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A series of three-dimensional (3D) octacyanometallate-based bimetallic magnets, {[Mn(H0)][Mng75(HCOO)q 5(H20)g5]-
[W(CN)g]-H20} 45 (1), {[Mnoy(HCOO)(HCOOH)]IM(CN)g] - Ho0},, (M = W (2) and Mo (3)), and {{Mny(HCOO)(HCOOH)}-
[W(CN)g] - CH30H},, (M = W (4) and Mo (5)), were synthesized by the reaction of octacyanometallates As[M(CN)g] - nH,O
(A=Na, Cs, and (C4Hg)3NH; M =W and Mo; and n =2 or 4) with manganese salt (Mn(CH;COO0), - 4H,0, Mn(ClO,), - 6H,0,
and MnCl,-4H,0) in aqueous or methanolic solution containing formic acid. All complexes crystallize in the tetragonal or
orthorhombic system. Complex 1 shows an unexpected 3D network structure by connections of manganese ions and octa-
cyanotangstate—manganese double layers via cyanide bridges, while other complexes have typical structure constructions
similar to the reported complexes {[MnL],{M(CN)g]} , (L = CH;COO ™, CI™, and H,0), which the CN group of [WV(CN)SA
coordinates to eight Mn"ions forming a —[W(CN)g]—Mn—[W(CN)g]—Mn,— columnar chain, and then all chains share Mn

ions as the nodes interlocking with each other to form the 3D networks. Magnetic studies indicate that the cyanide group
mediates the antiferromagnetic coupling between octacyanometallates and manganese ions in all complexes, and the
ferimagnetic phase transition temperatures are 53, 52, 42, 49, and 41 K for 1—5, respectively.

Introduction

In the past decades the molecular magnets of Prussian blue
and its analogs have attracted special attention in the field of
material science because the cyanide can effectively mediate
magnetic coupling between metal ions, leading to the three-
dimensional (3D) magnets with a high critical temperature
(T.)." As a building block, octacyanometallates [M(CN)s]"~
(M = Mo, W, and Nb) are good candidates for mediating the
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magnetic exchange interaction because of their unique fea-
tures, such as multicoordination number, versatile config-
urations, and more diffused 4d and 5d orbitals.>”® All of
these merits make octacyanometallate-based magnets have a
relatively high T, thereby octacyanometallate is a promising
building block for molecular magnets.

The metal center ions in octacyanometallates are with two
valence states of +4 and +5. An alkali or neutral solution
always stabilizes the diamagnetic +4 state,°®” so acidic media
is usually used for synthesizing octacyanometallate-based
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molecular magnets. In our previous work, we prepared
manganese(Il)—octacyanotungstate(V) magnets by introdu-
cing the competition between H* and acetic anions in the for-
mation process of the complex.® In the process, acetic anions
coordinate to manganese(II) ions with cyanide groups not only
for the charge balance but also for modulating the coordination
microenvironments and mediating magnetic coupling between
Mn'" ions. Thus, it is believed that the variation in the acces-
sorial ligand will result in new complex species and will even
improve the magnetic properties. According to this strategy,
when formic acid was used instead of acetic acid as the acidic
media, a series of octacyanometallate-based bimetallic mag-
nets, {[Mn(H,0)][Mny 75(HCOO), s(H;0)o s[W(CN)s]- H:0}4,
(1), {Mny(HCOO)(HCOOH)M(CN)g]- HxO}, (M = W (2)
and Mo (3)), and {[Mny(HCOO)HCOOH)|[M(CN)g]:- CH;-
OH},, M =W (4) and Mo (5)), were obtained by reaction of
octacyanometallates, A;[M(CN)g]-nH>O (A = Na, Cs, and
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(C4Ho)sNH; M =W and Mo; and n = 2 or 4), with manganese
salt (Mn(CH;COO),-4H,0, Mn(ClOy),-6H,0 and MnCl,-
4H,0) in an aqueous or methanolic solution. Herein, we report
the synthesis, single crystal structures and magnetic properties
of octacyanometallate-based bimetallic magnets.

Experimental Section

Materials. The precursors Cs;[W(CN)g]-2H,O, Nasz[Mo-
(CN)g]-2H,0, (BusNH);[W(CN)g]-4H,0, and (Bu;NH)s[Mo-
(CN)g]-4H,0 were prepared according to literature methods.®?
All other chemicals were purchased from commercial sources and
used without further purification.

Caution! Cyanides are hyper-toxic and hazardous, and per-
chlorate salts are potentially explosive. So handing them carefully
with small quantities is highly suggested, and all corresponding
operations should be done in a fume hood for safety consideration.

Preparation of {[Mn(H,0)][Mng75(HCOO),.5(H20)o.5][W-
(CN)g]-H,0}4, (1). The single crystals of complex 1 suitable
for X-ray crystallography were grown by diffusion in a test tube.
The manganese(II) acetate tetrahydrate solid (100 mg, ~0.4 mmol)
was put in the bottom of a test tube, and 9 mL of formic acid was
added carefully along the tube wall as the bottom layer. Subse-
quently, 5 mL of formic acid aqueous solution (V(HCOOH):
V(H,O) = 3:2) as the inter layer and 3 mL of aqueous solution
of cesium octacyanotungstate(V) dihydrate (171 mg, ~0.2 mmol)
as the top layer were added also with great care. The test tube was
left in dark for four weeks. The dark-red block crystals of 1 were
obtained with a yield of 75%. IR: ve=n = 2174, 2128 em” !, and
Veeo = 1593 cm™ . Elemental analysis (%) caled for Cg soHs so-
Mn|,75NgO3.50W (1) C, 1837, N, 2017, H, 1.00. Found: C, ]870,
N, 19.86; H, 1.01.

Preparation of {[Mny(HCOO)(HCOOH)][W(CN)g]-H,0},
(2), {{Mny(HCOO)(HCOOH)][Mo(CN)s]- H;0}, (3), {[Mny(HC-
00)(HCOOH)|[W(CN)g]- CH;0H},, (4), and {[Mny(HCOO)-
(HCOOH)][Mo(CN)g]- CH30H},, (5). The complexes 2—5 were
synthesized using a similar procedure to that of complex 1. All the
materials and the amount (mole for solid and volume for liquid)
used were the same except that of the manganese salt, octacyano-
metallate, and solvent, otherwise specified in Table 1. For complex
2, TR ve=n = 2177,2132em ™! and ve—o = 1594 cm ™. Elemental
analysis (%) caled for C;gHsMn,NgOsW: C, 19.66; N, 18.34;
H, 0.82. Found: C, 19.78; N, 18.14; H, 0.76. For complex 3, IR:
Veen = 2174, 2134 cm™!, and ve—p = 1590 cm™'. Elemental
analysis (%) caled for C;o0H4Mn,MoNgOs: C, 22.96; N, 21.42;
H, 0.96. Found: C, 23.19; N, 21.17; H, 0.72. For complex 4, IR:
Veen = 2174,2134cm™ !, and ve—o = 1612 cm™ . Elemental ana-
lysis (%) calcd for C;;HeMn,WNgOs: C, 24.60; N, 20.87; H, 1.31.
Found: C, 21.10; N, 18.10; H, 0.89. For complex 5, IR: vc=n =
2174,2134 cm™ ', and ve—o = 1597 cm™ . Elemental analysis (%)
caled for C1{HgMn,MoNgOs: C, 24.65; N, 20.90; H, 1.13 Found: C,
23.74; N, 20.21; H, 0.279.

X-ray Data Collections and Structure Determinations. All
measurements were made on a Bruker Smart CCD. The data
reduction was made with the Bruker SAINT package. Absorp-
tion correction was performed using the SADABS program.
The structures were solved by direct methods and refined on F*
by full-matrix least-squares using SHELXL-2000 with aniso-
tropic displacement parameters for all non-hydrogen atoms.
The hydrogen atoms were generated geometrically. All compu-
tations were carried out using the SHELXTL-2000 program
package.!® Crystal data and details of data collections and
refinements for 1—5 are summarized in Table 2. The selected

(8) Leipoldt, J. D.; Bok, L. D. C.; Chilliers, P. J. Z. Anorg. Allg. Chem.
1974, 407, 350.

(9) Bok, L. D. C.; Leipoldt, J. D.; Basson, S. S. Z. Anorg. Allg. Chem.
1975, 415, 81.

(10) SMART, SAINT, SADABS, and SHELXTL; Bruker AXS Inc.:
Madison, WI, 2000.
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Table 1. Synthesis of Complexes 1-5
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reactants solvent products yield based on Mo or W ions (%)
Mn(CH;COO),-4H,0 Cs;[W(CN)g]-2H,0 H,O 1 75
Mn(Cl04),-6H,0 Cs3[W(CN)g]-2H,0 H,0 2 36
MnCl,-4H,0 Cs;3[W(CN)g]-2H,O H,O 2 24
MH(CIO4)2 . 6H20 Na3[MO(CN)g] . 2H20 Hzo 3 26
MnCl,-4H,0 Nas[Mo(CN)]-2H,0 H,0 3 22
MnCl,-4H,0 (NHBus3);[W(CN)g]-4H,0 CH;OH 4 22
Mn(ClO4),-6H,O (NHBu3);[W(CN)g]-4H,0 CH;0H 4 20
MnCl,-4H,0 (NHBu3);[Mo(CN)g] - 4H,0 CH,OH 5 21
Mn(ClO4),-6H,0 (NHBu3);[Mo(CN)g]-4H,0 CH,;OH 5 23

Table 2. Crystal Data and Structural Refinement Parameters for Complexes 1—5

1 2

3

4

5

chemical formula C34H>>Mn;N3,O4Wy

FW (g mol™") 2222.82 610.95
crystal system tetragonal orthorhombic
space group 14/mmm Ibam
a(A) 7.6047(6) 10.414(5)
b(A) 7.6047(6) 12.859(11)
c(A) 28.901(4) 13.373(6)
V(A% 1671.4(3) 1790.8(19)
Z 1 4
D (gem ™) 2.208 2.266
reflections (total/unique) 1614/651 4789/923
R/wR 0.0321/0.0817 0.0290/0.0764
GOF i 1.004 1.088
Pmax/Pmin (€ A7) 0.936/—0.838 0.626/—0.756
Table 3. Selected Bond Lengths (A) and Angles (°) for 2—5

2 3 4 5
MI1-C1¢ 2.138(5) 2.167(7)  2.176(7)  2.152(6)
M1-C2 2.169(5) 2.155(6)  2.170(7)  2.160(6)
CI—NI 1.150(7)  1.138(8) 1.137(9) 1.146(7)
C2—N2 1.148(6) 1.150(8) 1.165(9) 1.152(7)
N1-Mnl 2.242(4) 2.227(5)  2.224(6)  2.233(5)
N2F—Mnl 2.186(4) 2.191(5)  2.188(6)  2.198(5)
C3-01 1.270(9) 1.222(10) 1.208(12)  1.222(10)
C3-02 1.294(8)  1.308(9) 1.312(11)  1.337(10)
M1---CI=NI---Mnl 5.388 5.387 5.413 5.398
MIl---C2B—N2B- - - 5.470 5.470 5.495 5.481

MnlA

MI1-C1-NI1 178.7(4) 176.8(5)  175.9(5) 176.5(5)
MI1-C2—N2 177.7(4) 177.7(5) 177.0(5) 179.0(5)
CI—NI—Mnl 154.1(4) 155.0(5) 158.0(5) 156.7(4)
C2F—N2F—Mnl 168.4(4) 170.1(5) 170.3(5) 168.5(5)

“M1 = W1 for2and4and Mol for 3and 5. Symmetry codes of A, B,
and F are shown in Figure 2.

bond lengths and angles of 1—5 are listed in Table 3 and Table S1
in the Supporting Information.

Physical Measurements. The infrared spectra were obtained
on a Bruker Vector 22 Fourier transform infrared spectroscopy
in the 4000—400 cm ™! regions, using KBr pellets. Elemental
analyses were performed on an Elementar Vario MICRO. All of
the magnetic data were recorded on a Quantum Design MPMS-
XL-7 SQUID magnetometer. Variable-temperature magnetic
susceptibility measurements were performed with an applied
field of 100 Oe in the temperature range of 300—1.8 K. The
molar magnetic susceptibilities were corrected for the diamag-
netism estimated from Pascal’s tables and for the sample holder
by a previous calibration.

Results and Discussion

Crystal Structure of 1. X-ray crystallography reveals
that complex 1 is in 3D networks. Up to date, there have
been several 3D manganese—octacyanometallate bime-
tallic complexes reported. For the description, as further

C10H5Mn2N805W

C]()HsMIleONgOs
523.04

C] |H7MH2N805W
624.98

C] ]H7MH2MON805
537.07

orthorhombic orthorhombic orthorhombic
Iham Iham Iham
10.419(2) 10.541(3) 10.443(3)
12.837(12) 12.8591(17) 12.854(3)
13.371(5) 13.446(2) 13.443(4)
1788.5(18) 1822.6(6) 1804.4(8)

4 4 4

1.940 2.278 1.977
4510/921 4720/938 4665/931
0.0556/0.1357 0.0370/0.1112 0.0545/0.1328
1.060 1.079 1.073
0.789/—0.639 1.218/—0.822 0.778/—0.712

below, their structures can be roughly classified as four
types by the construction: (i) A typical structure is —[W-
(CN)g]—Mny—[W(CN)g]—Mny— columnar linkages that
share the nodes of Mn'" ions and interlock to form the 3D
networks, as reported previously;*®"!! (ii) The well-
known [MnygMg] clusters are connected by a bidentate
organic ligand to the 3D cluster array;*®! (iii) The square
Mn, W, units share the nodes of W ions leading to the 3D
networks with small pores;®™!"'®!? and (iv) [W(CN)g]
bridges between Mn" ions with N-heterocyclic chelated
ligands forming the 3D metal—organic framework.%!?
The structure of complex 1 is different from all the
reported complexes, although it crystallizes in tetra%onal
system similar to those with typical structures.®®"!" The
asymmetrical unit of complex 1 contains an octacyano-
tungstate(V), 1.75 molecules of manganese(Il) with 1.5
molecules of coordinating water and 0.5 molecules of
formate ion and one lattice water molecule, in which most
atoms are disordered in position leading to a very com-
plicated structure. As shown in Figure la, octacyano-
tungstate takes a bicapped trigonal prismatic configura-
tion with three disordered cyanide groups occupying four
positions of C2N2 and its symmetrical sites. Thus, nine

(11) (a) Dong, W.; Sun, Y. Q.; Zhu, L. N.; Liao, D. Z.; Jiang, Z. H.; Yan.,
S. P.; Cheng, P. New J. Chem. 2003, 27, 1760. (b) Herrera, J. M.; Franz, P.;
Podgajny, R.; Pilkington, M.; Biner, M.; Decurtins, S.; Stoeckli-Evans, H.; Neels,
A.; Garde, R.; Dromzée, Y.; Julve, M.; Sieclucka, B.; Hashimoto, K.; Okhoshi, S.;
Verdaguer, M. C. R. Chim. 2008, 11,1192. (c)Ma, S. L.; Ren, S. Russ. J. Coord.
Chem. 2009, 35, 766.

(12) Liu, B.L.; Xiao, H.P.;Song, Y.; You, X. Z. Sci. China, Ser. B: Chem.
2009, 52, 1801.

(13) (a) Podgajny, R.; Pinkowicz, D.; Korzeniak, T.; Nitek, W.; Rams,
M.; Sieklucka, B. Inorg. Chem. 2007, 46, 10416. (b) Pinkowicz, D.; Podgajny,
R.; Nitek, W.; Makarewicz, M.; Czapla, M.; Mihalik, M.; Baanda, M.; Sieklucka,
B. Inorg. Chim. Acta 2008, 361, 3957. (c) Pinkowicz, D.; Podgajny, R.; Baanda,
M.; Makarewicz, M.; Gawe, B.; Lasocha, W.; Sieklucka, B. Inorg. Chem. 2008,
47,9745. (d) Yuan, M.; Gao, S.; Zhao, F.; Zhang, W.; Wang, Z. M. Sci. China,
Ser. B: Chem. 2009, 52, 266.
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Figure 1. (a) The coordination environment around WY and Mn'" ions in 1. (b) The packing diagram of 1 shows two double-deck layers coordinating to
Mn" (Mnl)ions. Colors are as follows: gray, C; cyan, H; blue, N; red, O; green, W; and magenta, Mn. (symmetry code, A:2 —y, x,z; B:2 —x,2 — y,z; C: 3,2
—x,zzD:1=x,2—y,—zE: 1 —x,2—y,z;F:x,y,—z,G: 1 —y,x,zzH: 1.5—x,1.5—»,0.5— 2, 1:0.54+y,1.5—x,0.5— 2 J: 1.5—»,0.5+ x,0.5 — z; K: 0.5+

x,054+y,05—zLy2—x —2).

coordinating sites and a W center make up a monocapped
square antiprism with C3N3 as the cap. All cyanide groups
bridge from W" to Mn" ions giving rise to two coordination
environments around Mn"" jons. The bond lengths of C—N
are 1.121(8), 1.140(11), and 1.114(16) A, while those of W—
Care 2.169(7), 2.176(8), and 2.170(11) A, respectively, com-
parable with the reported values.>'""'* Mnl has an occu-
pancy rate of 0.75 and accepts 0.75 x 4 cyanide groups by
equatorial plane and 0.5 x 2 formate ions and 0.25 x 2 water
molecules by the axis directions comgleting the six-coordi-
nated sphere corresponding to a Mn' ion. In fact, the for-
mate ion is also a bridge between Mn1 and its asymmetrical
atoms. Mn2 is coordinated by five cyanide groups of octa-
cyanotungate(V) ions, and the residual site is occupied by a
water molecule. The bond lengths of N—Mn range from
2.177(8) to 2.218(5) A. The linkages of W—C—N—Mn are
fairly linear (angles W—C=N 173.7(9)~180° and C=N-—
Mn 170.6(6)~180°). More important bond lengths and
angles are shown in Table S1 in the Supporting Information.

In the 3D framework, CIN1 groups at first bridge
between the WY and Mn'" ions (Mn2) to construct a grid
composed of square Mn, W, units, and then C3N3 groups

link the grids forming a waved double-deck structure
(Figure S1 in the Supporting Information). The lattice
water molecules (O3w) are filled between the grids. The
linkage W1C3N3Mn?2 is perpendicular to the double-
deck layer, and the distance between the neighboring
grids is just equal to WIC3N3Mn2, 5.480 A. The residual
three cyanide groups (C2N2) of [WY(CN)g] coordinate to
Mnl via four disordered sites leading to the final 3D
networks (Figure 1b). The short distance between the
double-deck structures is 7.905 A of W1---WI.

Crystal Structures of 2—5. Complexes 2—5 are isomor-
phous, so only the structure of complex 2 is described here.
The structure of 2—5 is very different from that of com-
plex 1 but similar to the typical construction reported pre-
viously.®®*!" Complex 2 crystallizes in an orthorhombic
system, the space group is Ibam. The local coordination
environment of Mn" ion and [MY(CN)] is shown in
Figure 2a. In the structure, [M"(CN)g] adopts a square
antiprism geometry. Each CN group of [W"Y(CN)g] coordi-
nates to eight Mn" ions forming a —[W(CN)g]—Mn,—[W-
(CN)g]—Mny— columnar chain. All chains share Mn' ions
as the nodes and interlock with each other to form the 3D
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Figure 2. (a) The local coordination environment around WY and Mn" ions in 2. (b) The packing diagram of 2. Colors are as follows: gray, C; cyan, H;
blue, N; red, O; green, W; and magenta, Mn. (symmetry code, A: x — 1.5, =y —0.5,z; B: =x,»,0.5—z;C: =x, 1 = y,z; D: x, 1 = »,0.5—z; E: x, y, —z; F: 0.5 —

X,05—=»,z—05G:05—x,05—»,05—zH:x—0.5 —y—0.5,2).

structure as shown in Figure 2b. The Mn" ion is located in
the center of an octahedron. Four cyanides of different
[WY(CN)g] groups are ligated to a Mn" jon in the equatorial
plane, and two formic anions occupy the axis positions.
Simultaneously, the formic anion bridges between two Mn"!
ions in syn—anti coordination conformation. W1—C2B—
N2B—MnlA linkage is almost linear (angles W—C=N
177.7(4) and C=N—Mn 168.4(4)°), but WI—C1-NI1—
Mnl exhibits a larger bend extent (angles W—C=N
178.7(4) and C=N—Mn 154.1(4)°). All bond lengths and
angles in 2—5 are slightly different from those of the refe-
rence complexes with chloride or acetate ions®™ but very
close to those without additional ligands,''®" because the
latter have two kinds of CN bridges. The corresponding
bond lengths and angles of 2—5 and the shortest distance
between Mn" and W ions are listed in Table 3 for compari-
son. Four complexes of 2—5 all contain solvent molecules in
the lattice. However, the very little change of solvent in the

synthesis leads to the different guest molecules, water mole-
cules in 2 and 3 and methanol molecules in 4 and 5.
Magnetic Properties of 1. Variable-temperature mag-
netic measurements were performed on polycrystalline
samples of complex 11in the range of 1.8—300 K in 100 Oe,
as shown in Figure 3 and Figure S3 in the Supporting
Information. The y\7 value at room temperature is
7.04cm® K mol ™', which is less than the spin-only value of
8.03 cm® K mol ™! for the WYMn", ;5 system (Swevy=1/2,
SMnmn = 3/2, assuming gwv) = &vnan = 2.0). As the tem-
perature decreases, the yy7 value gradually increases
until 60 K. When the temperature is below 60 K, ynm 7'
abruptly increases to a maximum of 2580.8 cm® K mol !
at 52 K and then quickly drops to 105.3 cm® K mol ™! at
1.8 K. The abrupt increase of 300 times in yy;7 indicates
the formation of magnetic domains due to the long-range
ordering in complex 1. This can be supported by the
low-field variable-temperature magnetic measurements.
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Figure 3. The temperature dependence of magnetic properties for com-
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Figure 4. The out-of-phase variable-temperature AC magnetic suscept-
ibility for complex 1 measured in Hy. = 0, f = 10 Hz, and H,. = 4 Oe.
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Figure 5. The field dependence of magnetization for complex 1 at 2 K.

The magnetization after zero-field cool (ZFC) and sub-
sequent field cool (FC) in 10 Oe reveals nonreversibility
and bifurcation as shown in the inset in Figure 3, indicat-
ing the occurrence of magnetic ordering below ~53 K.
Similarly, both of out-of- and in-phase AC magnetic
susceptibilities (Figure 4 and Figure S4 in the Supporting
Information) show the peaks at around 53 K, further
indicating the presence of the magnetic phase transition at
this temperature. At 2 K the variable-field magnetization
was measured. As shown in Figure 5, complex 1 is very
easily magnetized and reaches saturation above 2 kOe. In
5 T, the saturation value of magnetization is 7.61 Nug,
which is in good agreement with the theoretical value of
7.75 Nug (1.75 x 5/2 x 2 — 1 x 1/2 x 2) for antiferromag-
netic coupling between WY and Mn'! jons, indicating that
complex 1is a ferrimagnet. A very small loop is observed
showing a coercive field of 4 Oe at 2 K. This implies that
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Figure 6. The temperature dependence of magnetic properties for com-

plexes 2—5 in the form of y\ 7. The inset corresponds to their variable-
field magnetization at 1.8 K.

Figure 7. The ZFC and FC magnetization of complexes 2—5 in an
applied field of 10 Oe.

complex 11is a soft magnet. From the curve of the variable-
temperature magnetic properties, the increase of yym7
as system cooling cannot be ascribed to ferromagnetic
coupling between WY and Mn" ions in complex 1. How-
ever, this behavior is universally observed in octacyano-
metallate-based complexes. It is believed that the large
diffusion of the 4d and 5d orbitals will lead to coupling
interaction in a wide range of temperature, 6> thys
resultin% in the antiferromagnetic coupling between W"
and Mn'" ions and the minimum ymT at higher tempera-
ture than room temperature.

Magnetic Properties of 2—5. The magnetic measure-
ments of complexes 2—5 were also performed on poly-
crystalline samples and with the same test conditions as
complex 1. Owing to the very similar structure, the
magnetic properties of 2—5 are comparable. So hererin,
we only describe the properties of complex 2 in detail. As
shown in Figure 6 and Figure S5 in the Supporting
Information, complex 2 shows the similar variable-tem-
perature magnetic properties to complex 1. As the system
cools down, the y\ T value gradually increases from 8.84
cm’ K mol ™! at room temperature to 90.5 cm® K mol ™' at
61 K and then abrugtly increases going through a max-
imum of 2898.2 cm® K mol ™! at 51 K, finally sharply
decreasing to 115.7 cm® K mol " at 1.8 K. The ZFC and
FC curves are nonreversible, and a bifurcation occurs at
~52 K (Figure 7). Also, the peaks are observed around 52
K in both out-of- and in-phase AC magnetic measure-
ments (Figure 8 and Figure S6 in the Supporting In-
formation). All these facts suggest the formation of 3D
magnetic ordering below 52 K in complex 2. The variable-
field measurements at 1.8 K show that the magnetic
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Figure 8. The out-of-phase variable-temperature AC magnetic sus-
ceptibility for complexes 2—5 measured in Hy. = 0, f = 10 Hz, and
H,. = 10e.

Table 4. Some Magnetic Data of Complexes 2—5

amT (em® K mol ™)

saturation
saturation valueat7 T
complex RT max. 1.8K T.(K) field (kOe) (Nug)

2 8.84 2898.2 1157 52 ~4 8.90
3 8.94 34257 169.5 42 ~3 8.97
4 7.64  2269.6 89.1 49 ~4 8.72
5 899 29499 1329 41 ~3 9.13

properties of complex 2 are saturated above 4 kOe, and
the saturation moment is 8.90 Nug, indicating that com-
plex 2is also a ferrimagnet (theoretical value equals to 2 x
52x2—1x1/2x2=9 Nug). Inthe M—H curve, no
hysteresis loop is observed, so complex 2 is a soft magnet.
Generally, all complexes 2—5 are the soft ferrimagnets.
Accordlng to the theoretical analysis reported previously in
literature,’® cyano bridges provide three super-exchange
pathways between Mn" and MY (M = Mo or W) in a square
antiprismatic environment. The sole half-filled d.. orbital of
MV ion and the d,, orbital of Mn" ion produce a 7 pathway,
while the d.. and d,. - orbitals of the Mn'"ion lead to two &
pathways. All these pathways mediate the antiferromagnetic
coupling between Mn" and MV, but the 7 component
provides the main magnetic coupling interaction due to the
low energy. Complexes 2—5 show the same framework in
3D construction with square antiprismatic [MY(CN)s] brid-
ging between the Mn"! ions, so all of them behave as ferri-
magnet. However, the different octacyanometallate groups
and the guest molecules in the lattice give rise to variation in
magnetic properties. For comparison, some important mag-
netic data are listed in Table 4. When the guest solvent is the
same, the magnetic ordering temperature 7 of a tungstate-
based complex is about 10 K higher than that of a molyb-
date-based complex. This behavior can be well ascribed to
the heavy-atom effect of metal ions, ¥+ namely, 5d or-
bitals with radial distribution far from the nucleus of
tungsten are more advantageous to overlap with the mag-
netic orbitals of neighboring manganese ions than those of
4d orbitals of molybdenum Therefore the coupling inter-
action (Jy,m,) between W and Mn" ions is stronger than
that between Mo" and Mn" ions. Accordmg to the molecule
field theory described in eq 1, the interaction will fur-
ther increase the magnetic phase transition temperature of
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complexes 2 and 4 comparing with complexes 3 and 5,
respectively.

T 2 V ZMAZMB |JMAMB|\/SMA (SMA +
C =

I)SMB(SMB + 1)

3k
(1)

where Zy; is the number of the nearest neighbors bridged to
M, k is Boltzmann constant (0.69372cm ™' K™ '), and I M,
is the exchange coupling constant between the M and My
ions.

The second phenomenon is that the magnets with water
as the guest solvent show a slightly higher critical tem-
perature than those with the methanol solvent. From the
crystal structures (Tables 2 and 3), we can find that the a
and b axes of the unit cell in complexes 4 and 5 are
elongated, so the corresponding unit cell is larger than
those of complexes 2 and 3. It can be attributed to the
larger size of methanol molecule. The bond lengths of
M—CN of complexes 4 and 5 are remarkably longer than
those of 2 and 3, as shown in Table 3. For the same
coupling pathway, the longer distance between metal ions
will certainly reduce the overlap between orbitals, further
weakening their coupling interaction Jy m,. Thus, the
magnetic critical temperatures of 4 and 5 are slightly
lower than those of 2 and 3 (eq 1).

The third phenomenon is that complexes 2—5 show a
higher critical temperature than those with same type of
structure reported previously.®® In reference complexes,
the accessional ligands are chloride, water or anti—anti
acetate, which mediates the antiferromagnetic coupling
(mediated by acetate) or no coupling interaction (terminal
ligands of chloride or water) between Mn'' ions. Based on
the magnetic structure of reference complexes, antiferro-
magnetic coupling between Mn'" ions weakens the cou-
pling Jyi, M, between MY and Mn" ions due to the com-
petition between two sets of coupling interactions. How-
ever, a syn—anti carboxylate bridge of formate mediating
ferromagnetic coupling between Mn'" ions'® in complexes
2—5 may provide a synergy effect to strengthen the coupl-
ing between M"Y and Mn'" ions, further increasing their
magnetic phase transition temperature.

In summary, five manganese(Il)—octacyanometallate-
(V) bimetallic complexes 1—5 were synthesized in acidic
media. By adjusting starting octacyanometallates As[M-
(CN)g]'nHQO (A = Na, CS, and (C4H9)3NH, M =W and
Mo; and n = 2 or 4) and manganese salts (Mn(CH;CO-
0),+-4H,0, Mn(ClOy), - 6H>0, and MnCl, - 4H,0), different
products can be obtained in the aqueous or methanol
solution of formic acid. Complex 1 shows a rare three-dimen-
sional (3D) structure with an alternative —g >Mny),—
(Mn),,,— linkage of double-deck layers and Mn'! ions, while
complexes 2—5 have the typical construction similar to the
reference complexes reported previously.®®!" Magnetic in-
vestigation shows that all complexes 1—5 are ferrimagnets
below 53, 52,42, 49, and 41 K, respectively. The heavy-atom
effect on magnetic properties is clearly shown in the con-
trast group between 2 and 3 or 4 and 5. The perturbation
of solvent in the lattice leads to the difference magnetic

(14) Ohkoshi, S.; Iyoda, T.; Fujishima, A.; Hashimoto, K. Phys. Rev. B:
Solid State 1997-11, 56, 11642.

(15) Konar, S.; Mukherjee, P. S.; Drew, M. G. B.; Ribas, J.; Chaudhuri,
N. R. Inorg. Chem. 2003, 42, 2545 and references therein.
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properties. Formate groups mediate ferromagnetic coupling
interaction between Mn'" ions, resulting in a higher critical
temperature in 2—S5 than in reference complexes.
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