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The syntheses, crystal structures, and magnetic properties of three novel cyano-bridged bimetallic assemblies,
[Ni(bpm)2]s[Co(CN)gl2-3.5H0 (1), [Co(bpm)2|[Fe(CN)sNO]-2H,0 (2), and [Co(bpm),][Ni(CN)4] (3) (bpm = bis(1-
pyrazolyl)methane), are reported. Complex 1 crystallizes in the tetragonal space group P452;2 with a = 12.800(5)
A, b= 12.800(5) A, c = 42.80(3) A, v = 7012(6) A3, and Z = 8. Complex 2 crystallizes in the chiral trigonal
space group P3,21 with a = 11.9961(19) A, b = 11.9961(19) A, ¢ = 16.062(5) A, y = 120°, V = 2001.7(8) A3,
and Z = 3. Complex 1 is a trigonal bipyramidal complex in which three [Ni(bpm),J>* units are situated in the
equatorial plane and are connected to the two apical [Co(CN)sJ*~ units via three N ends of the cyanide groups.
Complex 2 possesses a triangular left-handed helical chain structure composed of [Co(bpm),J?* linked by
[Fe(CN)sNOJ2—; the shortest intramolecular Co-++Fe distance is 5.162 A. To the best of our knowledge, this is the
first observation of a heteronuclear helical chain structure based on pentacyanonitrosylferrate(ll). The structure of
complex 3 is roughly determined by X-ray crystallograhy analysis to be a 1D zigzag chain. These structure variations,
from a discrete cluster to a 1D helical chain and a 1D zigzag chain, rely on the semirigidity of the capping ligand
bpm. Magnetic susceptibility measurements indicate that complex 1 has an intramolecular ferromagnetic interaction
(J = 4.06 cm™1) between the nickel(ll) ions; this is further confirmed by the magnetization measurements. In
complexes 2 and 3, the cobalt(ll) ions are located in a moderately strong field.

Introduction tendency of cyanides to form three-dimensional networks,
Research in transition metatyanide chemistry is expe- the simplest modes .possmle are neede_d. Thus, a new effort
fiencing a renaissance because of the novel magnetici© Prepare cyano-bridged complexes with oligonuclear and
properties exhibited by face-centered 3D “Prussian blue” Iow—(j|m?_n5|onal_ struEtures has been rrr:ade ]E)yhlntr;[(i:iéucmg
compounds—# Some exciting results such as long-range C@PPing ligands into the coordination sphere of the catidn.

magnetic ordering above room temperature have been (5) Kou, H.-Z.; Gao, S.; Ma, B.-Q.; Liao, D.-Zhem. Commur200Q

reportec? Recently, zero- and low-dimensional cyano- 13, _ . .
bridaed ds h d . inal (6) (a) Colacio, E.; Ghazi, M.; Stoeckli-Evans, H.; Lioret, F.; Moreno, J.
ridged compounds have drawn our attention as single- M.; Perez, C.Inorg. Chem2001, 40, 4876. (b) Van Langenberg, K.;

molecule magnets and single-chain magnets. However, itis  Batten, S.R; Iaerry, K. J.; Hockless,(D). C. RI.; Moubaraki, B.;cljyI;rray,
ee ol K. S. Inorg. Chem.1997, 36, 5006. (c) Berlinguette, C. P.; la

extrer_ngly difficult to grow crystals of these cyanide Mascars, J. R.. Dunbar, K. Rinorg. Chem 2003 42, 3416. (d) Van

containing compounds. On the other hand, when we study Langenberg, K.; Hockless, D. C. R.; Moubaraki, B.; Murray, K. S.
, i i ide- - Synth. Met2001, 122, 573.

the m_agneto §tructura| relat|_o_nsh|p of cyanide-based as (7) (@) Shek. | P. Y. Wong. W. T.; Gao, S.; Lau, T. Gew J. Chen.

semblies, which lack solubility because of the strong 2002 26, 1099. (b) Fallah, M. S. E.; Ribas, J.; Solans, X.; Font-Bardia,

M. New J. Chem2003 27, 895. (c) Berlinguette, C. P.; Dragulescu-
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Scheme 1 Experimental Section
7 All of the reagents were used as received from commercial
Pl / NC suppliers without further purification. The bpm ligand was prepared
N—N; by the literature metho#. Caution! Perchlorate salts of metal
NC
H2C/ . / complexes with organic ligands are potentially explosive. Only
12 M\ AN small amounts of material should be prepared, and these should be
—N \) N3 p3 handled with caution.
P \2 T \N/ Elemental analyses for C, H, and N were carried out at the
\ Ny T4 Institute of Elemental Organic Chemistry, Nankai University. IR
P4 \N_CZHZ spectra were recorded in KBr disks on a Bruker Tensor 27 infrared
\ spectrophotometer in the 406600 cnt?! region. The variable-

temperature magnetic susceptibilities of crashed single-crystal
This strategy favors the crystallization of the compounds and samples in the temperature range ef300 K (1) and 5-300 K (2
the study of the magneto-structural relationship. The cappingand 3) were measured on a Quantum Design MPMS-7 SQUID
ligands can control the topology of the metal ions thereby magnetometer in a fieldf@ T (1) and 1 T @ and3), respectively.
enhancing the solubility of the resulting compounds. For Diamagnetig corrections were made with Pascal’s constants for all
metal ions that have six-coordinate geometry, bis-bidentate-©f the constituent atoms.
or tetradentate-capped metal centers can receive two ad- Synthesis of [Ni(bpm}]s[Co(CN)el2-3.5H,0 (1). Complex1
ditional ligands, such as cyanides or cyanometalates, to form"¥as prepared by the slow diffusion at room temperature in water
new soluble cyanide-based assemblies with a reduced numbe?f bpm (0.018 g, 0.12 mmol) and N'(CJ‘Q'6HZQ .(0'02.2. g, 0.06
. . . mmol) on one side of a U-shaped tube containing silica gel with
of metal—cyano—mgtal .I|nkages. So far, ch.elat.mg amines, K3[Co(CN)] (0.013 g, 0.04 mmol) on the other side. After a few
such as ethylenediamine, 1,3-propylenediamine, or 1,4,8,-yeeks, well-shaped blue crystals sitable for X-ray analysis were
11-tetraazacyclotetradecane anbtN',N"-trimethyl-1,4,7- optained. Yield: 30%. Anal. Calcd for sHssN3gOssCoNis
triazacyclononane, have usually been employeéf Here, (1558.34): C, 41.62; H, 3.56; N, 32.36. Found: C, 41.14; H, 3.31;
we adopt the same capping ligand as used by Murray 8t al., N, 32.89. IR (KBr, cntY): 3138, 3125, 2160, 2135, 1634, 1516,
bpm (bis(1-pyrazolyl)ymethane), which is a bidentate semi- 1430, 1397, 1330.
rigid ligand. [Ni(bpm}]s[Co(CN)]2+3.5H,0 (1), [Co(bpm}]- Synthesis of [Co(bpm)][Fe(CN)sNO]-2H,0 (2). Complex2
[Fe(CN)XNO]-2H,0 (2), and [Co(bpmy][Ni(CN) ] (3) have was obtained as yellow crystals in a manner similar to that used to
been synthesized using this ligand. As in the case of theobtain complexl except for the use of Co(CI-6H,O and
pentanuclear cluster [Ni(bpei[Fe(CN)]»-7Hz0 5 complex (N:aﬁéFe((go'\;)sg‘g]‘chzg ;ée":; 24;/;- ﬁ”%‘-z(;ag'cgfor %HZCONg%'l y
: ; . oFe (607.27): C, 37.58; H, 3.32; N, 32.29. Found: C, 37.21; H,
1 forms_ an isostructural d|scr.ete pe_ntanuclear _cluster, each3.54; N. 32.76. IR (KBr, omY): 3135, 3100, 2190, 2170, 1930,
cluster is connected to the neighboring clusters in the crystal
. . - 1655, 1616, 1410, 1360, 1310.
lattice via hydrogen bonds from the water molecules to give

. . . Synthesis of [Co(bpm)][Ni(CN) 4] (3). Complex3 was prepared
a complicated three-dimensional network. The same type 01Eas pink crystals in a manner similar to that used to obtain complex

cluster has also been reported using other N,N-bidentate; gycept for the use of Co(Cp-6H,0 and Na[Ni(CN).]. Yield:
ligands, such as tmphen and 2hpyridine®¢ Magnetic 209, Anal. Calcd for GH:eN1,CoNi (518.07): C, 41.73; H, 3.11;
susceptibility measurements indicate that complekas N, 32.44. Found: C, 41.36; H, 3.45; N, 32.13. IR (KBr, ¢h
intramolecular ferromagnetic interactions <€ 4.06 cm?) 2160, 2133, 1720, 1685, 1520, 1350.

between nickel(ll) ions; this is confirmed by the magnetiza-  X-ray Crystallography. Crystals with approximate dimensions
tion measurements. In compl@xpentacyanonitrosylferrate-  of 0.18 x 0.16 x 0.14 and 0.35«< 0.25 x 0.10 mm of complexes
(1) connects the cobalt(ll) ions through cyanide bridges to 1 and2, respectively, were mounted on a glass fiber. Determination
form a heteronuclear left-handed helical chain. As far as we Of the unit cell and data collection were performed with Ma K
know, there has been no report of cyanometalate-basedadiation ¢ = 0.71073 A) on a BRUKER SMART 1000 diffrac-
helical structures until now. CompleX displays a zigzag tometer equipped with a CCD camera. The¢ scan technique
chain structure. The capping ligand favors the different was employed.

truct inth latti b fh iriqidity of b The structures were solved primarily with a direct method and
structures In these fatlices because ot e Semirgicity o pmsecondarily with Fourier difference techniques. They were refined

(Scheme 1) and the regular variation in the dihedral angle p; yhe full-matrix least-squares method. The computations were
of the two pyrazole rings (P1, P2 or P3, P4) in one bpm performed with the SHELXL-97 progra#f.i® All non-hydrogen
ligand, the dihedral angle of the two M-bpm coordinating

planes (MNN, and MNsN,), and theri—7, angles. This leads  (13) (a) Kou, H.-Z.; Bu, W. M.; Gao, S.; Liao, D. Z.; Jiang, Z. H.; Yan, S.
to the formation of cyanide-bridged complexes with struc- P.;Fan, Y. G.; Wang, G. L1. Chem. Soc., Dalton Tran200Q 2996.

. . (b) Kou, H.-Z.; Gao, S.; Bai, O.; Wang, Z.-Mnorg. Chem.2001,
tures ranging from discrete pentanuclear complexes to 1D 40 6287. (c) Colacio, E.; Domguez-Vera, J. M.; Lloret, F.:

chains. Rodrguez, A.; Stoeckli-Evans, Hnorg. Chem.2003 42, 6962.
(14) (a) Zhang, L.; Cheng, P.; Tang, L. F.; Weng, L. H.; Jiang, Z. H,;
(9) Kou, H.-Z.; Gao, S.; Zhang, J.; Wen, G.-H.; Su, G.; Zheng, R. K.; Liao, D. Z.; Yan, S. P.; Wang, G. [IChem. Commur200Q 717. (b)
Zhang, X. X.J. Am. Chem. So2001, 123 11809. Tang, L. F.; Jia, W. L.; Wang, Z. H.; Wang, J.-T.; Wang, H.-BG.
(10) Lu, T.B.; Xiang, H.; Su, C. Y.; Cheng, P.; Mao, Z. W.; Ji, L. New Organomet. Chen2002 649, 152.
J. Chem2001, 25, 216. (15) Sheldrick, G. M.SHELXS 97, Program for the Solution of Crystal
(11) Shores, M. P.; Long, J. R. Am. Chem. So2002 124, 3512. Structures University of Gdtingen: Gitingen, Germany, 1997.
(12) Vostrikova, K. E.; Luneau, D.; Wernsdorfer, W.; Rey, P.; Verdaguer, (16) Sheldrick, G. MSHELXL 97, Program for the Refinement of Crystal
M. J. Am. Chem. So@00Q 122 718. Structures University of Gdtingen: Gidtingen, Germany, 1997.
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Table 1. Data Collection and Processing Parameters for Compléx@&s

1 2 3
formula C54H55N3603,5C02Ni3 C19H20N1403C0Fe QngeN]_zCONi
fw 1558.34 607.27 518.07
T (K) 293(2) 293(2) 293(2)
cryst syst tetragonal trigonal orthorhombic
space group P432,2 P3,21 Cmcm
a(h) 12.800(5) 11.9961(19) 14.215(7)

b (R) 12.800(5) 11.9961(19) 9.376(5)

c(A) 42.80(3) 16.062(5) 16.615(9)

y (deg) 90 120 90

V (A3 7012(6) 2001.7(8) 2215(2)

Z 4 3 4

o (glcr) 1.476 1.511 1.554

u (mm) 1.324 1.214 1.631

0 (deg) 1.96-25.01 1.96-26.40 2.45-25.02

index ranges —15<h=<13 —-15<h=<14 —16<h=<15
—15<k=15 —11<k=15 —10=<k=11
—43<1=<50 —-20<1<14 —-16=<1<19

reflns collected 34850 11474 5630

598Rnt = 0.1327
1.000000, 0.621144

2730Ry = 0.0278
1.000000, 0.905697

1059R; = 0.0681
0.8944, 0.6671

independent reflns
maximum, minimum transmission

data/restraints/parameter 5981/48/453 2730/0/176 1059/114/114
GOF onF? 1.120 1.093 0.977
Ry, Rz [I > 20(1)] 0.0871, 0.1523 0.0298, 0.0756 0.0674, 0.1879

Ry, Rz (all data)
largest diff. peak and hole (e &)

0.1194, 0.1662
0.697,—0.521

0.0360, 0.0797
0.557;-0.302

0.1026, 0.2080
0.990;-0.543

atoms were refined anisotropically. The hydrogen atoms were setTable 2. Selected Bond Lengths (A) and Angles (deg) for Complexes

in calculated positions and refined as riding atoms with a common 1 and2

fixed isotropic thermal parameter. Unfortunately, high-quality

1a
crystals of complexd were not obtained. The poor quality of the Col-C2 1.8748(8) Ni+-N7 2.0763(10)
structure determination is a result of the high disorder of the organic ~ Col-C4 1.8857E12; Ni+-N11 2.0929E9;
; i ; Col-C3 1.8859(12 Ni+N10 2.1167(9
ligand l_)pm. Tg_e pres'ent resfugsz\;ve(r)elzbtalr:)eg;rom a ((::rystal IW|th Col_C5 1.9126(9) NIiL-N14 2.1607(18)
approximate dimensions o : .16 x 0. mm. Crysta Col-C6 1.9194(9) NiZ-N2 2.0395(8)
parameters and structure refinements for compleke8 are Col-C1 1.9401(9) Ni2N15 2.1288(9)
summarized in Table 1. Selected bond lengths and angles are listed Ni1—N1 2.0527(9) Ni2-N18 2.1331(15)
in Table 2. Ni1—N4A 2.0680(16)
; ; C2—Col-C4 90.36(4) NENi1—N4A 91.29(2)
Results and Discussion C2-Col-C3 87.21(5)  NENil-N7 89.88(2)
C4-Co1-C3 175.51(2) N4A-Nit-N7 96.34(2)
IR Spectra. Thg most remarkable feature 'of the IR spectra CoCorce 17717(3) NEN1—N11 94.20(2)
of complexesl—3is the presence of two main peaks at 2160  c4—co1—c5 90.72(5) N4A-Ni1—N11 86.26(3)
and 2135 cm! (1), 2190 and 2170 cni (2), and 2160 and C3-Co01-C5 91.89(5) N7Ni1—-N11 175.12(2)
1 e aiqnifi ; i } C2—Col1-C6 89.23(3) N+Ni1—N10 174.98(2)
2_133 cmt (3). Thel_r significant shift towgrd higher frgquen C4—Col—06 92.83(3) NZNiT—N10 85.79(2)
cies, compared with the(C=N) stretching frequencies of C3-Col1-C6 90.92(3) N1ENiI1—N10 90.01(2)
the corresponding mononuclear precursorgfCK(CN)] C5-Col-C6 88.11533 NENi1—N14 90.58E23
1 . 1 _ C2-Col-C1 89.83(3 N7Ni1—N14 91.26(3
(2126 ent), Na[Fe(CNENOJ-2H;0 (2143 cnt’), and Na- C4—Col-C1 88.04(3)  NLENil-N14 86.02(3)
Ni(CN),4 (2128 cni?),'7 suggests the occurrence of a bridging  c3-co1-C1 88.17(3) NZNi2—N2A 89.90(3)
cyanide in the compounds. The splittingi¢C=N) indicates C5-Col-C1 92.82(3) N2-Ni2—N15 91.70(2)
the formation of M-CN—M' linkages. The higher frequen- C6-Col-Cl 178.72(3) NZ2:Ni2—N18 93.05(3)
cies that appear at 2160, 2190, and 2160%dior complexes ob
1_, 2, _and 3 respe_cti\_/ely, are assigned to the stretching -~y N1 2.168(2) Fe1N8 1.651(4)
vibrations of the bridging CN. The peaks at 2135, 2170, and  Col-N5B 2.093(2) FetC9 1.933(3)
2133 cntt for complexesl, 2, and 3, respectively, are a Col-N5 2.093(2) Fet COA 1.933(3)
It of the terminal CN stretching vibrations. The stron Col~N3 2.146(2) Fe+Cl10 1.937(%)
resuit o g VKK 1S. 9  Ccol-N3A 2.146(2) FetC8 1.939(2)
single peak at 1930 cm for complex2 is assigned to the Col-N1A 2.168(2) FetC8A 1.939(2)
i i 1
NO stre_tchlng. The absoeron peaks gt 140800. cnt NSB—Col-N5 90.37(14) N8 -Fel-Co 95.21(12)
are assigned to the stretching frequencies(G—N) in the N5B—Col—N3 90.66(10) C9Fel-COA 169.6(2)
pyrazole ring. Finally, strong broad absorptions centered at N5—Col-N3 93.50(9) N8-Fel-C10 180.0(3)
1 N3—Col1-N3A 174.11(14) C9Fel-C10 84.79(12)
ca._3400 cm! in the spec_tra of compl_exes and 2 are No—COl-NIA 176.20(10) N8 FolC8 94.97(9)
attributed to the OH stretching of the lattice water molecules N3—co1—N1A 87.29(9) C9-Fel-C8 88.81(11)
involved in hydrogen bonds. N5B—Col-N1 176.19(10) C9A-Fe1Cs8 90.29(11)
N5—Co1-N1 93.35(9) C16-Fel-C8 85.03(9)
N3—Col-N1 88.29(9) C8Fel-C8A 170.07(19)

(17) (a) Jain, S. C.; Warrier, A. V. R.; Sehgal, H. K. Phys. C: Solid
State Phys1972 5, 1511. (b) McCullough, R. L.; Jones, L. H.; Crosby,
G. A. Spectrochim. Actd96Q 16, 929.

aAl Y, X —Z bA: x — Y, =Y, —z+ Y3 B: y+1,x—1,-z
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c12 Structure of [Co(bpm)2][Fe(CN)sNO]-3H,0 (2). X-ray
o @2 &s crystal structure analyses reveal that com@lexystallizes

Y c13 R
NS 7 c0y RyC8
co
4 gNO a L
Cgfcs T\ Hoo—@wnis
s e
o
N7 o NIl N1 NIZ b

in the chiral trigonal space group3,21, and consists of
left-handed structures of Co(ll) and Fe(ll) ions. The sur-
roundings of the metal ions and linkages of compeare
illustrated in Figure 3a. Each €ocenter is octahedral and
is coordinated by four nitrogen atoms from the bpm ligands

P Vv N
—® pee (Co—N, 2.146(2) and 2.168(2) A) and two nitrogen atoms
NIA o WL from the cyanide groups (GeN, 2.093(2) A). The Co1 atom
NS \ oo is displaced from the mean N3N5N1AN3A equatorial plane
y 03\ DN3 S by 0.0721 A. As expected, the FE=N bond angles are
A Qo ‘:‘:i , o = almost linear (178.7(2)180.0(7Y); however, the CoeN=
O g ® S/ c e . C bond angles are also linear (170.8}2yvhich is different
2 , ccz Y from that in complext.
g N -' The bridging Ce-CN—Fe—CN—Co pathway observed

here results in a very interesting infinite helical chain running
along the crystallographicaxis (Figure 3b). The left-handed
helix is generated around the crystallographie@s with a
pitch of 16.062 A. Notably, each pair of nearly perpendicular
bpm ligands bonded to the Co atom points away from the
helical axis; this steric orientation leads to the generation of
A a triangular channel (Figure 3c). The nearest-€o and
Figure 1. ORTEP drawing of comple. The hydrogen atoms and water ~ F€**Fe separations in the polymer are 10.305 and 6.595 A,
molecules are omitted for clarity. respectively. Recently, two three-dimensional chiral net-
Structure of [Ni(bpm) ]s[Co(CN)e]*3.5H,O (1). An works, fCr(CN)}(MnL-aminoalanine)-3H,O and [Cr-
ORTEP drawing of the discrete neutral pentanuclear cluster (CN)s} (Mnb-aminoalaniney]-3H,O, with triple-helical-strand
is shown in Figure 1. In this compound, three [Ni(bpJ#) structure were reported, in which the hexacyanometalate ion
units are situated in the equatorial plane and are connecteditilizes all of its cyanide moieties to connect to the adjacent
to the two apical [Co(CNJ3~ units via the N end of three  three triple-helical strands containing Mn(ll) ions through
fac CN— ligands. The geometry around the nickel atom is cyanide bridge$® Notably, the pentacyanonitrosylferrate-
octahedral, with three nitrogen atoms from the bpm ligands (Il) is a part of the left-handed helical chain in compx
(Ni1—N, 2.0763(10) and 2.1167(9) A) and one nitrogen atom To our knowledge, no helical structures which have cyanide
from the cyanide group (NiN1, 2.0527(9) A) in the  building blocks as parts of the helical structure were reported
equatorial plane. The other two nitrogen atoms from bpm prior to this observation, although many other helical lattices
(Ni1—N14, 2.1607(18) A) and the cyanide group (NiY4A, are knowre?
2.0680(16) A) occupy the axial positions with a NAMi1— Structure of [Co(bpm)2][Ni(CN) 4] (3). The rough X-ray
N4A angle of 172.17(2) The Nil atom is displaced from diffraction analyses reveal that compl8xpossesses a 1D
the mean equatorial plane by 0.0474 A.-6&=N bond zigzag chain structure. The Co atom, with a coordination
angles vary only over a small range of 175.05Yy7.72- environment similar to that in compleX is bridged by the
(6)°, whereas Ni-N—C angles differ significantly from  cyanide groups from [Ni(CN)?>". The nearest GerNi
linearity (156.18(5)170.55(5)). The key bridging pathways  distance along the chain is 4.991 A (Figure 4). Unfortunately,
within each cluster of complek are the cis-disposed €o two bpm ligands chelating to the Co atom are highly
C=N-Ni—N=C-Co linkages. The average €eNi, Co-* disordered which made the crystal analyses difficult (see
-Co, and Ni--Ni separations within the cluster are 5.0157, Supporting Information).
6.402, and 6.733 A, respectively. The crystal structure of By comparing the crystal structures of complexg<,
complexl is analogous to that of other trigonal bipyramidal and 3, we found that the capping ligand, bpm, plays an
compounds with the general formulgNi(L —L),]s[Fe- important role during structure formation. A summary of the
(CN)g]2} 61218 main structural features is given in Table 3. The differences
The presence of water molecules in the structure of in the structural parameters result from the semirigidity of
complex1 enables it to form two kinds of hydrogen bonds the bpm ligand. With the increasing dihedral angle of the
with the nitrogen atoms of the terminal cyanide ligands (O P1 and P3 pyrazole rings and the decreasing dihedral angle
--N distance, 2.797 and 2.942 A;ND—N angle, 95.09) of the MN;N, and MNsN,4 plane, the steric hindrance of M
which results in a complicated three-dimensional network
of H-bonded pentanuclear cluste,rs and water mqlecules(18) l\aﬁ?é,ssﬁh'o?;g'cﬁé QSSSE“E!"ZO%M” El Fallah, M. S.; Ribas, J.;
(Figure 2). In comparison to Murray’s pioneering wovkith (19) Imai, H.; Inoue, K.; Kikuchi, K.; Yoshida, Y.; Ito, M.; Sunahara, T.;
a pentanuclear complex with bpm, the title complex repre- Onaka, SAngew. Chem., Int. E®004 43, 5618.
sents a completely different hydrogen-bonded array because?? Eégﬁggwpgﬁé;‘iefm(.a%yggg%‘i” 'g'z'é';(bE)”,\ji';‘SE;mEi" ; ﬁté"l%uT D-
of the different number of lattice water molecules. H.; Nagawa, Y.; Kanesato, MChem. Commur2003 1148.
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Figure 2. Three-dimensional network formed via hydrogen bonds viewed along thés. Ni, green; Co, purple; O, red; H-bond, dashed red line.

(M = Nifor 1, Co for2 and3) decreases accordingly which  give the final susceptibility equation of the systém.
accounts for the structure transformation from a pentanuclear

core (1) to a 1D helical chain?) to a 1D zigzag chain3). =M

Magnetic Properties of [Ni(bpm),]3s[Co(CN)e]2*3.5H,0 N
(1). With regard to the diamagnetic nature of hexacyanoco- 28+ 20 exp(-6J/KT) + 6 exp(-10J/KT)
baltate(lll), the magnetic studies allow the evaluation of the |7+ 10 exp6J/KT) + 9 exp(—10J/KT) + exp(—12J/KT)
Ni—Ni interaction through the long diamagnetitNC—Co— Na (2)

CN- bridge (more than 10 A) between the nearest neighbors.
The effective magnetic moment of compléxat room
temperature (Figure 5), 4.88, is close to the theoretical
value of 4.90ug expected for three isolated nickel(ll) ions
with g = 2.0. The uer value gradually increases with
decreasing temperature up to the maximum value of 6.28
us at 11 K, and then, below this temperature, the value
decreases. This curve is in agreement with ferromagnetic
coupling between the nearest nickel ions through-th&C—
Co—CN- bridge, which is proposed to occur byasuper-
exchange pathway between the nearest Ni(ll) ions through
the empty d orbital of the Co(lll) ion?! The intermolecular

interactions, the single-ion zero-fiel litting, or both . . .
teractions, the single-ion zero-field splitting, or both cause origin of the ferromagnetic interaction may be the result of

a rapid low-temperature decrease:in. The system is treated . .
with a trinuclear approach. Heisenberg exchange theory was2? superexchange between the nearest nickel(ll) ioga)

hy S through the empty gdorbital of the cobalt(lll) ion (). On
utilized, where the Hamiltonian was employed (eq 1) the basis of this fact, an electron spin of the same sign as
H=-2)SS+SS+SS) @

that of the unpaired electron on thg drbital (paramagnetic
Ni") is polarized on the Aorbital (diamagnetic Cb) through

: . ... _the filled orbital of the cyanide bridge (theaxis is taken
The temperature dependence of the magnetic susceptibilities S . S .

. . . along the Ni-C=N—Co linkage) resulting in a ferromagnetic
was calculated using the equation derived from the above

oo . interaction between the nearest paramagnetic nickel(ll
Hamiltonian operator (eq 2). A temperature independent P g (11

o ) ions21:24
susceptibility term o)) was also included and set as %0 . .
104 c?n3 mo)ifl. Thrgn)a molecular field approximation (eq Magnetic Properties of [Co(bpm}][Fe(CN)sNO]-2H-0

3) was used to modify the intermolecular interactiad)(to (2). The plots ofyw ander versusT are shown in Figure 6.

o = anilll — xni(22IINGB?)] (3)

The best fit to the magnetic susceptibility data yieldge
2.10,J = 4.06 cn?, zJ = —0.31 cn1?, and the agreement
factorR= 1.1 x 1073 (R= 3[(%m)° — (m)*9¥[(xm)*9?).

The field dependence of the reduced magnetization7(0

T) is measured at 1.84 K. The magnetization tends to be 5.7
NgA, which is close to the expectedl= 3 for the three-Ni-

(I) system. The experimental values are higher than those
calculated by the Brillouin functions for three isolated centers
with S = 1. This feature agrees with the global weak
ferromagnetic coupling within the three nickel(ll) ioffsThe

(22) O’Connor, C. JProg. Inorg. Chem1982 29, 203.

(21) Kou, H. Z.; Tang, J. K,; Liao, D. Z.; Gao, S.; Cheng, P.; Jiang, Z. H.; (23) Wang, L. Y.; Zhao, B.; Zhang, C. X,; Liao, D. Z.; Jiang, Z. H.; Yan,
Yan, S. P.; Wang, G. L.; Chansou, B.; Tuchagues, Inétg. Chem. S. P.Inorg. Chem.2003 42, 5804.
2001 40, 4839. (24) Goodenough, J. B2hys. Re. 1955 100, 564.
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Figure 3. (a) ORTEP drawing of compleg, (b) view of the left-handed

Chen et al.

Figure 4. Structure motif of comple®8. The hydrogen atoms are omitted
for clarity.

Table 3. Selected Structural Parameters of [M(bg}#) in Complexes
1-3

1 2 3
(P1, P2)inedral ang|e(deg) 118.3 123.8 115.5
(P3, P4Yinedral angiddeq) 65.5 56.2 53.4
(P1, P3)ihedral angildeq) 70.9 90 107.6
(MN1N2, MN3Ng)dihedral angi{deg)  87.0 82.9 70.6
71 (deg) 110.17(18) 112.0(2) 109.47(8)
7> (deg) 85.79(2)  88.29(9) 88.83(8)
73 (deg) 86.02(3)  88.29(9) 78.27(4)
74 (deg) 111.26(7) 112.0(2) 109.75(12)

The value of the effective magnetic moment«) at 300 K

is 4.59ug. This value is larger than the spin-only value of
high-spin cobalt(ll) (3.8%s, tso = [4(S+ 1)]*2, S= 3/2)

but close to the value expected when the spin momentum
and the orbital momentum exist independently (5:20u.s
=[L(L + 1) + 49(S+ 1)]*?, L = 3, S= 3/2). This indicates

a contribution of the orbital momentum typical for tfiEq
ground state. As we know, high-spin octahedral @ith a
“T,gground state exhibits unquenched spambital coupling

in addition to zero-field splitting, which dominates in the
low-temperature region. Unfortunately, no expressions ac-
count for both factors simultaneousfy?’

The uer value continuously decreases from room temper-
ature to 3.8%; at 5.0 K. Theym value starts at 0.00886
cm® mol~! at room temperature and increases in a uniform
way to 0.37 crimol™! at 5 K. The absence of a maximum
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34 helical chain, and (c) schematic view of the helical chain. Fe, red; Co, Figure 5. Plots ofym (O) anduest (2) versus the temperature for complex

purple; C, gray; N, blue.
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1. The solid line represents the theoretical curve with the best-fit parameters.
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Figure 7. Plots ofym (O) andues (2) versus the temperature for complex

2. The solid line represents the theoretical curve with the best-fit parameters. 3. The solid line represents the theoretical curve with the best-fit parameters.

in theym curve may indicate that the possible antiferromag-
netic coupling is very weaf

We tried to fit the data for the mononuclear Co(ll) complex
with the following equation (eq 4) for spirorbital coupling,
calculating thel value andA parameter which gives the mea-
surement of the crystal field strength to the interelectronic
repulsions X = A/ksT, k represents the electron delocaliza-
tion).26

2(11— 2A)%
45

(A + 5)%

S

_ Ng73— A L12A+27 {
o3t 5 25A
176(A + 2)2} _5A {
675A ex‘( 2 )t
2
%} exp(—4Ax)]/{ :—);[3 +2 exr(— % +

exp(—4Ax)] (4)

The molecular field approximation was further considered
(eq 5). The best fit (as shown in Figure 6) was obtained with
values ofA = 1.31,4 = —154 cm! (4 is the spir-orbital
coupling constant} = —176.0 cm is the free-ion value),
g=2.18,z2J = —0.15cnm! (A= 1.5 is the weak field limit
and A = 1.0 is the strong field limit), and the agreement
factorR= 9.1 x 1075,

v = xedll = 2co22IINGB?)] (5)

The fitting results indicate that the surrounding of Co(ll) in
complex?2 is a moderately strong field state and a slightly

2. Therefore, the data for compleéxwere fitted with eq 4
(with x = A/KT) for spin—orbital coupling. The molecular
field approximation was further considered and the magnetic
susceptibility was illustrated in eq 5. The best fit (as shown
in Figure 7) was obtained with values 8f = 1.29,1 =
—163 cmt, g=2.21,zJ = —0.5 cn'?, and the agreement
factorR= 1.71 x 1073 The above results indicate that, in
complex3, Co(ll) is in a moderately strong field with a
slightly distorted octahedral geometry, which is consistent
with the crystal structure.

Conclusion

In summary, the employment of bpm, which may block
four of the coordination sites of the transition metal ion,
allows the syntheses of one pentanuclear cluster [Ni(pm)
[Co(CN)]2-3.5H,0O (1), one 1D left-handed helical chain
[Co(bpm}][Fe(CN)NO]-2H,0 (2), and one 1D zigzag chain
[Co(bpm}][Ni(CN) 4] (3) with the cyanometalate linking the
M(bpm)?* fragment. Remarkably, compleX is the first
example of a left-handed helical chain with cyanide linkages,
which may lead to the production of innovative materials
with available magneto-optical properties related to switching
functions. The semirigidity of the bpm ligand plays an
important role in the formation of the structure of these
lattices. This approach could explore other novel interesting
cyano-bridged assemblies. The magnetic properties agree
with these features. Compleixshows weak ferromagnetic
coupling between Ni(ll) ions, while in complex@sand 3,
Co(ll) is located in a moderately strong field with a slightly
distorted octahedral geometry.
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