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Crystal Structures and Magnetic Properties of New Cyano-Bridged Two-Dimensional
Grid-Like Bimetallic Assemblies [Ni(tn)2]2[Cr(CN) 5((NO)]OH-H>0 and
[Ni(tn) 2]2[Co(CN)g]NO3z2H20 (tn = 1,3-Propanediamine)
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Two bimetallic assemblies, [Ni(tgb[Cr(CN)s(NO)]JOH-H,0 (1) and [Ni(tnk]s[Co(CN)]NO3-2H,0 (2) (th =
1,3-diaminopropane), have been prepared and structurally and magnetically characterized. Crystal ¢afa for
space groul (P1), a = 8.698(3) (8.937(2)) Ab = 10.001(2) (9.863(1)) A¢ = 10.158(2) (10.064(1)) Aq. =
87.40(2) (86.064(109) p = 65.10(2) (65.489(10)) y = 81.63(2) (81.572(12j)andZ = 1 (1). Both structures
consist of two-dimensional grid-like polycations containing—Ni=C—M linkages (M = Cr or Co) and
counteranions (OH, N§). Magnetic studies ofl showed that the complex displays a metamagnetic behavior
originating from intralayer ferromagnetic and interlayer antiferromagnetic interactions. Long-range antiferromagnetic
ordering was observed &t = 3.3 K. Complex2 exhibits intramolecular ferromagnetic interactions through the
diamagnetic 8&=C—Co—N=C bridges, owing to superexchange involving the emptgrital of the diamagnetic

Co(lll) ion.

Introduction
Coordination polymers derived from metal cyanides have

attracted great attention due to their potential use as functiona
solid materials, such as catalysts, optical devices as well as

molecule-based magnéts®® The synthetic strategy consists of

building zero-, one-, two- and three-dimensional assemblies from

* To whom correspondence should be addressed.
T Nankai University.
#Present address: Department of Chemistry, Tsinghua University,

Beijing 100087, P. R. China.

§ Peking University.
* Laboratoire de Chimie de Coordination.

(1) Dunbar, K. R.; Heintz, R. AProg. Inorg. Chem1997, 283.

(2) (a) Herren, F.; Fischer, P.; Ludi, A.;"lg W. Inorg. Chem198Q 19,
956. (b) Klenze, R.; Kanellakopulos, B.; Trageser, G.; Eysel, HL.H.
Chem. Phys198Q 72, 5819.

(3) (a) Griebler, W. D.; Babel, DZ. Naturforsch, Teil. B 1982 87, 832.
(b) Buschmann, W. E.; Ensling, J.;"@uah, P.; Miller, J. S.Chem.
Eur. J 1999 5, 3019.

(4) Gadet, V.; Mallah, T.; Castro, I.; Verdaguer, M. Am. Chem. Soc
1992 114, 9213.

(5) Mallah, T.; Thiebaut, S.; Verdaguer, M.; Veillet, Bciencel993 262,
1554.

(6) (@) Holmes, S. M.; Girolami, G. SI. Am. Chem. Sod999 121,
5593. (b) Hatlevikg.; Buschmann, W. E.; Zhang, J.; Manson, J. L.;
Miller, J. S. Adv. Mater. 1999 11, 914.

(7) (a) Entley, W. R.; Girolami, G. Snorg. Chem 1994 33, 5165. (b)
Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; Verdaguer,livbrg.
Chem 1999 38, 229.

(8) Entley, W. R.; Girolami, G. SSciencel995 21, 268.

(9) Ferlay, S.; Mallah, T.; Ouaches, R.; Veillet, P.; VerdaguerNeiture
1995 378 701.

(10) (a) Sato, O.; lyoda, T.; Fujishima, A.; Hashimoto, $ciencel996
271, 49. (b) Sato, O.; lyoda, T.; Fujishima, A.; Hashimoto,3Cience
1996 272, 704.

(11) Holmes, S. M.; Girolami, G. 3Mol. Cryst. Lig. Cryst. AL997, 305,
279.

hexacyanometalate(ll, Ill, IV) and transition metal-ion building
blocks. In the case of 3-D Prussian blue analogues of general

[formula MJM'(CN)g],-nH,0 2712 magnetic ordering has been

observed above room temperatfil@ducing controlled modi-
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fications in the topology of the complexes through incorporation

of organic ligands allows a better understanding of the magneto-

structural correlation&3-33

To build new molecule-based magnetic materials it is
desirable to explore alternative building blocks containing
cyanide groups. Recently, Holmes and Girol&rhave initiated
studies on some Prussian blue analogues containing [C&CN)
(NO)J3~. On the basis of powder XRD analysis, these authors
found that the ferrimagnetic complé sMn[Cr(CN)s(NO)]o.sz
4H,0-1.5MeOH has a cubic structure; on the basis of the N
O stretching frequency which is ca. 60 thhhigher than in
K3[Cr(CN)s(NO)] (1630 cntl), the NO™ group is bridging. On
the basis of a single-crystal X-ray diffraction analysis, we have
observed that the 2-D honeycomblike assembly [MTA(CN)s-
(NO)]2:10H0 (L = 3,10-dimethyl-1,3,6,8,10,12-hexaazacyclo-

Kou et al.

prepared and magnetically investigated the complex [Ni@n)
[Ca"'(CN)]NO3-2H,0 2: a marked ferromagnetic behavior has
been observed. In this contribution, we describe the synthesis,
characterization, X-ray crystal structure, and magnetic properties
of complexesl and2.

Experimental Section

Materials and SynthesesAll reagents used in the syntheses were
of analytical grade and used without further purification. ThfCO&-
(CN)s(NO)]-H20 and K[Co(CN)s] precursors were prepared according
to literature method:%°

Preparation of [Ni(tn) 2]o[Cr(CN) s(NO)]JOH -H,O (1). To an aque-
ous solution of Ni(tng(NOs). prepared by mixing Ni(Ng)2-6H,0 (1
mmol, 290.8 mg) and tn (3 mmol, 222.3 mg) in 20 mL of wateg; K
[Cr(CN)s(NO)]-H20 (0.5 mmol, 165 mg) in water (15 mL) was added
at room temperature. Yellow microcrystals immediately precipitated,

octadecane) exhibits ferromagnetic ordering at 4.5 K and that hich were collected by suction filtration, washed with water and

the NO" group does not participate in bridgid¢f. To gain
further evidence on the binding modes of [Cr(GN)O)]3~ with
transition metal complexes, we have studied the reaction of [Ni-
(tn)3]?* (tn = 1,3-propanediamine) with [Cr(CANO)]3~, and
obtained a novel two-dimensional grid-like assembly, [Nitr)
[Cr(CN)s(NO)]OH-H0 (1). With the aim of determining the
factors which control the magnetic properties, we have also

(20) (a) Kou, H.-Z.; Wang, H.-M.; Liao, D.-Z.; Cheng, P.; Jiang, Z.-H.;
Yan, S.-P.; Huang X.-Y.; Wang, G.-lAust. J. Chem1998 51, 661.
(b) Kou, H.-Z.; Liao, D.-Z.; Jiang, Z.-H.; Yan, S.-P.; Wu, Q.-J.; Gao,
S.; Wang, G.-LInorg. Chem Commun200qQ 3, 153. (c) Shu, H. L.;
Wei, H. H.; Wang, Y.Inorg. Chim. Actal997, 258 81. (d) Zhan,
S.-Z.; Guo, D.; Zhang, X.-Y.; Du, C.-X.; Zhu, Y.; Yang, R.-horg.
Chim. Acta200Q 298 57.

(21) Smith, J. A.; Galan-Mascaros, J.-R.; Clerac, R.; Dunbar, IChem.
Commun200Q 1077.

(22) (a) Ohba, M.; Okawa, H.; Ito, T.; Ohto, A. Chem. Soc., Chem.
Commun 1995 1545. (b) Ohba, M.; Okawa, H.; Fukita, N.; Hash-
imoto, Y.J. Am. Chem. Soc1997 119 1011.

(23) Mondal, N.; Saha, M. K.; Bag, B.; Mitra, S.; Gramlich, V.; Ribas, J.;
El Fallah, M. S.J. Chem. Soc., Dalton Tran200Q 1601.

(24) Kou, H.-Z.; Bu, W.-M.; Liao, D.-Z.; Cheng, P.; Jiang, Z.-H.; Yan,
S.-P.; Fan Y.-G.; Wang, G.-LJ. Chem. Soc., Dalton Tran$998
4161.

(25) Ferlay, S.; Mallah, T.; Vaissermann, J.; Bartolome, F.; Veillet, P.;
Verdaguer, M.J. Chem. Soc., Chem. Commuad®896 2481.

(26) (a) Kou, H.-Z.; Gao, S.; Bu, W.-M.; Liao, D.-Z.; Ma, B.-Q.; Jiang,

Z.-H.; Yan, S.-P.; Fan, Y.-G.; Wang, G.-lJ. Chem. Soc., Dalton

Trans 1999 2477. (b) H.-Z. Kou, S. Gao, B.-Q. Ma, D.-Z. Lia@hem.

Commun 200Q 713. (c) H.-Z. Kou, S. Gao, B.-Q. Ma, D.-Z. Liao,

Chem. Commur200Q 1309. (d) Colacio, E.; Dofmguez-Vera, J. M;

Ghazi, M.; Kiveks, R.; Lloret, F.; Moreno, J. M.; Stoeckli-Evans, H.

Chem. Commuri999 987. (e) Kou, H.-Z.; Bu, W.-M.; Gao, S.; Liao,

D.-Z.; Jiang, Z.-H.; Yan, S.-P.; Fan, Y.-G.; Wang, G.iL.Chem.

Soc., Dalton Trans200Q 2996.

Miyasaka, H.; leda, H.; Matsumoto, N.; Re, N.; Crescenzi, R.; Floriani,

C. Inorg. Chem 1998 37, 255.

Miyasaka, H.; Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani,

C. Angew. Chem., Int. Ed. Engll995 34, 1446. Miyasaka, H.;

Matsumoto, N.; Okawa, H.; Re, N.; Gallo. E.; Floriani, &.Am.

Chem. Soc1996 118 981.

(29) Re, N.; Gallo, E.; Floriani, C.; Miyasaka. H.; Matsumoto, INorg.
Chem 1996 35, 5964.

(30) Re, N.; Crescenzi, R.; Floriani, C.; Miyasaka, H.; Matsumotdnbig.
Chem 1998 37, 2717.

(31) Sra, A. K.; Andruh, M.; Kahn, O.; Golhen, S.; Ouahab, L.; Yakhmi,
J. V. Angew. Chem., Int. Ed. Endl999 38, 2606.

(32) (a) Larionova, J.; Kahn, O.; Golhen, S.; Ouahab, L.; Clerac].R.
Am. Chem. Soc1999 121, 3349. (b) Rombaut, G.; Golhen, S;
Ouahab, L.; Mathonie, C.; Kahn, OJ. Chem. Soc., Dalton Trans
200Q 3609. (c) Bernhardt, P. V.; Macpherson, B. P.; Martinez, M.
Inorg. Chem 1998 37, 2717.

(33) (a) Zhang, S.-W.; Fu, D.-G. Sun, W.-Y.; Hu, Z.; Yu, K.-B.; Tang,
W.-X. Inorg. Chem200Q 39, 1142. (b) El Fallah, M. S.; Rentschler,
E.; Caneschi, Sessoli, A.; R.; Gatteschi, Angew. Chem., Int. Ed.
Engl. 1996 35, 1947. (c) Ohba, M.; Usuki, N.; Fukita N.; Okawa, H.
Angew. Chem., Int. Ed. Endl999 38, 1795. (d) Fukita, N.; Ohba,
M.; Okawa, H.; Matsuda K.; Iwamura, Hnorg. Chem 1998 37,
842.

@7
(28)

ethanol, and driedinder vacuumover RQOs. Yield: 253.3 mg, 80%.
Anal. Calc for G7Ha3sN14OsCrNip: C, 30.89; H, 6.56; N, 29.67%.
Found: C, 31.32; H, 6.39; N, 30.04. IR (KBryc=n 2140 and 2110
cmL; vn—o 1665 cnt?. Yellow single crystals ofi-C,HsOH suitable
for X-ray diffraction analysis were obtained by slow evaporation in a
refrigerator of a reaction mixture including a tn excess (Ni#rd:10)
and a small amount of ethanol.

[Ni(tn) 2]2J[Co(CN)g]NO3-2H,0 (2). To an aqueous solution of Ni-
(tn)s(NOs), prepared in situ by mixing Ni(N€),*6H.0O (1 mmol, 290.8
mg) and tn (3 mmol, 222.3 mg) in 20 mL of waters[Ro(CN)] (0.5
mmol, 166 mg) in water (15 mL) was added at room temperature. Violet
microcrystals precipitated from the resulting violet solution within 10
min. They were collected by suction filtration, washed with water, and
driedundervacuumover ROs. Yield: 254 mg, 70%. Anal. Calcd. for
C18H44N1505CoNip: C, 29.74; H, 6.10; N, 28.90. Found: C, 30.16; H,
5.88; N, 28.43%. IR (KBr):vc=y 2150 and 2145 cnt; vo-n (NOs-)
1382 cn1l. Violet crystals suitable for X-ray single-crystal structure
analysis were obtained by slow evaporation of the above filtrate in a
refrigerator.

Physical Measurements.C, H, and N elemental analyses were
carried out with a Perkin-Elmer analyzer model 240. IR spectra were
recorded on a 5DX FT-IR spectrophotometer in the 40000 cn*
range. Samples were run as KBr pellets. Variable-temperature magnetic
susceptibility (1.8-300 K for1 and 1.8-200 K for2) in a 1 Tmagnetic
field, zero-field ac magnetic susceptibility (£20.6 K) and magnetiza-
tion (0to+0.2 Tand 6-6 T at 1.93 K) measurements were performed
on a Maglab Systeff’®magnetometer. The experimental susceptibilities
were corrected for the diamagnetism of constituent atoms (Pascal’s
Tables).

X-ray Structure Determinations. The selected crystal was pasted
on a glass fiber and mounted on a Stoe Imaging Plate Diffraction
System (IPDS) equipped with an oxford cryostream cooler device (
and a SiemenB4 diffractometer 2), both using a graphite-monochro-
mated Mo Ko radiation £0.71069 A). The data were collected at 180
K (1) and 293 K ). Final unit cell parameters were obtained by least-
squares refinement of a set of 5000 reflectionslfcand of the setting
angles of 25 reflections with 100< 6 < 15.0° for 2. The crystal
decay was monitored by measuring 200 reflections per imageuid
three standard reflections eye2 h (2). No significant fluctuations of
diffracted intensities were observed during the measurements. A total
of 5956 (1) and 3400 ) reflections were collected, of which 1730) (
and 2593 2) were considered observed and used in the structure
refinements. The structures were solved by direct methods using 8IR92
(1) and SHELXS-93%) and refined by least-squares procedure§on
(1) with CRYSTALS” and onF¢? (2) with SHELXL-93 by minimizing
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Grid-Like Bimetallic Assemblies

Table 1. Crystal Parameters for Complex¢sand 2

formula Q9H49N1404CI’Ni2 C18H44N1505C0Ni2
fw 707.1 727.03
space group P1 P1

alA 8.698(3) 8.937(2) A
b/A 10.001(2) 9.863(1) A
c/A 10.158(2) 10.064(1) A
o/deg 87.40(2) 86.064(10)
pldeg 65.10(2) 65.489(10)
yldeg 81.63(2) 81.572(12)
z 1 1
temperature/K 180 293(2)

MA 0.71073 0.71069

p (calc) g cnm3 1.29 1.29

u (Mo Ka)/cm™ 8.17 17.34

R(F) 0.0623 0.0433

Ry 0.0681 F) 0.0558 F?)

the functions: Yw(||Fo| — |Fcl|)? for 1 and>w(F2 — F?)? for 2, where

Fo andF. are, respectively, the observed and calculated structure factors.

Inorganic Chemistry, Vol. 40, No. 19, 2004841

The atomic scattering factors were taken from the international tables Figure 1. View of complex1 with atom numbering scheme showing

for X-ray crystallography® All atoms were located on difference
Fourier maps. All non-hydrogen atoms were refined anisotropically.
H atoms were introduced in calculations with the riding model. A

statistical disorder has been found on a ligand connected to the Cr atom?’

of 1: CN and NO are located at the same site and have been refine
with an occupancy factor of 0.5. Occupancy factors for Ok Hand
EtOH of 1 were refined to 0.5. The electronic density of EtOH, close

to an inversion center, appears as disordered. The three oxygen atoms Ni(2)—N(21)

of the nitrate ion in2 experience a serious disorder over two positions
and were refined with an occupancy factor of 0.5. WeiglRddctors
wR and goodness of fi§ are based offr,?, conventionalR-factorsR

are based orf,, with F, set to zero for negativ&.2. Crystal data
collection and refinement parameters are given in Table 1.

Results

IR Spectra. The IR spectrum of complekshows two strong
bands at 2150 and 2110 ch which are attributed to €N
stretching modes. The shift of £N) to higher wavelength
compared with that of {Cr(CN)s(NO)] (2120 cnt1)® is
characteristic of bridging CN as observed for other cyano-
bridged systems. The IR spectrum2§hows one sharp band
at 2150 and a shoulder at 2145 thin the (G=N) region. The
shift of (C=N) to higher wavelength compared ta[Ko(CN)]
(2119 cmY) suggests formation of CNoridges as revealed by
the X-ray structure determination. The appearance of a shar
band at 1382 cmt in the spectrum indicates the presence of
free NG~ anions.

Crystal Structures. The asymmetric unit ol is shown in
Figure 1. Projections of the lattice perpendicular to ahexis
(showing a layer) and slightly tilted with respectagshowing

the stacking of layers) are shown in Figures 2a and b,

respectively. Selected bond distances and angles are listed
Table 2. The structure consists of 2-D grid-shappi(tn)2].-
[Cr(CN)s(NO)J} ™" cationic layers resulting from the cross-
linking of —Cr—C=N-—Ni— chains forming an infinite network
of {-Cr—C=N-—Ni-}4 basic units. Each [Ni(tg) unit is linked

to two [Cr(CN)(NO)J]*~ complex anions trans to each other.
Each nickel(ll) cation assumes a slightly distorted octahedral
environment with Ni-N bond distances ranging from 2.108(4)
to 2.131(5) A for Ni(1}-N and from 2.102(5) to 2.125(4) A
for Ni(2)—N. Each [Cr(CN3(NO)]*~ unit is connected to four
[Ni(tn)2]2" complex cations through four=EN groups in the
equatorial plane, whereas the remaining Cihd NO" groups

are monodentate. The chromium(l) cation is located at the

(38) Ibers, J. A.; Hamilton, W. Onternational Table for X-ray Crystal-
lography, Kynoch Press: Birmingham, England, 1974; Vol. IV.
(39) Gans, P.; Sabatini, A.; Sacconi, lnorg. Chem 1966 5, 1877.

30% probability ellipsoids (hydrogen atoms are omitted for clarity).

Table 2. Selected Bond Lengths (A) and Angles (deg) for Complex

d Cr—C(100)/N(101)  1.883(5) CrC(2) 2.054(6)
Cr—C(3) 2.040(5)  Ni(1)}N(11) 2.131(5)
Ni(1)—N(12) 2.109(5)  Ni(1}N(3) 2.108(4)

2.117(5)  Ni(2FN(22) 2.125(4)
Ni(2)—N(2) 2.102(5)  C(100yN(100)  1.180(7)
C(2)-N(2) 1.146(7)  C(3¥N(3) 1.155(7)
Ni(2)-N(@2)-C(2)  153.9(4) Ni(1}N(3)—-C(3)  148.2(4)

crystallographic inversion center, and consequently the ad
NO™ groups are statistically disordered. The—-@ bond
distances in the equatorial plane are 2.040(5) and 2.054(6) A,
close to those in the ionic complex [Co(gfiCr(CN)s(NO)]-
2H,0.40 The axial Cr-C/N bond distance (1.883(5) A) is in
good agreement with the average value of axialCr(2.075

A) and CrN (1.708 A) bond distances. The NN=C bond
angles are 148.2(3pnd 153.9(4) i.e., the bridging CN ligands
coordinate to Ni(ll) ions in a bent fashion. The distances between
nearest Cr and Ni neighbors are 5.001 A for-@Ni(1) and

5. 078 A for Cr--LNi(2).

The ethanol molecules are situated within the holes of the
{—Cr—C=N-—Ni—}4 basic units of the grid, close to an
inversion center, and hydrogen-bonded to the tn molecules
(O-+-LN = 3.038(8) A). The layers align along [101] with a
separation of ca. 8.70 A, and the interlayer metaktal distance
is 8.698(3) A for Ni(2)--Ni(2), Ni(1)-+*Ni(1), and Cr--Cr (cell
dimensiona). The water molecules and the Oldounteranion
. are located between the layers and hydrogen-bonded to the
Merminal CN- (NO™) ligands of [Cr(CN}(NO)]3~, the nitrogen

atom of the tn ligand and other water molecules with-9

and O--O distances ranging from 2.756(8) to 3.038(8) A.

Complex2 is nearly isostructural to [Ni(ta)z[Fe(CN)]NOs3-

2H,0.24 Selected bond distances and angles are listed in Table
| 3. The structure (Figure 3) consists of tw@ns-[Ni(tn),]%"
cations, one Co(CNJ~, one NQ~ anion and two lattice water
molecules. The 2-D grid-likg [Ni(tn)2] {Co(CN)]} " poly-
cations are formed through NC=N-—Co linkages and can be
described as an infinite network fNi—C=N—-Co—}, basic
units resulting from the cross-linking of NC=N-—Co chains
(Figure 4) in a way similar to that described for complewith
{—Cr—C=N-—Ni—}4 basic units. Each hexacyanocobaltate(lll)

Y

(40) Enemark, J. H.; Quinby, M. S.; Reed, L. L.; Steuck, M. J.; Walthers,
K. K. Inorg. Chem 197Q 9, 2397.
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S Ni2A
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03 02

Figure 3. ORTEP view of complex with atom numbering scheme
showing 30% probability ellipsoids (hydrogen atoms are omitted for

clarity).
é \-i’:@‘—?%:‘f @26 ,

Figure 4. Projection showing a 2-D layer of compl&x

of the tn ligand (O(1}+N(7), 2.958 A and O(3)#3-N(6), 2.842
Figure 2. Projections showing (a) a 2-D layer of compl&xand (b) A). The water molecules are located between the sheets and
the stacking of layers. hydrogen-bonded to the terminal CN ligand of Co(€N)

Table 3. Selected Bond Lengths (A) and Angles (deg) for Complex (O(4)y-N(3)#4, 2.837 A) and to the coordinating tn ligand

> (N(4)-+-O(4), 3.102 A). The shortest interlayer metatetal
distance is 8.937(2) A for Ni(1)-Ni(1) and Ni(2)--Ni(2) (cell
Co—C(2) 1.894(5) CeC(3) 1.904(6) dimensiona).
Co—C(1) 1.901(5) Ni(1)}-N(5) 2.102(5) : . _ .
Ni(1)—N(1) 2.145(5) Ni(1}-N(4) 2.127(5) Magnetic Properties. The magnetic susceptibility df has
Ni(2)—N(7) 2.109(5) Ni(2}-N(6) 2.107(5) been measured in the 1800 K temperature range. A plot of
Ni(2)—N(2) 2.155(4) T vs T is shown in Figure 5, whergy is the magnetic
C(L)-N(1)-Ni(1) 148.2(4) C(FN(2)-Ni(2) 153.9(4) _susceptibility per NICr unit. T increases slowly with decreasf
N(1)-C(1)-Co 172.4(5) N(2rC(2)-Co 174.2(5) ing temperature, down to ca. 40 K and then sharply, reaching
N(3)—C(3)-Co 174.8(5) a maximum value of 8.8 emu K n1ol (8.4 ug) at 6.5 K. The
mT value (3.0 emu K mott, 4.90ug) at room temperature is
anion coordinates to four adjacetrans[Ni(tn),]?>" cations higher than expected for the spin-dilut8d= 2 x 1+1/2 system

through four cyano nitrogens (N(1), N(1)#1, N(2), N(2)#2) in (2.38 emu K moatf! with g = 2.0). The maximum value, much

a plane with Ni-N distance of 2.145(5) for Ni(f)N(1) and larger than the spin-only value of 4.38 emu K mo{5.92 ug)
2.155(4) A for Ni(2-N(2). The NN=C bond angles range  for S = 2.5, results from the ferromagnetic interactions between
from 148.2(4) to 153.9(4), i.e., the bridging CN ligands  two nickel(ll) ions &= 1, g = 2.0) and one low-spin chromium-

coordinate to Ni(ll) ions in a bent fashion as in compleXhe (I) ion (S = Y, g = 2.0)* suggesting the occurrence of
distances between nearest metal centers are 4.931 A fer Co magnetic ordering. Below 6.5 KuT decreases rapidly, due to
Ni(1), 5.032 A for Co--Ni(2) and 7.283 A for Ni(1):*Ni(2). interlayer antiferromagnetic interactions (Vide infra). The

The NG;~ counteranion is situated within the holes of {iidi —
C=N-—Ca} 4 basic units of the grid and hydrogen-bonded to N(7) (41) Manoharan, P. T.; Gray, H. B. Am. Chem. Sod 965 87, 3340.
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Figure 6. Real,y, and imaginaryy ac magnetic susceptibility as a

function of temperature taken at 133, 199, 355, 633, and 1111 Hz for 0 50 100 150 200
complex1. 35 . , . : . ; .

] 70
magnetic susceptibility above 10 K obeys the Cutieiss law 304 % leo
with a positive Weiss constant +11.5 K, which also supports g
the presence of ferromagnetic interactions within the =% 18 450 -
{Cr(—C=N-—Ni)2} grid-like layers ofl. E 2-5-§ E

The onset of a magnetic phase transition is further confirmed 2 f 40 2
by the temperature dependence of the ac molar magnetic & 54" 430 2
susceptibility displayed in Figure 6. The real part of the zero ™ , { T
field ac magnetic susceptibility possess a maximum at ca. 3.3 = 120
K for frequencies of 133, 199, 355, 633, and 1111 Hz, and the 154 1
imaginary part fn'") is negligibly small, evidencing antiferro- . ] 1o
magnetic ordering below 3.3 . 10l ‘ : . ] _ o

The magnetization (66 T) measured at 1.93 K is shown in 0 50 100 150 200

Figure 7 in the form oM/Nug (per NiCr unit) vsH, whereM, T/K
N, ug, and H are magnetization, Avogadro’s number, the Figure 9. Temperature dependencesyfT andyw-1 for complex2.
electron Bohr magneton, and applied magnetic field, respec- The solid line represents the best fit to the Cufieiss expression.

tively. The magnetization increases rapidly reaching a value of nterlayer antiferromagnetic interaction) is ca. 500 G at 1.93
4.78Nug at 6 T which is close to the saturation value dflag K

expected for the NCr system § = 2.5), which indicates the The magnetic susceptibility of compl@has been measured
presence of ferromagnetic interactions between adjacéan@r in the 1.8-200 K temperature range. A plot gfT vs T is
Ni" ions. shown in Figure 9, whergy is the magnetic susceptibility per

The —0.2 to +0.2 to —0.2 T loop (Figure 8) shows no  Ni,Co unit. TheywT value increases smoothly on lowering the
appreciable hysteresis at 1.93 K. The magnetic field dependenceiemperature down to ca. 17 K, reaching a maximum value of
has a marked sigmoidal shape, suggesting a metamagneti®.15 cn? K mol~1. Below 17 K,ymT decreases rapidly down
behavior. The magnetization first increases slowly with increas- to 1.8 K. This magnetic behavior is characteristic of a dominant
ing magnetic field and then sharply showing a spin-flip from ferromagnetic interaction with superimposition of weak anti-
antiferromagnetic to ferromagnetic arrangement between theferromagnetic interactions. The magnetic susceptibility has been
layers. The critical field (lowest field needed to reverse the fitted with the Curie-Weiss expression in the 5200 K
temperature range, as usually done for weakly coupled systems.
(42) Goodenough, J. Bhys. Re. 1955 100, 564. A positive Weiss constari = +5.0 K andgni = 2.37 have
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been obtained, suggesting the presence of an overall ferromagPFR;~ or ClO,~).33d According to this mechanism, the chainlike
netic behavior. The deviation from the Curié/eiss expression  [Ni(en),]s[Co(CN)s]22H,0*° and [PPR][Ni(pn)2][Co(CN)s]6¢

at low temperatures confirms the presence of weak antiferro- complexes should exhibit intrachain ferromagnetic interactions.
magnetic interactions. The overall antiferromagnetic interaction observed in these
complexes is likely to result from the predominancy of interchain
antiferromagnetic interactions over weak intrachain ferromag-
netic interactions. At this stage, it is worth mentioning that
complete dehydration of the one-dimensional [Cu(digR-
(CN)g]2-6H20 chain complex results in a dramatic modification
of its overall magnetic behavior, which changes from ferro-
magnetic to antiferromagnetté The intramolecular ferromag-
netic interaction due to the strict orthogonality of magnetic
[M(CN)g]X (X = NOs-, N3, ClOs, |-, etc.) containing orbitals of copper(ll) and low-spin iron(lll) within the Glke
polymeric cation and the counteranior?3é4In the absence of chainl82is not modified by dehydration, whereas the interchain
suitable counteranions, the former assemblies are obtained. Thignagnetic interaction (usually antiferromagnetic) becomes stron-
indicates that the counteranion serves as a template to helpd€r upon dehydration. This results in an overall antiferromag-
construct the 2-D grid-like network. The presence of excessive hetic interaction for the dehydrated complex. This observation

Discussion

The reaction of KIM(CN)g] (M = Cr, Fe, Co) with [Ni-
(diamine}]?" (diamine= ethylenediamine, 1,2-propanediamine,
1,1-dimethylethylenediamine, 1,3-propanediamine) could give
rise to two different bimetallic assemblies: (1) 1-D chainlike
complexes [Ni(diaming)s[M(CN)e]2 possessing cyano-bridged
neutral N§M; chains!é (2) 2-D grid-like species [Ni(diaming)-

diamine usually gives crystalline complexes. This method has adds support to our above interpretation.
been adopted to prepare the present complexes. In the case of

complex1, almost 10:1 molar ratio of tn:Ni was taken to avoid
rapid precipitation ofl.

The ferromagnetic interaction between chromium(l) and
nickel(ll) is due to the strict orthogonality of the magnetic
orbitals of the low-spin Cr(l) [d, (3dk,)] and Ni(ll) [d 2
(dhe—y2)Y(d2)Y] ions26P

It is of interest to compare the magnetic propertied ahd

[NiL] 3[Cr(CN)s(NO)]*10H,0 280 The structural data show that
the Ni-bridging cyano nitrogen bond distance (2.123@)144-
(3) A) in the latter compound is much larger than in the former
(2.083 A). A long bond distance is unfavorable for magnetic
coupling, which is in good agreement with the difference in
Weiss constantst{10.0 K for [NiL]3[Cr(CN)s(NO)]2:10H0).

Conclusions

[Ni(tn)2]2[Cr(CN)s(NO)]OH (1) and [Ni(tnk][Co(CN)]NOs
2H,0 (2) bimetallic assemblies possess a two-dimensional grid-
like molecular structure. Magnetic studies showed that long-
range antiferromagnetic ordering was observethat 3.3 K.
Below Ty, complex 1 displays a metamagnetic behavior
originating from intralayer ferromagnetic and interlayer anti-
ferromagnetic interactions. This result supports the conclusion
drawn by Ohba et al. that metamagnetism occurs when the
interlayer separation is small enough to allow strong enough
antiferromagnetic interactio#$.The Ty values appear to be
related to the strength of the interlayer antiferromagnetic
interactions. Complex2 exhibits intramolecular Ni--Ni"

The small hysteretic field is typical of a soft magnet and ascribed ferromagnetic interactions through the diamagnetii=C—

to small magnetic anisotropy as well as the absence of co'—Cc=

irreversible movements of domain watf.

The origin of ferromagnetic interactions in compléxis
intriguing. It may be due to a-superexchange between nearest
intralayer nickel(Il) (or NV) ions (bs?eg?) through the empty
d, orbital of the cobalt(lll) (or Ct#) ion (ts%). On this basis,

N— pathways, which can be explained by superex-
change through the empty, dorbitals of the diamagnetic
cobalt(lll) ion. The present study shows that these ferromagnetic
interactions may be commonly present in cyano-bridged Ni-
(I —Co(lll) bimetallic assemblies.
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