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Six heterometallic compounds based on the building block [Cr(bpy)(CN)4]~ (bpy = 2,2'-bipyridine) with secondary
and/or tertiary coligands as modulators, { Mn(H2O),[Cr(bpy)(CN)4]2} » (1), { Mn(bpy)(H20)[Cr(bpy)(CN)4]2-H20} » (2),
[Mn(bpy)21[Cr(bpy)(CN)al2+5H0 (3), {[Mn(dca)(bpy)(HzO)I[Cr(bpy)(CN)s]-H.0} » (4) (dca = N(CN),), {Mn(Ns)-
(CH3OH)[Cr(bpy)(CN)4]-2H,0} », (5), and {Mn(bpy)(N3)(H,0)[Cr(bpy)(CN)4]-H.O}, (6), have been prepared and
characterized structurally and magnetically. X-ray crystallography reveals that the compounds 1, 2, 4, and 5 consist
of one-dimensional (1D) chains with different structures: a 4,2-ribbon-like chain, a branched zigzag chain, a 2,2-
CC zigzag chain, and a 3,3-ladder-like chain,® respectively. It also reveals that compound 3 has a trinuclear
[MnCr;] struture, and compound 6 has a tetranuclear [Mn,Cr;] square structure. Magnetic studies show
antiferromagnetic interaction between Cr'" and Mn" ions in all compounds. All of the chain compounds exhibit
metamagnetic behaviors with different critical temperatures (T¢) and critical fields (H; at 1.8 K): 3.2 K'and 3.0 kOe
for 1; 2.3 K and 4.0 kOe for 2; 2.1 K and 1.0 kOe for 4; and 4.7 K and 5.0 kOe for 5, respectively.
The noncentrosymmetric compound 2 is also a weak ferromagnet at low temperature because of spin canting.
The magnetic analyses reveal Cr—Mn intermetallic magnetic exchange constants, J, of —4.7 to —9.4 cm™! (H =
—JSc- Sun). It is observed that the antiferromagnetic interaction through the Mn—N—C—Cr bridge increases as the
Mn—-N-C angle () decreases to the range of 155—180°, obeying an empirical relationship: J = —40 + 0.26. This
result suggests that the best overlap between ty (high-spin Mn'") and t5 (low-spin Cr') occurs at an angle of
~155°,

Introduction molecule-based photomagnétspin crossover materiafs,
single-molecule magnets (SMM&and single-chain magnets
(SCMs)8 However, the magneto-structural correlation of this
large family remains somewhat unclear because the discrete
polynuclear molecules and suitable cyanide-bridged chain
compounds that can provide genuine examples to test models
are not easily obtained through a general synthetic approach

There has been great interest in cyanide-bridged bimetallic
assemblies because of their rich structtirésand their
increasing importance in the field of molecular magnetic
materials such as highe$t molecule-based materiais?
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Synthesis of C-Mn Complexes Based on [Cr(2bpy)(CN)]~

based upon the so-called “brick and mortar method” in which bimetallic compounds. To date, a series of bimetallic
[A(CN)¢]™ serves as the bricks and the simple metal ions assemblies in this new family with interesting magnetic
or the coordinatively unsaturated complex [B"" serves properties have been reported: (1) clusters, including high-
as the mortar. In this approach, it is difficult to use a third nuclearity metat-cyanide cages and high-spin trinuclear,

coligand (L) to adjust the obtained structuree®z et al.

tetranuclear, and heptanuclear compleXe¥;(2) four types

and Ohba et al. have reviewed one-dimensional (1D) cyano-of 1D chains: the crossed triple-chaiiMn[Cr(Mestacn)-
bridged complexes and have shed some explicit light on their (CN)3]3} » (tacn= 1,4,7-triazacyclononanéj¢the bimetallic

topologies, and some novel structures are emergittfThe

first 1D magnetic bimetallic assembly was studied by Babel (CN)4],M""(H,0),}-4H,O [M = Fe; M =

crossed double-chain schemed as 2,4-riBbdifiM" (L)-
Mn, Co, and Zn,

et al,'%and an unusual 1D rope-ladder chain was obtained with L = 1,10-phenanthroline (phen), 2)2ipyridine (bpy);

in 19941% Ohba et al. reported two Ni-M"" (M = Fe, Cr)
chains with 2,2-TC structute for a magneto-structural
correlationt! The exchange interaction parametefor Cr—
C—N—Ni was estimated to be 16.4 ciby Mallah et al*?

M = Cr, M' = Mn, with L = phen] in which the cobalt
derivatives show SCM-like properti€si®1the bis double-
zigzag chain compoungdFe" (bpy)(CN)].M"(H,0)} -MeCN-
0.5H,0 (M = Zn, Mn, and Co), exhibiting metamagnetism

A rational approach by Marvaud et al. resulted in a series of with T, = 7 K andH. = 600 Oeé»15¢and the ladder-like

clusters and gave avalue of =9 cm! for Mn""—N—C—

chain compound schemed as 3,3-ladd§Fe" (bpca)(CN)]-

Cr" | which, in fact, is close to that obtained by the general Mn'(H,0)s [F€" (bpca)(CN)]-3H,O [bpca= bis(2-pyridy!

approach (JA(CNY"+ [B(L)]™).12

carbonyl)amidate], exhibiting a ferromagnetic ordering below

An alternative approach that has encouraged recent interesp.0 K;18 (3) a novel two-dimensional (2D) compound, which

is one in which [M(CN)L,]"™ (M = Cr'"', Fé"', Ru", Mo'";
L = chelate ligand; and = 2, 3, 4) can be used as the
“bricks” to synthesize low-dimensional cyanide-bridged
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is the first mixed cyano/azido-bridged coordination polymer,
{Mn(N3)(CH;OH)[Cr(phen)(CN)]-CHz;OH} ,,, exhibiting meta-
magnetism withT, = 21 K andH, = 5 kOe at 1.8 K7

Since these exciting results were first reported, some
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Substituting Ci for F€" is an effective means of increasing
the strength of the magnetic exchange coupling, which was
confirmed by the two isostructural compour{ds!" (phen)-
(CN)4]2MNn''(H20)2} -4H,0 (M = Fe, Cr) in which the latter
compound shows a long-range ordering below 3.4 K,
whereas the former has no such ordering observed down to
2 K.1617(2) The dimensionalities and the structural charac-
teristics are still limited, in contrast with the coordination
diversities of the tailored four-cyanometalate in Scheme 1.
Until now, only three modes (mono, cis, and fac) have been
observed® 17 (3) Our previous results demonstrate that it
is possible to use a neutral or charged secondary ligand, such
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occupied by two HO molecules. Compared with the [Cr
Mn]—phen compounél, the Mn—N—C—Cr angles of Mn-
N—C (139.57140.93) and N-C—Cr (169.18-172.39) are
more bent, and there are no crystallized water molecules,
which results in shorter intrachain €vn, Cr---Cr, and
Mn--+Mn separations (5.05, 6.26, and 7.94 A, respectively)
and a shorter interchain #M (Cr---Mn) distance (7 A).
Each chain interacts with four other adjacent chains
via hydrogen bonds between,£: and Nyandintact), with
O--N = 2.778 A. Therefore, the 3D structure can be
described as H-bonded linkages of 1D double zigzag chains
(Supporting Information Figure S1).

Description of the Structure of 2. The structure of
compound?2 consists of neutral branched zigzag chains
{IMn(bpy)(H20)][Cr(bpy)(CN)].} » and water molecules of
crystallization. As shown in Figure 2, one of the [Cr(bpy)-
(CN)4]~ units (Cr2) and Mh are connected to each other
through cyanide groups in cis-geometry corresponding to
both Cr and Mn, thus forming a zigzag chain. Another
[Cr(bpy)(CN)]~ unit (Crl) is monodentated to Mn as a
branch of the chain. Threecnigeatoms (N, Na, Ns), two
Nbpy atoms (Ns and Nig), and one Qaeratom (Q) complete
the octahedral coordination of MnThe angle JMn—N5—

C5 (154.9) from the monodentate [Cr(bpy)(CH) (Crl)

is much smaller than those 6fMn—N1—-C1 (173.5) and
OMn—N4—C4 (170.0) from the cis unit (Cr2). The Mr
Owaterand Mn—Ngynige bONd lengths (2.24 and 2.172.257

A, respectively) are similar to those observed in the former
complexes. The adjacent intrachain-@vin, Cr---Cr, and
Mn---Mn separations are 5.25.46, 8, and 8 A, respectively.
The shortest interchain WM distance is larger than 7.3.A

consideration is whether a third coligand can be used to Each chain interacts with two other adjacent chaing byr
adjust the structures further to obtain genuine samples to tesstacking from bpy-bpy with interlayer distances in the range
models and provide feedback regarding their magneto- of 3.30-3.58 A, thus forming a 2D lay€f.Hydrogen bonds
structural correlations as well as develop new models. Here,are only found in the layer between the coordinated,
our approach to synthesis has been illustrated in Scheme 2¢rystallized water molecules and the one intact cyanide
in which the black solid arrows depict our synthetic routes. group. The layers are packed into a three-dimensional (3D)
In this article, we report the synthesis, structural character- crystal structure along theaxis with van der Waals contact

istics, and magnetic properties of four MEr chains and
two Mn—Cr clusters based on the building block [Cr(bpy)-
(CN)4] ™.

Results and Discussion

Crystal Structures. Detailed crystallographic data for all

(Supporting Information Figure S2).

Description of the Structure of 3. The structure of
compound3 is made up of neutral molecular trinuclear
entities of [Mn(bpy)][Cr(bpy)(CN)]. and water molecules
of crystallization. As shown in Figure 3, both of the
[Cr(bpy)(CN)]~ units (Crl and Cr2) connect to one Mn
ion in a monegeometry mode. The manganese atom is

compounds are listed in Table 1. Selected bond lengths andhexacoordinated with two cyanide nitrogen atoms in cis

angles are listed in Table 2.
Description of the Structure of 1. The structure of

positions and four nitrogen atoms from two bpy ligands
occupying the other sites, forming a slightly distorted

compoundl is made up of neutral cyano-bridged crossed octanhedral surrounding. Selected bond lengths and angles

Mn"—Cr" double zigzag chains. It is similar to [F&-
(CN)4]2[M"(Hx0),]-4H,0 (L = phen, 2,2bpy; M = Mn,
Co, Zn) and [Ct (phen)(CN)][Mn"(H,0),]-4H,0 81617 This

are listed in Table 2, and are similar to those observed in
the above compounds. The values of the angles between
Mn—N4—C, (170.7) and Mn—N1;—Css5 (164.9) are slightly

type of structure has been described as a 4,2-ribbon-like yeviated from linearity. The intramolecular ©Mn and

chain.® As shown in Figure 1, each [Cr(bpy)(C}) unit
connects to two Mhions in a cis-geometry in which two

of the CN ligands remain intact. Each octahedral six-

coordinated Mh is linked to four [Cr(bpy)(CNj~ units at

its equatorial positions, and its two axial positions are

4536 Inorganic Chemistry, Vol. 44, No. 13, 2005

Cr---Cr separations are 5.4 and 8.6 A, respectively. The
trinuclear units are well-isolated, with the shortest intermo-

(19) Roesky, H. W.; Andruh, MCoord. Chem. Re 2003 236, 91 and
references therein.
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Table 1. Summary of Crystallographic Data for the Compounds

1 2 3 4 5 6
formula MI’]CQngHzoN]_zOz MnCr2C3gH23N1402 MnCI'2C4gH44N1602 MnCI'C26H20N1102 MnCI’C]_sngNgOA MnCrC24H22N1103
M, 715.50 871.68 1083.93 625.47 495.32 619.47

[g mol™]
crystal monoclinic orthorhombic monoclinic monoclinic triclinic triclinic
system B ~
space P2:/n Pca2; P2i/c P2i/n P1 P1
group
centro yes no yes yes yes yes
sym
a[A] 7.9402(1) 17.120(3) 22.3706(9) 16.8628(4) 8.3864(3) 9.5844(2)
b[A] 15.2698(3) 7.9897(2) 14.3757(4) 7.9593(2) 10.8986(3) 11.959(2)
c[A] 12.7252(3) 29.789(6) 17.0226(6) 22.5123(8) 12.9321(4) 13.774(3)
o] 90 90 20 90 102.0137(11) 65.18(3)
BI°] 94.4183(7) 90 104.8021(11) 109.4386(9) 92.9851(12) 79.35(3)
y [°] 90 90 20 90 111.6520(11) 73.92(3)
VA3 1538.29(5) 4074.7(14) 5292.7(3) 2849.28(14) 1063.68(6) 1372.7(5)
z 2 4 4 4 2
Pealcd 1.545 1.421 1.360 1.458 1.547 1.499
[mg m~3]
crystal size  0.5x 0.3x 0.25 0.6x 0.52x 0.08 0.16x 0.12x 0.1 0.2x 0.18x 0.05 0.15x 0.08x 0.05 0.18x 0.16x 0.12
[mm~]
w(Mo Ko 1.146 0.881 0.698 0.869 1.145 0.904
[mm™]
Oiimit [°] 3.41-27.49 3.48-27.48 3.40-25.02 3.52-27.49 3.40-27.50 1.63-26.29
measured 33265 57915 70111 42532 23143 7873
refln
unique 3524 9316 8892 6513 4870 5493
refln
observed 2659 6052 3263 2639 2589 2849
refln?
no. of 213 516 649 383 279 367
params
F(000) 722 1772 2228 1272 504 632
GOF 1.015 0.935 0.900 0.914 0.883 1.008
Tmax Tmin 0.756/0.707 0.947/0.783 0.942/0.836 0.959/0.816 0.946/0.906 0.899/0.854
R1P 0.0289 0.0402 0.0621 0.0463 0.0370 0.0643
wWRZ 0.0465 0.0825 0.2319 0.1489 0.0958 0.1182

aQbservation criterion:l > 20(1). P R1 = S ||Fo| — |Fe|l/3|Fol|. CWR2 = { T [W(Fo?2 — FA?/3[W(FA)?} V2

lecular M++M distance being larger than 8.2 A, and are
linked to the 3D crystal struture through rich H-bondings.
Description of the Structure of 4. The structure of com-
pound4 consists of neutral zigzag chains{¢Mn(dca)(bpy)-
(H20)][Cr(bpy)(CN)]}n [dca= N(CN), ] and crystallized
water molecules, in which the chains are linked thromghr

Description of the Structure of 5. The structure of
compound5 consists of neutra{ Mn(H,O)(CH;OH)(Ns)-
[Cr(bpy)(CN)]}» bimetallic ladder-like chains and crystal-
lized water molecules, in which the chains are connected
with H-bonding and van der Waals contact. This type of
structure has been described as a 3,3-ladder éhals.

stacking and H-bonding. This type of structure has been shown in Figure 5, Ct and Mr' ions are connected through

described as 2,2-CC chaifh.As shown in Figure 4, the
[Cr(bpy)(CN)]~ and [Mn(bpy)(HO)(dca)} units are linked
by cyanide groups in cigeometry along thd axis. The
coordination geometry of Mhis octahedral with two Nnaide
atoms (N and N, two Nypy atoms (N and Ns), one Quater
atom (Q), and one N, atom (N) from the terminal dca.
The bond lengths of CrC are in the range of 2.062.086
A, and the angels dfiCr—C—N (173.7175.9) andOMn—
N—C (172.7#173.0) are close to 180 The average
intrachain Cr--Mn, Cr---Cr, and Mn--Mn separations are
5.3, 8, and 8 A, respectively, and are similar to those of
compound?. The shortest interchain M distance is larger
than 7.2 A As shown in Supporting Information Figure S3,
the chains are aligned along tleaxis, and the shortest
interchain bpy:+bpy distances of 3:43.6 A suggestt—x
stacking, giving a slipped packing along theaxis which
is stacked along the axis by H-bonding from @and the
neighboring Nea (N11) (O1++*N1; = 2.84 A) and from @+
*0p+*Ny (01++:0, = 2.754 A; O++*N, = 2.915-3.029 A)1°

cyanide bridges to a planar ladder-like chain with regularly
alternating MH and Ct' atoms along the edges. Thus, each
[Cr(bpy)(CN)]~ unit connects to three Mnions in a mer-
geometry in which three equatorial cyanide groups are used
to connect to three metal ions, and the last one is intact. The
polyhedron of six-coordinated Mnis almost a regular
octahedron comprised of three,MNise atoms (N, Ns, Na),

one Nyigeatom (Ny), one Guethanoiatom (Q), and one Quater
atom (Q). The Mn—Nazigeand Mn—Ngynige bONd lengths are
2.15 and 2.23+2.24 A, respectively. The bond lengths and
angles around the Cr atoms are similar to those of the former
complexes, which are listed in Table 1. The rung and leg
Cr---Mn distances are slightly different, measuring 5.4 and
5.43-5.47 A, respectively. The shortest interchain-&zr,
Cr---Mn, and Mn--Mn distances are 7.95, 7.90, and 7.82
A, respectively. As shown in Supporting Information Figure
S4, each ladder interacts with two adjacent ladders through
H-bonding between §N(azide) and @ (methanol) with
N---O = 2.803 A in theac plane, thus forming a 2D double
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Cr(1)~Cintact 2.051(2)-2.065(2) O(1)-Mn(1)—O(1y 180.0
Cr(1)~Npy 2.072-2.076 C(1}-N(1)—-Mn(1) 140.93(15)
Cr(L)~Chridge 2.074-2.087(2) C(3}-N(3)—Mn(1)° 139.57(15)
Mn(1)—O(1) 2.1843(14) N(1-C(1)—Cr(1) 169.18(16)
Mn(1)—O(1} 2.1843(14) N(2)}-C(2)—Cr(1) 172.39(19)
Mn(1)—N(3)° 2.2412(16) N(3)}-C(3)-Cr(1) 172.82(16)
Mn(1)—N(1) 2.2573(15) N(4) C(4)-Cr(1) 174.84(17)
Mn(1)—N(1)2 2.2573(15)

Mn(1)—N(4) 2.175(3) N(1»-C(1)-Cr(2) 174.8(3)
Mn(1)—N(1) 2.257(3) N(2)-C(2)-Cr(2) 175.0(4)
Mn(1)—N(5) 2.194(3) N(3)-C(3)-Cr(2) 175.7(4)
Mn(1)—0(1) 2.239(3) N(4)-C(4)—Cr(2) 176.5(3)
Mn(1)—Nopy 2.255(3)-2.261(3) N(5)-C(5)—Cr(1) 169.2(3)
Cr(1)~Nopy 2.053(3)-2.078(3) N(6)-C(6)—Cr(1) 174.3(4)
Cr(1)~C(5ridge 2.061(4) N(7)-C(7)—Cr(1) 172.8(4)
Cr(1)~Cintact 2.062(5)-2.102(5) N(8)-C(8)—Cr(1) 176.2(4)
Cr(2)~Cintact 2.057(4)-2.059(4) C(1¥N(1)-Mn(1) 173.5(3)
Cr(2)—Nopy 2.067(3)-2.071(3) C(4)-N(4)—Mn(1)e 170.0(3)
Cr(2)~C(@Aridge 2.074(4) C(5)-N(5)—Mn(1) 154.9(3)
Cr(2)~C(L)oriage 2.083(4)

MN(L)~N(@)oridge 2.199(6) C(4¥N(4)—Mn(1) 170.7(6)
MN(1)—N(1L)briage 2.202(6) C(35)-N(11)~Mn(1) 164.9(6)
Mn(1)—Nipy 2.223(6)-2.262(5) N(4)-C(4)—Cr(L)uridge 176.3(6)
Cr(1)~Cintact 2.015(8)-2.065(9) N(11)-C(35)~Cr(2rigge 176.7(7)
Cr(1)~Nopy 2.063(5)-2.075(5) N-C—Cr(2ntact 177.6(10)-179.5(8)
Cr(2)~Cintact 2.019(10)-2.052(8) N-C—Cr(Lntact 176.0(8)-177.2(8)
Cr(2)~Nbpy 2.055(6)-2.062(6)

Cl’(l)— C(4)oridge
Cr(2)—C(35)ridge

2.087(8)
2.079(8)

Cr(2)~Nopy 2.073(3)-2.079(3) C(13N(1)—Mn(1)! 173.0(3)
Cr(L)~Chridge 2.063(4)-2.086(4) C(2}N(2)-Mn(1) 172.7(3)
Cr(1)~Cintact 2.066(4) N(1)>-C(1)-Cr(1) 175.9(3)
MN(1)—N(9)uca 2.171(4) N(2)-C(2)—Cr(1) 173.7(3)
Mn(1)—0(1) 2.219(3) N(3)-C(3)-Cr(1) 174.6(4)
Mn(L)—Neyanide 2.226(3)-2.246(3) N(4)-C(4)-Cr(1) 179.0(4)
Mn(1)—Nppy 2.233(3)-2.255(3)

MN(L)—=N(7)azide 2.151(3) N(8»-N(7)—Mn(1) 150.3(3)
Mn(1)—0(1) 2.217(3) N(7)-N(8)—N(9) 175.7(4)
Mn(1)-0(2) 2.238(3) N(1}C(1)-Cr(1) 177.9(3)
Mn(1)—N(4) 2.210(3) N(2)-C(2)-Cr(1) 174.0(3)
Mn(1)—N(2) 2.238(3) N(3)-C(3)—Cr(1) 177.4(3)
Mn(1)—N(3) 2.244(3) N(4)-C(4)—Cr(1) 176.5(3)
Cr(1)~C(Lntact 2.062(4) C(2N(2)~Mn(1)f 166.6(3)
Cr(1)~Nopy 2.068(2)-2.070(2) C(3)-N(3)—Mn(1)e 177.2(3)
Cr(1)—Chridge 2.070(3)-2.091(3) C(4¥N(4)—Mn(1) 177.6(3)
MN(1)—N(9)azice 2.136(6) C(2)N(2)—Mn(1)9 161.9(5)
Mn(1)—0O(1) 2.220(4) C(3)N(3)-Mn(1) 161.3(6)
Mn(1)—N(3) 2.166(5) N(1}-C(1)-Cr(1) 178.3(7)
Mn(1)—N(2)2 2.229(6) N(2)-C(2)—Cr(1) 178.5(6)
MN(1)—Nppy 2.236(5)-2.266(5) N(3)-C(3)-Cr(1) 174.7(6)
Cr(1)~Nopy 2.042(5)-2.055(5) N(4)-C(4)—Cr(1) 177.9(6)
Cr(1)~Cintact 2.051(7)-2.076(7) N(11)-N(10)—N(9) 179.3(8)

Cr(1)—Coridge

2.042(7y-2.074(7)

a—x+1,-y+1,—z+1.%-x-y+1,-z+1.°x—-1,y,zd9xy+1l,zexy—1,z —~x+1,-y+1,-z9-x -y+2 —-z+ 1.

layer, which is packed into a 3D structure along thaxis bridges two MH ions in cisgeometry, and each Mron in

through van der Waals contact. Here, the azide only servesturn links two [Cr(bpy)(CN)]~ in a cisfashion as well, yield-

as a terminal ligand, which is different from that of the 2D ing a slightly distorted square, which can be viewed as a

complext’” This must be because the scarcity of one phenyl “snippet” of 5. The coordination surroundings of Cr are simi-

cycle abolishes the— stacking. lar to those found in the former complexes. The bridging
Description of the Structure of 6. The structure of com-  cyano ligands coordinate to the Mion [Mn—N = 2.166-

pound6 consists of a neutral molecular square with alternat- (5) and 2.229(6) A] in a bent fashion, with MiN—C bond

ing Cr and Mn units bridged by cyanide and crystallized angles of 161.9(5)and 161.3(6), respectively. The remain-

water molecules. As shown in Figure 6, each [Cr(bpy)@N)  ing four coordination positions are occupied by two nitrogen
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) ) ) ) Figure 4. Ball-and-stick structure of the pure zigzag chainsdadlong
Figure 1. Ball-and-stick structure of the crossed zigzag chains @lbng the b axis (crystallized water molecules are omitted).
the a axis.
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Figure 2. Ball-and-stick structure of the branched zigzag chairzalbng Figure 5. View of the ball-and-stick 3,3-ladder-like chain®fcrystallized
the b axis (crystallized water molecules are omitted). water molecules are omitted).

Figure 3. Ball-and-stick trinuclear structure @. (crystallized water

molecules are omitted).
) Figure 6. Ball-and-stick square-like crystal structure &f(crystallized

water molecules are omitted).

atoms from 2,2bpy, one nitrogen atom from azide, and one
coordinated water oxygen atom with a M® distance of each Mt ion could be substituted easily, which led us to
2.220 A. The size of the molecular square-i§.24 x 5.37 carry out a rational synthesis of this family of compounds
A. The isolated square is connected through rich H-bonding with low dimensions. At first, we used a chelate ligand of
into a 3D structure, with the shortest intermolecular i 2,2-bpy to replace the coordination water molecules, and
distance being 7.8 A. as a result, the branched zigzag chain of compd2imehs

In our previous communicatioff, we dealt with the isolated (when the ratio of 2;bpy and MA was 1).
magneto-structural correlation for a 4,2-ribbon chain by using Obviously,2 can be seen as a derivative bin which one
the Fisher model; however, more examples were needed forof the crossed chains was snipped by bpy. When the ratio
comparison. So, compourdvas obtained as expected when exceeded 2, the trinuclear compowwas isolated. We then
we used [Cr(bpy)(CN]~ instead of [Cr(phen)(CN)~ as the addressed the question, Can the branch of [Cr(bpy)}{CN)
building block. By checking this compound carefully, we in 2 be substituted by an anion? When Na(dca) was added,
found that the two water molecules that are coordinated to we succeeded in our rational synthesis of a pure zigzag chain
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Table 3. Collection of Magnetic Data for the Compountis2, 4, and5?

Ms (NB)
C (calc) C CW fit 6 Timin Tmax Tac Tn Hc meta-
unit z cmmol~1K cm®mol~1K (K) (K) (K) (K) (K) theory obs  kOe magnet
1 MnCr; 8/3 8.125 8.3 —91.4 17 5.5 35 3.2 1 1.1 3.0 yes
2 MnCr; 2 8.125 7.9 —66.8 2.3 2.3 1 1.2 4.0 yes
4 MnCr 2 6.25 6.5 —37.6 16 4.3 2.1 2.1 2 2.2 1.0 yes
5 MnCr 3 6.25 6.3 —41.5 26 7.7 51 4.7 2 2.1 49 yes

aZis the average neighbor number of the metal ion through a cyanide bkidge the critical field for AF state to ferrimagnetic state.

: : : : : —7 12 —o0—1.8K
50 “7 —_0—
6 4.4DP(’D—D—D:8:6=B=B—DdQ
« 1.0 o o -0—0
5 401 5
£ . g 0.8 S~
‘E 304 ) o=} 7/
E ) 5 < 0s] 4f
T 327 C-W law fitting = = ¥
0 C = 8.3cm’mol 'K =
6 =-91.4K L1 021
04 . : i . i Lo 0.0 T T T T T T T
0 50 100 150 200 250 300 0 10 20 30 40 50 60 70
T/K H/kOe
(a) Figure 8. Field-dependent magnetizations fbiat 1.8 and 4.4 K. Inset:
Field-dependenac susceptibilities at 1.8 and 4.4 K.
FCM (kOe)
0.6
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Figure 9. ymT (square) and ¥k (circle) vsT in an applied field of 10
kOe for 4. The solid lines correspond to the best fit to the Cutiéeiss
law and the best fit to the alternating-chain model. Inset: FCM at 200 Oe.

Figure 7. (a) xmT (square) and % (circle) vsT in an applied field of
10 kOe forl. The solid lines correspond to the best fit to the Cuhideiss
law and the best fit with an alternating-chain model. gh)vs T plots at
different fields.

of compound4 because of the terminal anion dca. Upon 5were measured in the range 6f200 K. The results indi-
examination of the 2D compound bridged by cyanide and cate that their magnetic behaviors are very similar, that is,
azidel” we found that ther—x stacking from the middle  they all show metamagnetic behavior. Therefore, @nill
phenyl cycles of phen plays an important role in stablizing be described in some details here as an example. The main
the structure. Thus, when azide was introduced to the systenmagnetic results have been listed in Table 3. The magnetic
of Mn" + [Cr(bpy)(CN)], the tendency was to form another data ofl and4 are shown in Figures 7, 8, and S5 (Supporting
structure without ther—x stacking, and a novel 1D ladder- Information) and Figures 9, 10, and S6 (Supporting Informa-
like compound5 was self-assembled. To the best of our tion), respectively. As shown in Figure 11a, the magnetic
knowledge, the memode of this class of tetracyanometalates susceptibility for compoun8 above 50 K obeys the Curie

has not been previously observed. When additiona#9 Weiss law v = C/(T — ©)] and gives the Weiss constant
was added (MWbpy/Ns = 1:1:10), a snippet ob was ® = —41.5 K and the Curie consta@t= 6.27 cni mol*
obtained ag Mn(bpy)(Ns) [Cr(bpy)(CN)]}2 (6), which is a K. The C value is consistent with the expected value of 6.25
square with alternating Mn and Cr units. As a result, three for a sum of isolated spin-only ions in a Mar" unit (g =
genuine examples3( 4, 6) were rationally synthesized. As 2). The negative® indicates a dominant antiferromagnetic
far as we know, compound is the first cyano-bridged, (AF) coupling between the ®rand Mr' ions in this com-

neutral, real-spin 3,3-ladder complex. pound. As the temperature is lowered, theT value de-
Magnetic Studies. Magnetic Properties of 1, 4, and 5.  creases gradually and reaches a minimum-26 K, then
Magnetic susceptibilities of the crystalline sampled, and increases abruptly, suggesting a ferrimagnetic charagiér.
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Figure 10. Field-dependent magnetizations fiat 1.75 K. Inset: M/ H1kOe
dH vs H plot. Figure 12. Field-dependent magnetizations foat 1.8 and 6.2 K. Inset:
Field-dependenac susceptibilities at 1.8 and 6.2 K.
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- 0.91 sharply transitions to a ferrimagnetic state (Figure 12). The
2 magnetization value is 2.NB mol~! at 50 kOe and 1.8 K,
e 069 which is consistent with the expected ferrimagnetic sBate
~ = 5/2 — 3/2 =1 for a MnCr unit. TheH, is ~4.9 kOe at
=0.34 1.8 K, which is estimated from the sharp peak of the field-
dependenac susceptibility (inset of Figure 12).
00+———————7————— The magnetic behaviors df 4, and5 can be rationalized
2 4 6 8 10 12 14 . .
T/K on the basis of their molecular structures. The noncompen-
(b) sation between the AF-coupled spins of'Wand CH' ions,
which depends on whether the structure has a Crivia

Figure 11. (a)ymT (square) and X (circle) vsT in an applied field of . - .
10 kOe for5. The solid line corresponds to the best fit to the Cuiéeiss Cha'm forl ora Cr/Mn =1 chain for4 and5, leads tp
ferrimagnetic behavior. The same approach used previously

law. (b) ym vs T plots at different fields.
was applied to analyze(Scheme 3}/ The Hamiltonian for
reaches a maximum value at6 K and then decreases compoundl is as follows (intrachain coupling):
sharply, which might be caused by magnetic saturation and/ N
or AF interactions between the ferrimagnetic chains and/or H = —J% (Syn;*Striea T+ S,mi-ﬁ’fﬁrl =
zero-field splitting (ZFS). The field-cooled magnetization I=
(FCM) at 200 Oe (Figure 11b) and the real partacfsus- =J[Syn,"(SEPF, + Kii)] (@)

ceptibility at different frequencies (277, 666, 1633, and 4111 oper ower
Hz) in a zerodc field (Supporting Information Figure S7)  If St T &1 = Serja IS the effective spin of Cr ions
on sites ofi + 1, andH = —J3 N, (Sun.* Srj+1) is the spin

display maxima at-5.0 K, in which the out-of-phase com-
ponent §") remains zero, thereby suggesting an AF ordering. quantum numbe2°®" = 2" = 3/2, then the effective
The transition temperaturd) can be estimated as 4.7 K spin numbelS, could be 3, 2, 1, or 0. Because all observed
by the maximum of @»cT)/dT at 666 Hz. The maximum in ~ Mn—Cr coupling through CN is always AF, and because
xwT disappears when the applied field is larger than 7.5 kOe, there is no detected interaction between the neighboritig Cr
suggesting a metamagnetic behavior (Figure 11b). The field-ions, all CH' ions have the same directional alignment, and
dependent magnetization at 1.8 K shows a pronounced sig-therefore 3 is a reasonable value for the ground-state spin
moid behavior: the magnetization first increases slowly as of . Thus, both1l and 4 can be described by the
the field increases because of AF interchain interactions, thenalternating chain modeH = _JziNzl(S\/In,i'S:” 4y for1and
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Figure 13. ymT (square) and %k (circle) vsT in an applied field of 10
kOe for 2. The solid lines correspond to the best fit to the Cuhideiss magnetizatiorM(H) as a function of the field up to 70 kOe

Ic?'\flfv a”dt ?nlg‘ppro’(imate alternating-chain model. Inggf:vs T plots at was measured at 1.8 K, as shown in Figure 14. At low fields
Irrerent fields. : ! ' !

the magnetization rises rapidly below 100 Oe (inset of Figure
H = —JZ!\Ll(Sm,i'SCr,m) for 4]. The best fitting of the 14) then increases almost linearly to 4 kOe, which corre-

magnetic data abev5 K (aboveTy) together with a sponds to an AF state, and then increases rapidly to a

molecular field approach that includes the interchain mag- férrimagnetic state. This is further evidenced by a clear
netic interaction£J) gives the following results] = —6.4  discontinuity in the 8/dH curve at 4 kOe (Supporting
cm L, J = —2.7kcmt = —0.45 cn! (z = 6), gr = 2.02, Information Figure S9). The magnetization value iSNB32

andgwn = 2.00 withR= 9.6 x 1075 for 1; J = —5.4 cnr?, at 70 kOe and 1.8 K, which is consistent with the expected
J = —-0.79%2 cm™ = —0.13 cnT! (z = 6), ger = 2.04, and fer.rimagnetic s.tatsr = (2 x 3/2) — 5/2=1/2 for a MnCpg '

Own = 2 With R = 2.1 x 107 for 4 {R = S[(xmTobs — unit. As shown in the ms_et of Flgure_ 14, an unusual hysteresis
ODead?S (Mo 2° (3 = interchain coupling. Using curve was observed with a coercive field of 43 Oe and a

this approximate approach, we found that the fitting result "éManent magnetization of 0.8 mol™. From this obser-
for 1 (—6.4 cnm?) is very consistent with the Monte Carlo  Vation, we can estimate that the spin canting angleis

simulation (7.5 cnm?) for the same compound performed 0.16’..To affirm its unus.uallmagnetic properties, detailed
by Julve and co-worker$® The AF interactions between Z€ro-field-cooled magnetization (ZFCM) and FCM measure-

the nearest chains (negatiz®) result in an AF ground state, Ments were performed on a SQUID magnetometer, as shown
which turns into a ferrimagnetic state at higher fields; thus in Supporting Information Figures S10 and S11. The ZFCM

the compounds exhibit metamagnetic behaviors: the bigger@nd FCM at 20 Oe are divergent below 2.04 K, whereas the
the zJ, the higher the critical field. FCMs, which depend dramatically on the field below 2.04

K, were saturated at 100 and 500 Oe and at 1 and 2 kOe.
These behaviors strongly suggest the occurrence of spin

unit) is presented in Figure 13. The magnetic susceptibility cgnting. A maximum appears at 2.1 K when the “e"?' s
above 70 K obeys the CuriéNeiss law and gives the Weiss  nigher than 2kOe (3 kOe, 4 kOe) and disappears at a higher

constant® = —66.8 K and the Curie constaft = 7.94 field (6 kOe), which is a typical property of a metamagnet.
cm? mol K. The C value is consistent with the expected | 1€ SPin canting leads to a weak ferromagnetic ground state,
value of 8.125 for a sum of isolated spin-only ions in'Mn and at fields higher than 4 kOe it turns into a ferrimagnetic
Cr, (g = 2). As the temperature is lowered, tgT value state. Therefore, the compound exhibits canting and meta-

decreases gradually and reaches a plateaulat K, then ma_lgnetic behavipr%l.AIt_hough there is no_local si_ngle?ion
decreases abruptly at3 K, which may be due to interchain ~ &nisotropy for high-spin Mh and low-spin C¥ in this
AF coupling and/or ZFS and/or magnetic saturation effects. SYStem. the spin canting may arise from the antisymmetric
Long-range magnetic ordering is clearly evidenced by low- exchange of CFMn because of Fhe lack of.a cen_ter of
field magnetization andc susceptibility measurements. As SYmmetry between Cr and Mn. Th|s.Dzyansh|nsMc_)r|y2a
shown in the inset of Figure 13, remarkable field dependenceiNtéraction is a reasonable explanation for the cantirgyfh

is observed. At 200 Oe, a spontaneous magnetization occurs AN @PProximate approach has been widely used for 1D,
as a result of spin canting, which gradually disappears atZD’ %nga quasi-2D complexes to roughly estimate e
500 and 1000 Oe. The real part at susceptibility at ~ V&lue”= In terms of the crystal data, the €CN—Mn
different frequencies (277, 666, 1633, and 4111 Hz) in the linkages are quite different i@. Therefore, the 1D chain
absence of alc field (Supporting Information Figure S8) can be treated as alternating uniform@n dimers (Cg from

displays spiculate peaks with a slight frequency dependencelN® Pranch) and Grposessing different intradimeric and

at ~_2'3 K, whereas the_ out-of-phase compongfi) almOSt_ (21) Nocera, D. G.; Bartlett, B. M.; Grohol, D.; Papoutsakis, D.; Shores,
vanishesTy can be estimated to be 2.3 K and characterized M. P. Chem—Eur. J. 2004 10, 3851 and references therein.
b the maXImum o) ! T VS T at 666 HZ. The Isothermal (22) (a) Carlln, R. L; Van-DUyneVeIdt, A. Magne“c PrOpertieS of

y fXac Transition Metal Compound$Springer-Verlag: New York, 1977. (b)
Armentano, D.; De Munno, G.; Mastropietro, T. F.; Julve, M.; Lloret,
(20) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany 1993. F. Chem. Commur2004 1160.

Magnetic Properties of 2.The temperature dependence
of ymT in the range of 2300 K for compound® (MnCr,
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Figure 15. xmT vs T in an applied field of 10 kOe foB (square) and
(circle). The solid lines correspond to the best fit to the linear trinuclear of
Cr—Mn—Cr and square [CrMa]models for3 and 6, respectively. Inset:
Field-dependent magnetizations-at.8 K.

0 50 100

intrachain exchange constanty ¥s J.): H = —J4Sun*Son
(dimer); H = —J.Sy 2. Here

xg = [NG?BY3KT] [180 exp(3.79,/kT) +
84 exp(-0.25),/kT) + 30 exp{3.25)/kT) +
6 exp(—5.25)/kT)/[9 exp(3.7F/KT) +
7 exp(0.25]/KT) + 5 exp(3.25]/KT) +
3 exp5.251/kT)], (2)

2
g = mSd(aptl) (for a classical spin system),

3T ®)

_Ng

21 +u
Xchain — 3K 1

21+U
9Tyt

- 4)
g = GodSe(Ser + 1)), 5 = Gl S(S + 1], 9 = (gh +
g8)/2, andd = (gx — g8)/2; u = coth@%kT) — (KT/J9, in
which J® = J[Scra(Scre + 1)S(S + 1)]Y2 On the basis of
this approximate model, the best fitting (1800 K) gives:
Ja 9.4 cm?t, J.=—-4.8cm?, gor = gq = gun = 1.92
and R = 1.4 x 10* {R = Y[(¢mMobs — (mTNcad?
Z(XMT)obsz}-

Magnetic Properties of 3 and 6. The temperature
dependence gfmuT in the range of 2300 K for crystalline
samples of3 (MnCr; unit) and6 (MnCr unit) is presented
in Figure 15. As the temperature is lowered, iy value

decreases gradually, suggesting the presence of an A
coupling between the adjacent Mn and Cr ions. The magnetic

susceptibility above 50 K obeys the Cuti#/eiss law with
Curie (cn? mol~* K) and Weiss (K) constans = 8.44 and
® = —29.4 for3 andC = 6.22 and® = —53.1 for6

(Supporting Information Figure S12). Thé values are

x 2 — 5/2) = 1/2 (inset of Figure 15). The M(H) as a
function of the field is also measured at 1.8 K farThe
value of 2.08I3 at 70 kOe is consistent with the expected
value for the AF state of MnC6r = (5/2 — 3/2) = 1.
According to the crystal data & we can assume that there
is only one exchange mode (MaCN—Cr"', thoughCOMn;—
N,—C,=170.6, bUlDMnl—Nll—Cgs = 1649), and that the
magnetic interaction between Cr ions can be neglected for
simplicity because of the long distance between Crl and Cr2.
Thus, the appropriate Hamiltonian would Be= —J(Sc

Sun1 + Ser2r Suna), in which Jis the coupling constant through
the cyano bridges. By means of Kambe’s metftitie data

are fitted, and the corresponding results are obtainks:
—5.2¢cm?’, g =ger = guwn = 2.01, andR = 1.8 x 1074

Until recently, there were a few compounds bridged by
cyanide groups with a square strutd?é but only three of
them were pure squaré:15¢-25The three compounds have
been analyzed by the four spin model. In,€8, the
magnetic interactionsl§) between the diagonal FeFe and
Cu---Cu bonds were considered, which resulted in the value
—3.1 cnt!, whereas the magnetic interactiah)(between
Fe--Cu through the cyano-bridge was 6 thin this case,
the ferromagnetically coupled Fe and Cu should be affected
by the AF coupling from the diagonal interaction, and spin
frustration may exist. However, no evidence was found to
prove this presumption. In Glln,, the diagonal interactions
were neglected, which resulted in a valueJpf= —0.36
cm L. According to the crystal structure 6f we can assume
that there might be equivalent coupling constants because
there is little difference between €C€;—N;—Mn and Cr-
C:—N3z—Mn and that the diagonal magnetic interactions
between Cr ions or Mn ions may be neglected. Thus, the
appropriate Hamiltonian can be of the forrhl = —J(Sch-

Svnt + Sun1*Serz + Ser2rSunz + S/InZ'S:rl)a in which J is the
coupling through the cyano bridges. Following the Kambe’s
method?* one can obtain the corresponding fitting results
(Jer = gun = 2.0): J= —8.0 cmmwith R=7 x 1075,

In cyanide magnets, some rough rules have been docu-
mented, which include (1) the cyano group can transmit the
magnetic interactions between transition metal ions ferro-
magnetically or antiferromagnetically, depending on the

Fsymmetry of the magnetic orbitad3(2) the direct exchange
interactions between transition metal ions are almost zero
as their distances are larger than 5 A; (3) the magnetic phase

transition temperaturé. follows the following equatior®

T.= VYIS, (S, + DS (S + 1)

consistent with the calculated value of 8.125 expected for a

sum of isolated spin-only ions in Mer'", (g = 2) and the

and (4)Juw can be estimated BY

calculated value of 6.25 expected for a sum of isolated spin-

only ions in MA'Cr". The magnetization value is 1.MA
mol~* at 70 kOe and 1.8 K foB, which is slightly higher
than the expected value for the AF state of MaGr= (3/2

(23) (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.lnorg. Chem 1995 34, 2652. (c) Wrzeszcz, G.;
Dobrzdrska, L.; Wojtczak, A.; Grodzicki, AJ. Chem. SagDalton
Trans 2002 2862.

MM’ — %1[2 ]i‘]ij]-

(24) Kambe, K.J. Phys. Soc. Jprl95Q 5, 48.

(25) Kou, H. Z.; Gao, S.; Li, C. H.; Liao, D. Z.; Zhou, B. C.; Wang, R. J.;
Li, Y. D. Inorg. Chem.2002 41, 4756.

(26) Ferlay, S.; Mallah, T.; OuakeR.; Veillet, P.; Verdaguer, Mnorg.
Chem.1999 38, 229.

(27) Ohkoshi, S.; Hashimoto, KChem. Phys. Lettl999 314, 210.
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Table 4. Structural and Magnetic Parameters for Relateet\@n (6 < 155°) may reduce this overlap, and the simple linear
Cyanide Compounds relation betweed and@ is no longer preserved. On the basis
Mn—N—C—Cr (deg) of the data collected in Table 4 and Figure 16, the-Mn
compound MAN-C  Cr—C-N  Jem! ref N—C angle at 155may give the best overlap betweeg t
1 139.6 172.8 —6.4 ) (high-spin M) and t¢(low-spin CH'). On the other hand,
, 140.9 169.2 o this work our experimental data appear to follow a general rule that
173% 1748 “48  this work the average numngX of nearest neighbors for metgl ions
170.0 176.5 determines the critical temperature whose value is in the
3 i%‘r:g gg:; =52 ihis work orderr5(Z=3)>1(Z=8/3)>2(Z=2)~4(Z=2).
4 g%g ggg 54 this work Conclusion
6 igi-g ggg =80 s work In this paper, we have succeeded in developing a rational
CrMn-phen 174.9 1605 47 . synthesis of some low-dimensional bimetallic cyanides with
175.7 160.5 interesting magnetic properties. Three routes with gradual
[CrMne] 161.7 1.2 11 modification have been achieved by introducing a suitable
153.6 -10.5 . . X :
MnCrs—1 1527 177.2 6 14d secondary and/or tertiary coligand: (1) 4,2-ribbon chain - - -
MnCrs—2 153.4 176.5 —6.2 14d branched zigzag chain - - - trinuclear; (2) 4,2-ribbon chain
MnsCre—3 173.4 176.1 —6.0 14d - - - branched zigzag chain - - - pure zigzag 2,2-CC chain;
167.2 ) . -
MnCras—4 164.7 176.1 6.6 14d (3) 4,2-ribbon chain --- 3,3-ladder chain --- square
3D-NaCrMn 180 180 -3.6 28 tetranuclear. Magnetic studies have shown that the coupling
MnCr 168.9 170.7 —6.2 16b between M# and CH ions in all the title compounds are
2- AF, and theJ values of the different compounds were
% estimated to be in a range 6.7 to—9.4 cnT. It has been
“ 5 found that the AF couplingJj follows an approximate
- 645 ® O relationship in the range @f = 155-180C°: J(cm™) = —40
5 . » + 0.2, in which 6 (°) is the angle of Ma-N—C deviated
-] y from the Mn—N—C—Cr bridge. The 1D compound4,(2,
101 o] U= 40+02% 4, and5) exhibit metamagnetic behaviors below the tem-
1ol ' ' . perature range of 2:14.7 K, and their transition temperatures
140 150 160 170 180 depend on the average number of neighbors for metal ions.

0 (The angle of Mn-N-C)/ Additionally, the noncentrosymmetric compou@dshows
Figure 16. The coupling constant)) plotted against the angle of Mn ;
N—C (6°). The open symbqls stan_d for the data in th_is work and the solid Wea,'k fﬁrrqmagnensm. hv th he chelati i d f
ones for the reported data in the literature. The red line corresponds to the ~ Finally, it is noteworthy that (1) the chelating ligand L o

linear fitting. [M(L)(CN)4]~ can affect the target products, therefore
[M(L)(CN) 4]~ should be studied further to expand this
ObViOUSIy, the detailed factors such as the deviation of remarkable f|e|d' (2) tetpgeometry may behave as a
Mn—N—C—Cr from the linearity have been ignored in the potential tool to build the 4,2-tubular molecules; (3) the
studies mentioned above for simplicity. Julve and co-workers ajternating building block is a good ligament to study
recently reported four GrMn compounds based on [Cr(bpy)-  complexes with mixed effective magnetic bridges; (4) it will
(CN)4|~ and used Monte Carlo simulation and DFT type pe interesting to explore the assembled compounds with other
calculations to analyze some of the magnetic behaviors. They3d metal ions, such as ¢oCu', Ni', etc.; and (5) more
concluded that the larger AF coupling corresponds to the examples are needed to examine and interpret the relationship
higher bending of the GfFC—N—Mn unit**The relationship  betweenJ and6. In a word, the addition of a second or even
between the angle of MN—C (6/°) and the Mn-Cr a third coligand sheds some light on the big challenge of
coupling constant]) is also observed in this work. Thgt the rational design of low-dimensional magnetic molecular
tog pathways are ensured to transfer the AF coupling betweenmaterials.
the tg°ey2 high-spin M and the 1,°e,° Cr'"" involved in all
the title compounds. The magnetic analyses demonstrate thaEXperimental Section
the intermetallic magnetic exchange constanig between General Remarks. All starting materials were commercially
—4.7 and—9.4 cn1?, which, together with the previous available, reagent grade, and used as purchased without further
resultst#d162.28is documented in Table 4. Figure 16 shows purification. Elemental analyses of carbon, hydrogen, and nitrogen
the plot ofJ versusf using the data in this table. It is found were carried out with an Elementary Vario EL. The IR spectra were
that the AF coupling increases almost linearly as the angle recorded against pure samples on a Magna-IR 750 spectrophotom-
of Mn—N—C decreases from 180%to 155, obeying an eter in the 4006-500 (_:rrrl region_. The measu_rements ofyariable-
approximate relationshipJ(cml) = —40 + 0.29. When tempe.r.ature mggnetlc susceptibility, zero-.flei(.ﬂ magnetic sus-
the angle deviates from a collinear arrangement, the oVerl‘,:lpceptlblllty, and field dependence of magnetization were performed
of two coupling orbitals probably increases, and consequently (28) Dong, W.: Zhu, L. N.; Song, H. B.: Liao, D. Z.: Jiang, Z. H.: Yan, S.
an increase irdar will follow. However, a large deviation P.; Cheng, P.; Gao, $norg. Chem2004 43, 2465.
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on an Oxford Magla®°° System and a SQUID magnetometer. The

MnCrCygHooN 1102 (%) C, 49.93; H, 3.22; N, 24.63. Found: C,

experimental susceptibilities were corrected for diamagnetism 50.04; H, 3.45; N, 24.98. IR stretching dicyanamide and cyanide

(Pascal’s tables).

Synthesis.The precursor [Cr(bpy]CN),][Cr(bpy)(CN)] (ab-
breviated as Cr) was prepared by the literature metif8dAn
improved strategy gave a new product of Na(bpyiHCr(bpy)-
(CN)4] (abbreviated as NaCr?).30

Cautiont Although it was not encountered in our experiments,

(cm™Y): 2172 (vs), 2242, 2299(m) correspondingt@s ven Was
concealed.

(5) Fifteen milliliters of a methanol solution of Mng(0.1 mmol)
and NaN (1 mmol) was stirred for several hours (which is
necessary) and was then mixed slowly with a bright yellow solution
of Cr24 (0.1 mmol) in methanol/kD (10:5 mL). The resulting

azide salts are potentially explosive. Only a small amount of the solution was left to stand at room temperature. Yellow block single
materials should be prepared, and it should be handled with care.crystals ofs were obtained after several days. Yield: 30 mg, 61%.

(1) A bright yellow solution of C#* (0.1 mmol) in methanol/
H,0O (10:5 mL) was mixed with an aqueous solution (5 mL) of
MnClI; (0.1 mmol). The resulting solution was left to stand at room
temperature. Yellow blocked single crystalslofere obtained after
several days. Yield: 30 mg, 84%. Anal. Calc. for MaCiH20N1,0,
(%): C, 47.00; H, 2.82; N, 23.49. Found: C, 46.93; H, 3.18; N,
24.01. IR stretching cyanide (c¥): 2144 (sharp peak, m).

(2) A bright yellow solution of Na-Cr* (0.1 mmol) in methanol/
H,0 (5:5 mL) was poured into a test tube. Then 10 mL of methanol
and 5 mL of a methanol solution of Mng0.1 mmol) were layered
above it. Yellow plate single crystals @ were obtained after a
month. Yield: 16 mg, 36%. Anal. Calc. for Mn@Z3gH2gN140,
(%): H, 3.24; C, 52.36; N, 22.50. Found: H, 3.45; C, 52.18; N,
22.32. IR stretching azide and cyanide (& 2151, 2166 {c=n,

Anal. Calc. for MNCrGsH;gNgO4 (%): C, 36.37; H, 3.66; N, 25.45.
Found: C, 36.54; H, 3.47; N, 25.58. IR stretching azide and cyanide
(cm™1): 2079 azide VS), 2158 {c=n, W, no splitting peaks because
of the strongvazige-

(6) We prepared complex 6 using a procedure similar to that
used for compleX, replacing dca with Nap Yellow block single
crystals of6 were obtained after several days. Yield: 35 mg, 56%.
Anal. Calc. for MNCrG4H2oN 1103 (%): C, 46.54; H, 3.58; N, 24.87.
Found: C, 46.48; H, 3.72; N, 24.90. IR stretching azide and cyanide
(cm™Y): 2067, 2053 %azide VS), 2154 {c=n, W)

X-ray Crystallographic Study: Crystallographic Data Col-
lection and Structure Determination. The diffraction data col-
lections of 1-5 were made at 293 K on a NoniusCCD
diffractometer and that & was collected on a CCD area detector.

w). The identity of the product used in magnetic measurements The structures were solved by the direct method (SHELXS-97) and

was confirmed by powder X-ray diffraction analysis (Supporting
Information Figure S13).

(3) Method A: MnC} (0.1 mmol) and bpy (0.2 mmol) were
dissolved in methanol/4#0 (10:5 mL), stirred for 30 min, and then
mixed slowly with a bright yellow solution of Gf (0.1 mmol) in
10 mL of methanol. The resulting solution was left to stand at room
temperature. Yellow column single crystals3oivere obtained after
several days. Yield: 40 mg, 74%. Anal. Calc. for MaCiH44N1605
(%): C, 53.19; H, 4.09; N, 20.68. Found: C, 53.51; H, 3.75; N,
21.11. IR stretching azide and cyanide (&) 2157, 2167 %c=n,

w). Method B: 2 (20 mg, 0.023 mmol) was dissolved in methanol/
H,0 (10:5 mL) and was then mixed slowly with a bright solution
of 2,2-bpy (0.05 mmol) in 2 mL of methanol. The resulting solution

refined by full-matrix least squares (SHELXL-97) &#. Aniso-
tropic thermal parameters were used for the non-hydrogen atoms.
Hydrogen atoms were added geometrically, and a riding model was
used to refine them. Weighted R factors (wR) and all of the
goodness-of-fit§) values were based d#; conventional R factors

(R) were based orr, with F set to zero for negativ&2. The
weighting scheme isv = 1/[$?F* + (0.0433°)2 + 0.00007], in
which P = (Fo? + 2F:2)/3.

CCDC-246561 to 246566 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK; fax: (internat.}+44—1223/336-033;

was left to stand at room temprature. Yellow column single crystals E-mail: deposit@ccdc.cam.ac.uk].

of 3 were obtained after several days. Yield, 15 mg, 60%. Anal.
Calc. Found (%): C, 53.43; H, 3.87; N, 20.92. The crystals were
confirmed by X-ray analysis.

(4) Fifteen milliliters of a methanol solution of Mng0.1 mmol)
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Supporting Information Available: CIF files of 1—6, plots
of crystal packing for, 2, 4, and5 and more figures of magnetic
data for1—6. This material is available free of charge via the
Internet at http://pubs.acs.org.
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