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Three heterometallic Cr—Mn compounds, { Mn(u-0x)os(H20) [Cr(phen)(CN)a]} »+nH,0-2nCH;0H, (1), { Mn(u-0X)o5-
(H20)[Cr(bpy)(CN)a]} n+2nH,0-nCH30H, (2), and { Mn(ze-0x)o.5(bpy)[Cr(bpy)(CN)4]} », (3) (0x = oxalate), containing
cyanide and oxalate bridges based on building blocks [Cr(L)(CN),]~ (L = phen and 2,2'-bipyridine) have been
prepared. A new approach was first employed to synthesize ox-bridged compounds via facile oxidation-hydrolysis
reactions of diaminomaleonitrile. X-ray crystallography revealed that the structures of 1 and 2 are similar, where
cyano-bridged corrugated ladderlike chains are further connected through bis-bidentate oxalato bridges to unique
two-dimensional layered structures. Of note is that the introduction of 2,2'-hipyridine led to an interesting cluster-
based chainlike compound (3) with cyano-bridged squares [Mn,Cr,] extended by ox bridges. Magnetic studies
show antiferromagnetic (AF) interaction between cyano-bridged Cr'"-Mn'" and ox-bridged Mn"-Mn" ions, with the
result that 1 and 2 exhibit AF ordering with spin-flop behaviors below 18 and 19 K, respectively.

Introduction compound is still a challenge and of great interest for the
rational design and construction of new molecular magnetic
materials with special structures and interesting properties

in regard to their individual advantages, both coordinated

Molecular magnetic materials based on short bridges of
cyanide (CN), azide (N7), oxalate (GO, ox), or di-
cyanamide [N(CNy, dca], which represent the most effec-
tive magnetic exchange transfers, have been investigated (3) (&) Smith, J. A, GédlaMascafs, J. R.; Cleac, R.; Dunbar, K. R.

| hil tivel th t two d d Chem. CommurﬁOOQ 1077. (b) Kou, H. Z.; Gao, S Zhang, J.; Wen,
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combining two or more kinds of the above bridges in one
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and magnetic. Escuer et al. used an ox-bridged dinuclearScheme 1

complex [Ni(dpt)(«-0x)] [dpt = triamine bis-(3-aminopro-
pyl)amine] as a precursor and synthesized the first 1D
example containing ox and azide bridges in 199%en, a
series of similar works were done over the following 10
years® Meanwhile, Muga et al. achieved the combination

of cyanide and oxalate bridges together to obtain several

trinuclear compoundg Ni(dien)} o(u-0x)}{ u-M(CN)4}]1 (M =
Ni", Pt', and Pd).° Unfortunately, the cyanide blocks of
square-planar [M(CN)?>~ units are diamagnetic.

As we communicated the synthesis of a 2D bimetallic
complex bridged by cyanide and azide with long-range
metamagnetic ordering below 21.8 KIMin(N3)(CHs;OH)-
[Cr(phen)(CN)]}n*nCH3OH (A),'° we supposed that the
alternative building blocks of [Cr(L)(CN)~ [L = phen and
2,2-bipyridine (2,2-bpy)] might be the key to open hybrid
systems containing cyanide and other effective bridging
ligands. However, we only obtained one '3&dderlike®
chain of{ Mn(N3z)(CHzOH)[Cr(bpy)(CN}]} r-2nH.0O (B), one
square tetranuclear complex{@¥in(bpy)(Ns)(H20)[Cr(bpy)-
(CN)4]}2:2H,0 (C), and one zigzag chain §Mn(dca)(bpy)-
(H20)[Cr(bpy)(CN)}]}n*nH,O (D) with a terminal azide or
dcalt

In the pursuit of continuing the combination of the above

Mnh M Il2+
»* Kd
No //N A //N- H,0
e ¢’ Mn?Y \‘c>_, _<c4_./ 2 co
== =1= 204
HoN NH, HzN NHZ \ 101
wgy, W0
damn MnZ*
Method 1

A2D  ({Cr(phen)(CN),+Mn®")

‘ <—I I_.. C
H Na+ Method 2
3 + K2C204
o)

B, ID-ladder ICr(Opy)(CN),J+Mn** ] 1and2,2D

:

C, Tetra 3, 1D-chain

Q Mn2* O Cp't == CN Ny Cquz-
were performed on a Magl&§° system and a Quantum Design

MPMS XL-5 SQUID system.

bridges, heterometallic compounds based on building blocks  synthesis The precursors [Cr(I{CN),][Cr(L)(CN).]-H,O were

of [Cr(L)(CN)4~ were further investigated by introducing
oxalate through two different methods: a facile oxidation-
hydrolysis reaction of diaminomaleonitrile (DAMN) as a
steady oxalato creator (method 1) or a slow diffusion of an
aqueous solution of ¥C,0, into a water-methanol solution
of MnCl, and [N(CH)4[Cr(L)(CN)4]-xH,O (method 2)
(Scheme 1). As a result, three heterometallic—Un
compounds containing cyanide and oxalate bridggén¢
(u-0x)o.5(H20)[Cr(phen)(CN)]} n-nH20-2nCH3OH (1), { Mn-
(u-0X)0.5(H20)[Cr(bpy)(CN)]} n-2nH,0-nCH;OH (2), and
{Mn(u-ox)os(bpy)[Cr(bpy)(CN)]}n (3), were obtained. Herein,

prepared by the reported methBdA mixture of the methanol
solutions of molar equivalent [N(CH#]CI and [Cr(L)(CN),][Cr-
(L)(CN)4]-H20 gave stoichiometric crystalline products of mono-
nuclear [N(CH)4][Cr(phen)(CN})]-0.5H,0 (crystallized in theC2/c
space group; anal. calcd for GigEl,1N7Og 5 (%): C 57.27, H 5.05,

N 23.38; found: C 58.32, H 4.97, N 23.88) and [N(§H{Cr-
(bpy)(CN)]-H.O (anal. calcd for CrgH2N7O (%): C 53.46, H
5.48, N 24.24; found: C 53.15, H 5.24, N 24.57).

1. Preparation ofl. Method 1. [N(CH)4[Cr(phen)(CN)]-
0.5H,0 (0.2 mmol) and MnG}t6H,O (0.2 mmol) were dissolved
in methanol/HO (10:5 mL), then mixed with a bright solution of
diaminomaleonitrile (1.0 mmol) in 5 mL of methanol. The resulting

we report their synthesis, structures, and magnetic propertiessolution was stirred for about 20 min and then was filtrated and

Experimental Section

General Remarks. All starting materials were commercially

left to stand at room temperature. Yellow, blocked single crystals
of 1 were obtained after 2 weeks. Yield: 40 mg, 37%. Elem Anal.
for MnNCrCygH20NeOs (%0): C, 42.63; H, 3.77; N, 15.70. Found:

C, 41.97; H, 3.53; N, 16.13. IR stretching of oxalate and cyanide

available, reagent grade, and used as purchased without furthefcmfl): 1650 p(C,0.2), str] and 2166 §(C=N"), weak].

purification. Elemental analyses of C, H, and N were carried out

on an Elementary Vario EL analyzer. The IR spectra were recorded

Method 2. An aqueous solution (3 mL) of,&,0, (0.2 mmol)
and 5 mL of water was put into a test tube in turn. Then, a well-

against pure samples on a Magna-IR 750 spectrophotometer in theyived solution (5 mL of methanol and 2 mL of water) of [N(QHF

4000-500 cnt region. The measurements of variable-temperature

magnetic susceptibility and the field dependence of magnetization

(7) Escuer, A.; Vicente, J. R.; Solans, X.; Font-Bardvl. Inorg. Chem.
1994 33, 6007.

(8) (a) Vicente, R.; Escuer, A.; Ferretjans, J.; Stoeckli-Evans, H.; Solans,
X.; Font-Barda, M. J. Chem. Sog¢.Dalton Trans.1997 167. (b)
Mukherjee, P. S.; Maji, T. K.; Mostafa, G.; Hibbs, W.; Chaudhuri, N.
R. New J. Chen2001, 25, 760. (c) Hagiwara, M.; Narumi, Y.; Kindo,
K.; Nakano, H.; Kohno, M.; Sato, R.; Takahashi, 84.Magn. Magn.
Mater. 2004 272—-276, 876.

(9) (a) Muga, |.; Gutierez-Zorrilla, J. M.; Luque, A.; Rorma P.; Lloret,

F. Inorg. Chem.1997, 36, 743. (b) Muga, |.; Gutigez-Zorrilla, J.
M.; Vitoria, P.; Ronia, P.; Lloret, F.Polyhedron2002 21, 2631.

(10) Zhang, Y. Z.; Gao, S.; Sun, H. L.; Su, G.; Wang, Z. M.; Zhang, S.
W. Chem. Commur2004 1906.

(11) zhang, Y. Z.; Gao, S.; Wang, Z. M.; Su, G.; Sun, H. L.; Parnétg.
Chem.2005 44, 4534.
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[Cr(phen)(CN)]-0.5H,0 (0.2 mmol) and MnGl (0.2 mmol) was
carefully laid above. Yellow, blocked single crystals bfwere
obtained after a month. Yield: 35 mg, 33%. Found: C, 42.02; H,
3.90; N, 15.50 (%). The crystals were confirmed by single-crystal
X-ray analysis. The IR stretching results were the same as those of
the products synthesized by method 1.

2. Preparation of2. The preparation o was carried out using
a procedure similar to that employed fowith [N(CH3)4][Cr(bpy)-
(CN)4]-H20 in place of [N(CH)4][Cr(phen)(CN)]-0.5H,0. Yellow,
blocked single crystals ¢ (yield: 41 mg, 41%, through method
1; yield: 30 mg, 30%, through method 2) were obtained after one
month. Anal. Calcd for MNnCrgH1gNeOg (%): C, 38.64; H, 3.65;

(12) Ryu, C. K.; Endicott, J. Anorg. Chem1988 27, 2203 and references
therein.
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Table 1. Crystallographic Data fot—3

compound 1 2 3
formula MnCrQQHZONGOG MnCI’C]_engNeOG MnCTC25H16N802
M [g mol~1] 535.34 497.29 567.40
AA] 0.710 73 0.710 73 0.710 73
TIK] 293 293 293
cryst syst triclinic triclinic monoclinic
space group P1 P1 P2:/n
a[A] 7.7927(2) 7.9061(2) 14.378(3)
b[A] 11.9503(3) 11.9199(3) 12.455(3)
c[A] 12.6843(4) 12.5702(4) 15.422(3)
a [deg] 70.7925(10) 66.3780(14) 90
p [deg] 82.4865(10) 80.6314(12) 106.80(3)
y [deg] 78.227(2) 80.0802(14) 90
VA3 1089.42(5) 1063.34(5) 2643.9(9)
z 2 2 4
Pealcd[Mg M3 1.632 1.553 1.425
F(000) 546 506 1148
cryst size [mm?Y] 0.15x 0.13x 0.05 0.45x 0.35x% 0.16 0.25x 0.14x 0.07
(Mo Ko)) [mm™7] 1.128 1.149 0.926
Bimit [deg] 3.4-28.03 3.4-275 3.46-24.10
measured reflns 21418 18 737 30426
unique reflns 5096 4877 4141
observed reflrs 3118 3368 2479
no. of parameters 318 297 279
GOF 0.991 1.026 0.924
Trmax Tmin 0.952/0.891 0.837/0.692 0.945/0.590
R1P 0.0474 0.0432 0.0457
WR2¢ 0.1201 0.1158 0.0901
larg. diff. P/h 0.83+0.73 0.80+0.51 0.72+-0.41
aQObservation criteriond] > 20(1). P R1 = JIIFo| — [FdI/Y|Fo|. ¢WR2 ={ J[W(Fs? — FAY/y [W(FD)?} 2
Table 2. Selected Bond Lengths (A) and Angles (deg) for3
1
Mn(1)—O(2p 2.165(2) Cr(1yC4) 2.065(4) C(AA0O(2)-Mn(1)2 116.0(2)
Mn(1)—N(1)P 2.166(3) Cr(1)}-N(5) 2.068(3) C(1)¥N(1)—Mn(1y 179.4(3)
Mn(1)—N(3)° 2.188(3) Cr(1)»-C(3) 2.068(4) C(BYN(3)—Mn(1) 173.0(3)
Mn(1)—0(1) 2.189(2) O(1yC(17) 1.244(4) C(4yN(4)—Mn(1) 171.6(3)
Mn(1)—N(4) 2.209(3) O(2yC(17) 1.245(4) N(1}C(1)—Cr(1) 174.9(3)
Mn(1)—0(3) 2.212(3) C(1HC@7y 1.556(6) N(2)-C(2)—Cr(1) 176.2(3)
Cr(1)-C(1) 2.037(4) C(19)0(5) 1.265(10) N(3)}C(3)-Cr(1) 177.2(3)
Cr(1)-C(2) 2.039(4) O(4yC(18) 1.420(5) N(4yC(4)—Cr(1) 179.2(3)
Cr(1)—N(6) 2.056(3) C(17O(1)-Mn(1) 116.5(2)
2
Mn(1)—N(2) 2.191(3) Cr(1)»-C(1) 2.073(3) C(15y0(2)—-Mn(1)e 115.5(2)
Mn(1)—O(2F 2.202(2) Cr(1}-C(3) 2.094(3) C(1N(1)—Mn(1) 175.3(2)
Mn(1)—0O(1) 2.203(2) O(LyC(15) 1.241(3) C(DN(2)—Mn(1)d 174.9(3)
Mn(1)—N(1) 2.208(2) 0O(2)-C(15) 1.253(3) C(3yN(3)—Mn(1) 174.0(2)
Mn(1)—0(3) 2.219(3) O(5)¥C(16) 1.436(5) N(1)}C(1)-Cr(1) 174.7(3)
Mn(1)—N(3)f 2.234(3) C(15y-C(15y¢ 1.561(5) N(2)-C(2)—Cr(1) 177.3(3)
Cr(1)-C(4) 2.050(3) O(2)-Mn(1)—0(1) 75.00(7) N(3)-C(3)—Cr(1) 177.9(3)
Cr(1)—N(6) 2.057(2) O(13Mn(1)—0(3) 85.79(10) N(4)C(4)—Cr(1) 176.2(3)
Cr(1)-C(2) 2.060(3) O(1>rMn(1)—N(1) 165.64(9)
Cr(1)—-N(5) 2.071(2) C(15y0O(1)—Mn(1) 115.7(2)
3
Mn(1)—0(1) 2.165(3) Cr(1)C(4) 2.080(5) C(25y0(1)—Mn(1) 116.2(2)
Mn(1)—N(1) 2.189(4) Cr(13C(1) 2.082(5) C(25)0(2)—Mn(1)9 115.0(2)
Mn(1)—O(2) 2.192(3) Cr(1)-C(3) 2.090(5) C(1)N(1)—Mn(1) 152.5(4)
Mn(1)—N(4)" 2.224(4) O(1yC(25) 1.259(5) C(4yN(4)—Mn(1)" 165.5(4)
Mn(1)—N(7) 2.286(4) 0(2)-C(25) 1.248(5) N(1}C(1)—Cr(1) 174.0(4)
Mn(1)—N(8) 2.291(4) C(25)C(25F 1.550(8) N(2)-C(2)—-Cr(1) 177.5(4)
Cr(1)-C(2) 2.042(5) O(LyMn(1)—O(2p 75.61(10) N(33C(3)—Cr(1) 177.7(4)
Cr(1)-N(5) 2.068(3) O(1FMn(1)—N(4) 103.37(12) N(4)C(4)—Cr(1) 176.3(4)
Cr(1)—N(6) 2.073(3) O(13Mn(1)—N(7) 157.57(12)

a-x+1,-y+1,-z°x—1y,z¢—x+1,-y+2,-z9—x+1,-y+1,-z+2.¢—x-y+2-z+2 'x-1y,2z9-—x-y+1-z"—x
-y, —z'x+ 1y zlx+1yz

N, 16.90. Found: C, 39.26; H, 3.64; N, 17.16 (method 1) and C, 2,2-bpy (0.2 mmol), and MnGI(0.2 mmol) was poured into a 10
39.89; H, 3.71; N, 17.45 (method 2). IR stretching of oxalate and mL beaker. Then, the beaker, sealed by film with several pinholes,
cyanide (cm?): 1648 p(C,04%7), str] and 21644(C=N"), weak]. was deposited into a 50 mL beaker with an aqueous solution of
3. Preparation of3. A well-mixed solution (5 mL of methanol 0.2 mmol of KC,O,4 (about 40 mL). Yellow crystals were collected
and 5 mL of water) of [N(CH)4][Cr(bpy)(CN),]-H,O (0.2 mmol), after 2 weeks. The crystals were dissolved under reflux for half an
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hour in 10 mL of methanol and 10 mL of water, and then, the
resulting solution was filtrated and left to stand at room temperature.
Yellow, blocked crystals o8 were isolated about a month later.
Yield: 19 mg, 17%. Anal. Calcd for MnCrgH16NgO, (%): C,
52.92; H, 2.82; N, 19.75. Found: C, 53.03; H, 3.16; N, 19.80. IR
stretching of oxalate and cyanide (cHt 1643 p(C,0427), str]

and 2156 §(C=N~), medium]. The sample used in the magnetic
measurements has been confirmed by powder X-ray diffraction)
XRD analysis. (Figure S2 of the Supporting Information)

X-ray Crystallographic Study. The diffraction data collections
of 1-3 were made at 293 K on a Nonius Kappa-CCD diffracto-
meter. The structures were solved by the direct method (SHELXS-
97) and refined by full-matrix least squares (SHELXL-97) M
Anisotropic thermal parameters were used for the non-hydrogen
atoms. Hydrogen atoms were added geometrically and refined using
a riding model.

CCDC-280738 to -280740 contain the supporting crystal-
lographic data for this paper. They can be obtained free of charge
at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, U. K.; fax: (international}-44-1223/336-033; e-mail:
deposit@ccdc.cam.ac.uk].

Results and Discussion

Description of Crystal Structures. The detailed crystal-
lographic data for all of the compounds are listed in Table
1. Selected bond lengths and angles are listed in Table 2.

Description of the Structures df and 2. The skeleton
structures ofl and 2 are similar to that of compounA,
while the double end-on azido bridges are now replaced by
oxalato bridges. Both structures (Figures 1a and 2a) consist
of neutral 2D layers of Mn(u-0X)os(H20)[Cr(L)(CN)4]}n
along theab plane and solvent molecules of water and

methanol. The [Cr(L)(CN]~ building block uses its two
equatorialcis-cyanide groups and one axial cyanide (fac
geometryl) to connect three Mhions, while the other axial

cyanide remains terminal. Accordingly, each six-coordinated

Mn" ion is linked to three [Cr(L)(CNJ~ units through
cyanide bridges. Thus, €rand Mr' are connected through
cyanide to give a 3;3adderliké® chain. The neighboring

Mn'" ions between the ladders are further linked through bis-
bidentate oxalato bridges, resulting in the unique 2D layer

structure. The last coordination site of the 'Mion is
occupied by a water molecule. The bridged-Mi=C angles
range from 171.6 to 179°4comparable to those in com-
pound A. The shortest intralayer &¢fMn and Mn--Mn
separations are 5.33 and 5.69 A foand 5.41 and 5.72 A
for 2, respectively. The Mn-Mn distances are consistent
with those previously reported for the bis-bidentate oxalato
bridge!®1® The layers, with phen or bpy on both sides,
interdigitate one to another, and the overlap of interlayer
phen--phen (for 1) or bpy--bpy (for 2) distances with
interplanar distances of 3-8.6 A suggestsr—x stacking
between these planar aromatic moieties (Figures 1b and 2b).

(13) Deguenon, D.; Bernardinelli, G.; Tuchagues, J. P.; CastanoRy.
Chem.199Q 29, 3031.

(14) Wu, W. Y.; Song, Y.; Li, Y. Z.; You, X. ZInorg. Chem. Commun.
2005 8, 732.

(15) Glerup, J.; Goodson, P. A.; Hodgson, D. J.; Michelsernétg. Chem.
1995 34, 6255.
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(b)

Figure 1. (a) 2D layer ofl showing the cyano and oxalato bridges between
Cr" and Mr' ions. (b) 3D packing view of. showingz—s stacking of
phen--phen and H bonds.

The shortest interlayer metametal distances (Gr-Mn) are
9.32 Afor1 and 9.04 A for2. The lattice solvent molecules
are filled in the void space between the layers, forming lots
of H bonds with G--O distances of 2.682.92 A.
Description of the Structure 08. The structure of3
consists of chains dfMn(bpy)(u-0x)o s[Cr(bpy)(CN)]}» in
which the heterometalcyanide squares are connected by
oxalato bridges. As shown in Figure 3, each [Cr(bpy)({N)
unit bridges two MH ions in cis geometryt and each Mh
ion in turn links two [Cr(bpy)(CNj]~ units in a cis fashion
too, yielding a slightly distorted cationic square {d¥In-
(bpy)[Cr(bpy)(CN)]} 2" (OMn—Cr—Mn andOCr—Mn—Cr
are 88.2 and 91°8 respectively), which is similar to the
backbone of compoun@. The square size is5.22 x 5.40
A. The bridging cyano ligands coordinate to the 'Mion
(Mn—N = 2.189(4) and 2.224(4) A) in a bent fashion with
Mn—N=C bond angles of 152.5(4) and 165.5(4)espec-
tively. Additionally, each six-coordinated Mron is chelated
by one 2,2-bpy ligand and further linked to the closest Mn
ion from the adjacent square by one bis-bidentate oxalato

(16) Roesky, H. W.; Andruh, MCoord. Chem. Re 2003 236, 91 and
references therein.
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(b

Figure 2. (a) 2D layer of2 showing the cyano and oxalato bridges between
Cr'" and Mr' ions. (b) 3D packing view of showingz—sx stacking of
bpy---bpy and H bonds.

b

Figure 3. Chain of3 along theb axis.

bridge with an Mn--Mn distance of 5.68 A, thus forming

techniques which could provide oxalate dianions slowly and
steadily. Notice that the hydrolysis reaction may occur at
the G=N bond and that the oxidation reaction may happen
at the G=C double bond? 1° we attempted to use DAMN

as a steady oxalato provider under nonhydrothermal condi-
tions, which is often essential for cyanide. As expected, we
obtained high-quality crystals dfand2. In comparison, we
also acquired them by the slow diffusion of aqueou€10,

into a mixed watermethanol solution of MnGl and
[N(CH3)4][Cr(L)(CN)4]-xH,O after more than one month.
The products from the above two methods were proven the
same by element analysis, IR spectra, and single-crystal
X-ray diffractions.

Here, the possible mechanism in method 1 is presumed
in Scheme 1. First, Mi ions were chelated by the amino
groups of DAMN and also coordinated by the cyano groups
(—CN ends); thus, the electron cloud of the ligand inclined
to the Mn' ions as to polarize the chemical bonds &FC
and G=N. Then, the activated carbon centers were attacked
nucleophilically by HO or adventitious amounts of OH
As a result, the CN ends were hydrolyzed, whereas tie C
C double bond was oxidation hydrolyzed, thus forming
oxalate. Ulteriorly, the formation of or 2 demolished the
balance of the oxidation-hydrolysis reaction and promoted
the transformation of DAMN to oxalate.

Further investigation of the mechanism, such as efforts to
obtain the possible isomorphous compounds by the reaction
with Zn" in place of M to explore the influence of metallic
ions on the reaction or studying the feasible reaction of Mn
2,2-bpy, and DAMN, is still under way in our lab. Anyway,
the transformation of DAMN to oxalate provides useful
information for employing oxalato-bridged compounds through
an in situ metal-mediated oxidation-hydrolysis reaction.

Comparing azide with oxalate in this system, we found
that (1) the structure of is similar to that ofA, and the
m—am stacking from the middle phenyl cycles of phen might
play an important role in stabilizing the structures; (2) azide
could only act as terminal ligands B and C, resulting in
cyano-bridged ladderlike and squarelike structures, respec-
tively, while oxalate could connect the ladders or squares
into an extended 2D laye®) or 1D chain 8), and especially,
s—a stackings from bpy-bpy are well-formed ir2. Hereby,
whether the azide ion acts as a terminal or a bridge ligand
in this system seems to depend on the given molecular
interaction in the structures, whereas the oxalate dianion can
facilitate the formation of extended structures as a rigid
bidentate bridging ligand in all relative compounds and
promote some relevant intermolecular interactions to the
cohesion of the structures. This would be important to
prepare hybrid materials with novel structures and special

an oxalato-bridged square-based chain. The chains run alongroperties, especially for the synthesis of highly stable,
theb axis, and they are roughly hexagonally packed through infinite frameworks.

weak H bonds of €H++*NgyaniadO 0f 3.14-3.21 A and van

der Waals contacts with a shortest interchaif-M distance

of 8.40 A. (Figure S1, Supporting Information)
Synthesis and DiscussionBecause oxalate is usually

difficult to control in crystal engineering because of its strong
chelated ability, there is an urgent need to develop some new

(17) Wang, R. H.; Hong, M. C.; Luo, J. H.; Cao, R.; Weng, Jdhem.
Commun2003 1018.

(18) Bu, X. H.; Liu, H.; Du, M.; Zhang, L.; Guo, Y. M.; Shionoya, M.;
Ribas, J.Inorg. Chem.2002 41, 1855.

(19) (a) Li, X.; Cao, R.; Sun, D. F.; Shi, Q.; Bi, W. H.; Hong, M. lBorg.

Chem. Commur003 6, 815. (b) Evans, O. R.; Lin, W. BCryst.

Growth Des.2001, 9.
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Figure 4. ym vs T in an applied field of 10 kOe fot and 2 kOe for2. @
Inset: dfmT)/dT vs T curves. 0.8 0016 o
[ ]

Magnetic Studies.Magnetic Properties ofl and 2. As § S| Cece. .
shown in Figure 4, the magnetic susceptibilitieslaind 2 0693 | J’H =20k0e °
(per [MnCr] unit) above 50 K obey the CuriéVeiss law - °
[xm = CI(T — 0)] and give the WeissK) and Curie 3 04_0'0030 10 20 30 40 50 o
constants¢/cn?® mol1 K) 6§ = —72 and—70 andC = 6.3 s Hilce ¢
and 6.5 forl and 2, respectively. TheC values are well- [ o
consistent with the spin-only value of 6.25mol* K for 0.2 \o® / T=1.9K
the isolated MKCr" unit (g = 2), and the negatived o '\__.
indicates antiferromagnetic (AF) interactions between the 0.0. e ¢
metallic ions. Theyy values for bothl and 2 show round ) 10 20 30 40 50
maxima at ca. 24 and 26 K, respectively, suggesting possible H/ kOe
antiferromagnetic ordering. The increaseygffor 1 below )

5 K might be due to paramagnetic impurities. The"Nee Figure 5. Field-dependent magnetizations fbat 1.8 K (a) and foe at

temperature3y of 1 and2 were determined from the sharp é'.\szlclﬁ_'(b). Inset: Field-dependemaic susceptibilities at 1.8 K fod and
vs H plot for 2.

peak of dfwT)/dT at 18 and 20 K, respectively, shown in

the inset of Figure 4. The slightly highdk of 2 may be 0089 FCM (kOe)

related to the shorter interlayer distance. It is well- ., = 02

documented that the ordering temperature of a 3D anti- oor| %, |20K 1

ferromagnet is slightly lower thai(ymay;?° thus, the 2D 10

characteristics of and2 are suggested by the low ratio of 30

Tn/T(xmax), 0.75 and 0.77 fol and 2, respectively.

The field-dependent magnetizatiod¢H) at 1.8 K (Figure
5a, for 1) or 1.9 K (Figure 5b, for2) show a pronounced 0051
spin-flop behavior:M first increases slowly and linearly with
an increase of the field because of AF ordering and then TIK
shows a spin-flop transition at a critical fieltH{) of 19 @
kOe for 1 and 20 kOe foi2, which was estimated from the FCM (kOe)
sharp peaks of thac susceptibilityy' (inset of Figure 5a) oord & 0.02
and aVi/dH (inset of Figure 5b), respectively. At higher fields,
M increases linearly again with an increaséiadnd reaches
about 1.0Ng at 70 kOe forl and 0.7NS at 50 kOe for2,
far below the expected value of 2P for a ferrimagnetic
state withSy = 5/, — 3/, = 1 for the [MnCr] unit, confirming
an AF ground state again.

Detailed field-cooled magnetization measurements (FCMs) T T e e o
at different fields forl and 2 have also been investigated T/K
(Figure 6). At lower fields, the FCM curves were almost ®)
overlapped and only round peaks at about 25 K were Figure 6. xm vsT plots for1 (a) and2 (b) at different fields.
observed. This is consistent with the AF ordering behavior.

When the applied fields were increased above ca. 20 kOe, The magnetic behaviors dfand2 can be rationalized on
the magnetic susceptibilities at different fields greatly the basis of their molecular structures. The oxalate dianion
diverged below ca. 20 K, further evidencing the spin-flop is well-known to mediate an AF interaction when it bridges

%,/ cm’mol”
3
* > o

-
L]
A
v
*

0.05

behavior. two identical paramagnetic ions in the bis-bidentate geom-
(20) Defotis, G. C.; Remy, E. D.; Scherrer, C. Rhys. Re. B 1990 41, etry. Therefore, although Mnand CH are AF-coupled
9074. through CN bridges, forming similar ferrimagnetic ladders
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Scheme 2

in 1 and2 as well as that in the azido-bridged compouxd

different bridges between ladders result in an extended

ferrimagnetic layer by ferrimagnetic interladder interactions
through azido bridges foh (Scheme 2b), while an AF 2D
layered network forms by AF interladder interactions through
ox bridges forl and2 (Scheme 2a). It is found that spin-
flop behavior often occurs in some antiferromagnets with
weak magnetic anisotropy (Mrfor example}! This is just
the case for the present compouridand 2.

Magnetic Properties o8. The susceptibility u) for 3
(per [MnCr] unit) also exhibits a round maximum at about
28 K followed by a sharp increase below 10 K (Figure 7).
The curve is characteristic of strong AF coupling in the 1D

6 = —50 K, obtained from fitting the magnetic data in the
range of 76-300 K to the Curie-Weiss law. The Curie
constantC is 6.3 cn? mol~! K. The increase ofu below

10 K might be due to paramagnetic impurities. The magne-
tization value of 0.Mp at 50 kOe at 1.8 K is greatly lower
than the expected value of3 for the ferrimagnetic state
for [MnCr] with Sr = 5/, — ¥/, = 1 (inset of Figure 7).

On the basis of the empirical relationship between the
coupling constant) and the MR-N=C angle ),'* the AF
coupling constant)) through the Mr-N=C—Cr bridges
in 3 [OMn—N—-C = 152.5(4) and 165.5(4) could be
estimated in the range of7 to —9 cm™. It would be
obviously larger than that between high-spin 'Mions

£0.12
50-
S 40. 0.09+
g 40 5
‘?E E
5 304 g
- 0.06 2
'?520 ){5
104 0.03

0

T/IK

Figure 7. xm and 1fm vs T in an applied field of 10 kOe fa8. The solid
lines correspond to the best fit to the CurM/eiss law, an approximate
uniform-chain model, and a square tetranuclear model. Irdets H plot
at 1.9 K.

Scheme 3

T - ~

Sy
V.

chain. This is supported by the value of the Weiss constantthrough bis-bidentate oxalate-bridgds) @nd

S

o V]

was analyzed
at a value of about-1 cm ! for d(Mn++-Mn) = 5.7 A13-15
Thus, the magnetic chain &fcan be viewed as Scheme 3
on the basis of an approximate mod&i?where the square
tetranuclear [GMn;] was treated as the repeat unit of a
uniform chain: H = —J1(ScnSunt + SuniSerz + Scr2Sunz +
Sun2Scn) (for the square [GMNg]); H = =33 SriSriva1 (St

for [CroMn,] as a classical system), andJ, were found to

be strongly correlative. Nevertheless, the best fitting of the
data in the range 36300 K with fixing J; = —6.9 cn?!
givesg = 2.05,J, = —0.8 cnt?, andR = 4.1 x 1074 If
fixing J, = —1.0 cn1?, it givesg = 2.05,J; = —5.9 cn1?,
andR = 3.4 x 10* {R = S[(xmMobs — (mTMcarcd 3 -
(xmTous} . For a comparison, another approach was executed,
where an isolated square tetranuclearf@r,] model was
used, and both, and the interchain interactions were treated
as intermolecular interactionsX¥ by mean field theory,
giving the best fitting: J; = —6.1 cm'?, zJ = —1.2 cm'?,
g=2.07, andR = 4.3 x 104 Thus, all of the results were
well-consistent and confirmed the AF couplings between
cyano-bridged Ct—Mn'" and oxalato-bridged Mh-Mn'"
ions.

(21) (a) Carlin, R. L.; Van-Duyneveldt, A. Magnetic Properties of
Transition Metal CompoundSpringer-Verlag: New York, 1977. (b)
Ma, B. Q.; Sun, H. L.; Gao, S.; Su, @hem. Mater2001, 13, 1946.

(c) Wang, X. Y.; Wang, L.; Wang, Z. M.; Su, G.; Gao, Shem.
Mater. 2005 17, 6369.

(22) (a) Caneschi, A.; Gatteschi, D.; Melandri, M. C.; Rey, P.; Sessoli, R.
Inorg. Chem199Q 29, 4228. (b) Chiari, B.; Cinti, A.; Piovesana, O.;
Zanazzi, P. F.Inorg. Chem 1995 34, 2652. (c) Wrzeszcz, G.;
Dobrzanska, L.; Wojtczak, A.; Grodzicki, Al. Chem. Soc., Dalton
Trans.2002 2862.
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Conclusion superior in preparing hybrid materials with novel and

In this paper, on the basis of versatile cyanide building .ex_te.nded structures, especiglly forsyr_wthesizing highly sta_ble,
blocks [Cr(L)(CN)]-, we have succeeded in combining infinite frgme'works. Furth.er |nve§t|gat|ons on the mechamsm
cyanide and oxalate bridges to synthesize three novel©f the oxidation-hydrolysis reaction of DAMN and combin-
heterometallic GEMn compounds 1—3), where cyano- ing cyanide with other effective bridges are under way.
bridged corrugated ladderlike chains or squares are further i
connected through bis-bidentate oxalato bridges to unique Acknowledgment. This work was supported by the
2D layered compounds@nd?) or a chainlike compound National Natural Science Foundation of China (humbers
(3). To the best of our knowledge, compourids3 represent 20221101, 20490210, 90201014, and 20571005), the Na-
the first molecular magnetic materials containing cyanide and tional Science Fund for Distinguished Young Scholars
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