W2 to form a chain along the 2-fold screw axis
A, and the Mn-O from 2.163(9) to 2.271(8) A. The bond angles With a dihedral angle of TObetween the two basal planes of
range from 81.7(4)to 103.4(4) and from 162.5(4)to 179.1-

o ; ; ; . (24) (a) zZhong, Z. J.; Seino, H.; Mizobe, Y.; Hidai, M.; Fujishima, A.;
(4)°, respectively instead of 9Gnd 180 for an ideal octahe Ohkoshi, S.. Hashimoto, K. Am. Chem. So@00Q 122 2952. (b)
Larionova, J.; Gross, M.; Pilkington, M.; Andres, H.; Stoeckli-Evans,

(23) Mcknight, G. F.; Haight, G. P., Jmorg. Chem.1973 12, 3007. H.; Gudel, H. U.; Decurtins, SAngew. Chem., Int. E@00Q 39, 1605.
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Figure 2. Structure of the WMng unit (red line, W square pyramid; green lines, Mhexahedron). Ellipsoids at the 30% probability level.

the adjacent motifs (Figure 3). In this chain, Mn3 is shared by Table 4. Hydrogen Bonds (A) [Qf): m < 6, Coordinated KD; m
two motifs, capping the W2W3'—W?2" face of one motif and > 6, Noncoordinated k0. N: Nonbridging Cyano N]

bridging the W2-W4 edge of another. The Mn2bridging the o(1) 0(12) 2.66(2) o(1) 0(11) 3.49(2)
edge WEW2* and the Mn5 capping the WAW3—W2* face 8 % 88% %gégg 8 % 882 ggzgg
are_lmked to W4 of tr_le next adjacent Wumt in the same ogs) 05123 2:9652; 053 0(13) 313(3)
chain through a NC bridge (Figure 3, cyan line). Each chainis  O(4i) o(17 2.77(2 O(41) O(5i) 3.13(1)
linked to other two chains along tleeaxis andc-axis (Figure Oo(4)  0O(12) 2-1‘21(3) O(4i) 0(%5) 3-19(3)
4). App(_aaring by an ope_ra_tion of inversion, the distance b_etween 8%{3 888; 2:25543 8 gl 8512 2:82533
the chains along the-axis is shorter than that along theaxis. ogsi; 02203 3.34E5§ 0253 Ongg 2.6952;
i i ' di isi O(5j o(17 3.23(3 O(5) 0(20 3.28(4
A The to W cnie related 0 an iversn center are comneied Q) QU9 38 o8 ooy zai
. { o(6i O(6i) 3.41(2) o) O(1)  3.43(2)
between the face-capping Mn4, Mn6 (Mh4vin6") and the O§6!§ 02243 3.4354; 0261) 0(16) 2.87(2)
opposite W3 (W3) through four linkages (WBCN—Mn4", o) QL 278(L oty oud 359
W3—CN—Mn6", W3 —-CN—Mn4, W3—-CN—-Mn6). Con- oglgg oglgg 3:14E4§ 05133 0514; 3:358
versely, the interchain W4W4* distance of 7.561(1) A is O£14; 05223 2.8654§ 02153 OEl?; 3.05%43
observgd between the_ chains ob_tain_ed py an opera_tion of 812 8%? g%g 85 838 g:gég
translation along the-axis. Along this direction, the Mn21s o£17; 05183 2,878 05183 0519; 3.57€33
shared by two motifs by bridging the WAW2* and W1¥— 0O(18) O %4 3.52(7 Oggg Oggg 2-2%3;
¥|¥4*, edge_ts. wle*t(adg\(/e\;g)ri(tjr?ing I\r/]InE(ﬁrCMbn%A') isi Iir;rl:_ed to 8 %g 8 Zg ggg ‘31 o1 o 92(3
e opposite or rough a ridge. In this way, Of6i N(10i 2 85(2 0023 N(10i 3.02(2
the W5 motifs form a chain by WWCN—Mn linkages with a oizgg N(Eloli)g 3_37(54); 0(213)3 N(Elolj)g 3_52(53)
common apex of the basal plane, and then the four neighboring O(18)  N(10j)  3.03(3 O(19)  N(10)  3.10(2
chains are linked through Mn atoms to form a three-dimensional 8823 Nggﬁ) %%‘igg gﬁg Nggs) %‘_ig((‘é))
SR I
Noncoordinated water molecules are located in the voids of : :
the three-dimensional network. As listed in Table 4, hydrogen 8@8 Ngg; g:zggzg 82%2; Ngg g:gggg
bonds exist not only between noncoordinated water molecules O(21)  N(40) 3.12(2) 0(22)  N(40) 3.23(3)
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a

Figure 3. Structure ofl in the ab-plane (red line, W square pyramid; black lines, WCN—Mn bridges within W motif; cyan lines, special
W-—CN—Mn bridges within one-dimensional chain; orange lines, specialGM—Mn bridges between chains; pink lines, 2-fold screw axes).

but also between noncoordinated and coordinated water mol-The magnetization increases very rapidly at low field, as
ecules. Itis notable that all the nonbridging CN groups are also expected for a magnet, and then increases much more slowly
hydrogen-bonded with either noncoordinated or coordinated above 2 kG. The magnetization under 50 kG is found equal to

water molecules. 25.40Nap. This value is close to the expected saturation value
Magnetic Properties. The product of the molar magnetic  (26.0 Naf8) when the six spin$/, of the Mn " ions of the

susceptibility and the temperatureyT, as a function ofT is molecular unit are antiparallel to the four spitis of the W

shown in Figure 5. At room temperatugg T is 24.7 (cni K ions. This magnetization behavior clearly reveals that a short-

mol~1), smaller than the value (27.75) of the six isolated'Mn range antiferromagnetic interaction operates between tHe Mn
(S= %/,) ions and four isolated W(S = %) ions, suggesting  and W ions and the compound is a ferrimagnet. The absence
appreciable antiferromagnetic interaction present. On cooling, of a minimum in theyuT versusT curve, the signature of
xm T monotonically increased first very slowly and then rapidly ferrimagnetism, is only contradictory in appearance. The
below 80 K up to a maximum value around 50 K. The maximum minimum can be located above the temperature range explored.
xmT value depends on the applied field. The low-temperature No hysteresis is observed, demonstrating a weak anisotropy,
data suggest that the compound exhibits a long-range magnetione of the reasons being the small anisotropy of thé Mn.
ordering. This is confirmed by the field-cooled-magnetization It is not easy to rationalize the antiferromagnetic short-range
(FCM) curve in Figure 6. The FCM curve obtained in cooling interaction in the present system. There are different W and
the sample with an applied field of 10 G displays a sharp Mn surroundings, each in low symmetry, and there are many
increase around 54 K and a rapid tendency toward saturation,different W—CN—Mn bridging schemes with different WC—N
clearly demonstrating a long range order transition. The field and C-N—Mn angles and different WC—N—Mn torsion
dependence of the magnetization5aK is given in Figure 7. angles. Therefore, the symmetry of the (W®)-CN—Mn(NC),-
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Figure 4. Structure ofl in theac-plane (red and black lines, same as in Figure 3; orange lines, speci@NA*Mn bridges within one-dimensional
chain; cyan lines, special WCN—Mn bridges between chaing), inversion centers; symbol that resembleg 2-fold screw axes).
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arrangement as in the Prussian blue families-kzinteraction,

Figure 5. ymT versusT curve forl at an external field of 1000 G.

(OHy)6-n bridge is very low and the overlap of the unique W Scheme 1b). In the two cases, the schemes represent only the
magnetic orbital with the five Mn ones is the most likely bonding combination of nonbonded magnetic orbitals. This is
situation which favors antiferromagnetic coupling. The pre- in contrast with the case of the heptacyano "Mdvin'

dominant one may be the— interaction through the system

of the cyanide (Scheme 1a), reminiscent of the case of a linearinteraction was reported.

compound reported by Kahn et al., where a ferromagnetic
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Figure 7. Field dependence of the magnetization foat 5 K.

spin carriers §un = %2, S;e = 42). The increase of is partially

due to the larger number of magnetic neighbors but can be
mostly attributed to an enhanced magnetic exchange interaction
due to the larger diffusing 5d orbitals of W. These two features
make octacyanometalates good molecular precursors for new
magnetic systems of various dimensionalities.

In conclusion, by modulating the reaction conditions we
succeeded in obtaining a¥A~Mn" ¢ polymeric compound as
a single crystal and we revealed the complicated three-
dimensional network by X-ray analysis, which is the first
example in a series of bimetallic assemblies from paramagnetic
octacyanometalat@8.Two interesting features may be under- Acknowledgment. This work was partially supported by a
lined: (a) the different geometries of W and Mn sites present Grant-in-Aid for Scientific Research on Priority Areas (Metal-
in the same structure suggest that the flexibility of the assembled Complexes). We thank C. Desplanches for many
octacyanometalates and their coordination ability remain im- fryitful discussions.
portant, even in three-dimensional structures; (b) the Curie
temperaturd, = 54 K is much higher than that of the Prussian
blue analogue Mh {Fe" (CN)g]:12H,0 (T, = 9 K) with similar
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