Synthesis, crystal structure and metamagnetic properties of a
two-dimensional honeycomb network based on ferricyanide and
(3,10-dimethyl-1,3,5,8,10,12-hexaazacyclotetradecane)nickel(1r)
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The 2-D bimetallic complex [NiL];[Fe(CN),],-9H,0 (L represents 3,10-dimethyl-1,3,5,8,10,12-hexaazacyclotetra-
decane) has been prepared and its structure and magnetic properties studied. The structure consists of cyano-bridged
neutral Ni;Fe, units. Each hexacyanoferrate(iir) ion connects three nickel(11) ions using three cis CN~ groups and the
remaining CN~ groups are terminal. The bridging cyanide ligands co-ordinate to the nickel ion in a trans fashion
forming trans-NiL(N=C), moieties. The nine water molecules are situated between the 2-D layer and hydrogen
bonded to the terminal CN™ ligands. Magnetic studies show that the complex displays a metamagnetic behaviour
originating from intralayer ferromagnetic coupling and interlayer antiferromagnetic interaction. A long-range

magnetic ordering over the lattice at 7, = 5 K is also observed.

Introduction

Cyanide-bridged bimetallic assemblies of Prussian Blue type,
derived from [M(CN),]"™ (M = Cr™, Mn™, Fe™ or V) and
simple transition metal ions, have attracted much attention in
the area of molecular-based magnets."* In order to clarify the
magneto-structural correlation of cyano-bridged bimetallic
systems, a wide variety of hybrid Prussian Blue complexes
have been studied structurally and magnetically.’**” These com-
plexes are based on the building blocks, e.g. M(CN)™ (M = Fe,
Cr or Mn) and co-ordinatively unsaturated transition metal
complexes. For instance, as variations of Nis[Fe(CN)],-xH,0,
pentanuclear cluster [Ni(bpm),];[Fe(CN)¢,-7H,0 (bpm =
bis(1-pyrazolyl)methane),'”® 1-D chain complexes [Ni(en),];-
[Fe(CN)gl,2H,0™ and  [PPh,][Ni(pn),][Fe(CN)] (pn = 1,2-
propanediamine),’® 2-D layer complexes [Ni(diamine),],
[Fe(CN)(JX (diamine = 1,1-dimethylethylenediamine or pn,
X =ClO,”, NO;~, PhCH,0,” or N, ; diamine=en or 1,3-
propanediamine, X =NO;)'*" and 3-D [Ni(tren)];[Fe-
(CN)l,*6H,O (tren = tris(2-aminoethyl)amine)®* have been
synthesized by the reaction of K;[Fe(CN),] with NiN,2* com-
plexes that possess two available co-ordination sites. Magnetic
investigations on these complexes show that they exhibit ferri-,
ferro- or meta-magnetic behaviours dependent on the difference
in the network structures.

In recent publications a diamagnetic tetraazamacrocyclic
nickel(r) complex, [Ni(cyclam)][ClO,],, has been used to con-
struct cyanide-bridged bimetallic compounds, [Ni(cyclam)];-
[Cr(CN)¢l,:20H,0" and [Ni(cyclam)];[Fe(CN)y],-6H,0.2 We
have adopted another diamagnetic macrocyclic nickel(ir)

+ Non-SI unit employed: g ~9.27 X 1072 J T,
iployed.: [,

complex as a precursor to prepare a new CN™-bridged
nickel(mr)-iron(t) compound, [NiL];[Fe(CN)y],-9H,0 1 (L=
3,10-dimethyl-1,3,5,8,10,12-hexaazacyclotetradecane). Here, we
report the synthesis, crystal structure and magnetic studies of
the new 2-D cyano-bridged assembly with waved layers.

Experimental
Physical measurements

The elemental analyses of carbon, hydrogen and nitrogen were
carried out with a model 240 Perkin-Elmer analyzer. The infra-
red spectroscopy on KBr pellets was performed on a Nicolet
5DX FT-IR spectrophotometer in the 4000400 cm™! region.
The ac magnetic susceptibility, magnetic susceptibilities, and
field dependence of magnetization up to 7 T at 1.93 K were
obtained using a Model MaglLab System 2000 magnetometer.
The experimental susceptibilities were corrected for the dia-
magnetism of the constituent atoms (Pascal’s Tables). Effective
magnetic moments were calculated using the equation
Lot = (8ymT)™, where y,, is the molar magnetic susceptibility.

Preparations

The precursor [NiL][ClO,], was prepared by the literature
method;*” K;[Fe(CN),] was an analytical reagent used without
purification.

[NiL];[Fe(CN)(1,:9H,0 1. To an aqueous solution of NiL-
(ClO,), (0.3 mmol, 146.4 mg) in 20 cm® of water was added
K,Fe(CN)g (0.5 mmol, 165 mg) in water (10 cm?®) at room
temperature. Brown microcrystals precipitated from the result-
ing brown solution in 10 min. They were collected by suction
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filtration, thoroughly washed with water and dried in vacuo
over P,0s. Yield 130.8 mg, 90% (Found: C, 34.87; H, 6.48;
N, 28.95. C,HgFe,N;Ni;O, requires C, 34.71; H, 6.66; N,
28.92%). IR: vy, /em ™! 2150, 2130 and 2110 (C=N).

Well shaped dark brown crystals suitable for structure analy-
sis were grown at room temperature by slow diffusion of an
orange acetonitrile solution of [NiL][ClO,], and a yellow aque-
ous solution of K;[Fe(CN)g] in an H tube.

Crystal structure determination of complex 1

Crystal data. C,HgFe,N;Ni,Oy, M =1453.32, trigonal,
a=b=14.809(2), ¢=1839003) A, a=£=90, y=120°, U=
3492.7(9) A3, T=293(2) K, space group P3cl, Z=2, u(Mo-
Ka)=1.266 mm™! 6176 reflections measured (1.59<0<
27.51°) and 2688 considered unique (R, =0.0466). The final
R was 0.109, with conventional Ry 0.0485 for 133 parameters.

CCDC reference number 186/1489.

See http://www.rsc.org/suppdata/dt/1999/2477/ for crystallo-
graphic files in .cif format.

Results and discussion

The low-spin four-co-ordinate nickel(1r) macrocyclic NiL>* can
accept two donor atoms giving rise to high-spin six-co-ordinate
NiLX, species. The reaction of [NiL][ClO,], with K;[Fe(CN)]
in aqueous solution yields a cyanide-bridged 2-D honeycomb-
like complex 1, as shown in Scheme 1.
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Scheme 1

The IR spectrum of the complex shows three sharp bands
at 2150, 2130 and 2110 cm™!, which are attributed to C=N
stretching modes. The shift of v(C=N) to higher wave-
number compared with that of K;[Fe(CN)] (2119 cm™") sug-
gests a lowered symmetry about the Fe(CN)~ entity and the
formation of CN~ bridges, as observed for other cyano-bridged
systems.

Complex 1 is stable in air and insoluble in most inorganic and
organic solvents.
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Table 1 Selected bond lengths (A) and angles (°) for complex 1

Fe-C(1) 1.916(10) Fe-C(2) 1.930(10)
C(1)-N(1) 1.152(12) C2)-N(2) 1.132(12)
Ni-N(1) 2.088(9) Ni-N(3) 2.094(9)
Ni-N(4) 2.065(9)

N(1)-C(1)-Fe  177.2(9) N(2)-C(2)-Fe  175.1(8)
Ni-N(1)-C(1)  164.6(8)

Table 2 Intermolecular contacts (A) involving H atoms

owW(1)- - - N(2}) 2.993 OW(2)---N(@2)  3.099
OW(l)---OW(I)  2.942 OW(2)---N(2i)  3.099
OwW(l)---OW(I¥)  2.959 OW(2)---N@4")  3.180
oW(l)---N@%) ~ 3.180

Symmetry transformations: i —x + y, +», 0.5 + z; i, y, x, 0.5 — z; iii y,
+x, 05—z iv—-x, —x+y,05-z;v1l—y, x—y+1, +z vi
x—y+1,x+1,-05—z

Fig.1 An ORTEP?® drawing of complex 1 showing the unique atoms.

Crystal structure of complex 1

The asymmetric unit is shown in Fig. 1. The projections of the
molecular entity in the lattice along and perpendicular to the ¢
axis are presented in Fig. 2(a) and (b). Selected bond distances
and angles are listed in Table 1 and intermolecular contacts
involving H atoms in Table 2.

The structure consists of a neutral stair-shaped layer network
with the stoichiometry [NiL];[Fe(CN)y], and a hexagonal pat-
tern. Each Fe(CN)s*~ unit uses three C; rotational symmetry
related cis C=N groups to connect with three [NiL]** giving rise
to Fe-C=N-Ni linkages, whereas the three remaining symmetry
related cis CN~ groups are monodentate. The adjacent
Fe- - - Ni distance is 5.102 A. Each NiL unit is linked to two
hexacyanoferrate(in) ions in trans positions. Four secondary
amine nitrogen atoms of the macrocycle co-ordinate to the
nickel center with an average Ni-N distance of 2.080(9) A.
Both six-membered chelate rings adopt a chair conformation
and the methyl groups on NS5 are axial. The five-membered
rings adopt a gauche conformation. Two nitrogen atoms of the
bridging C=N ligands axially co-ordinate to the Ni! with
Ni-N contacts of 2.088(9) A. The Ni-N=C bond angle is
164.6(8)°. The average Fe—C and C=N distances are 1.923(10)
and 1.142(12) A, and the Fe-C=N bonds do not deviate signifi-
cantly from linearity [177.2(9) and 175.1(8)°].



Fig. 2 (a) Projection along the ¢ axis, showing the polymeric layer
including FegNig hexagons. (b) Projection perpendicular to the ¢ axis,
showing stacking of the waved layers.

The particular local molecular disposition leads to a
honeycomb-like structure (Fig. 2a). The repeating hexagonal-
like units adopt a chair conformation giving rise to an infinite
waved layer (Fig. 2b), which is similar to that of [Ni-
(cyclam)];[Cr(CN)g],-20H,0.” In the crystal the layers align
along the ¢ axis with a separation of ca. 9.19 A, and the nearest
interlayer metal-metal distance is 7.706 A for Ni---Fe. The
water molecules are positioned between the sheets and linked to
the terminal CN ligands of Fe(CN)*~ via hydrogen bonding
(Table 2).

Magnetic properties

The magnetic susceptibilities of complex 1 have been measured
in the temperature range 1.7-280 K. A plot of y, 7T vs. T is
shown in Fig. 3, where y,, is the magnetic susceptibility per
Ni;Fe, unit. The y,,,T value at room temperature is ca. 3.8 emu
K mol ™! (5.5 ug) which increases smoothly down to ca. 28.6 K
and then sharply reaches a maximum value of 14.8 emu K
mol ™! (10.9 up) at 6.85 K, which is much larger than the
spin-only value of 10.0 emu K mol™! (8.9 y3) for S;= 4 result-
ing from the ferromagnetic coupling of three nickel(ir) ions
(S=1, g=2.0) and two low-spin iron(1) ions (S = 1/2, g =2.0),
strongly suggestive of the occurrence of magnetic ordering.
Below 6.85 K y,,T decreases rapidly, which indicates the pres-
ence of interlayer antiferromagnetic interaction. The magnetic
susceptibility above 6 K obeys the Curie—Weiss law with a
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Fig. 3 Temperature dependence of y,,7 for complex 1.
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Fig. 4 Real, ' (O), and imaginary, y" (@), ac magnetic susceptibility
as a function of temperature taken at 133 Hz for complex 1.

positive Weiss constant = +9.0 K, which also indicates the
presence of ferromagnetic coupling within the Ni,Fe, sheet
of 1. The ferromagnetic interaction between the iron(1) and
nickel(11) ions is due to the strict orthogonality of the magnetic
orbitals of low-spin Fe™ (t,.*) and Ni" (¢,?).*"

The onset of a long-range magnetic phase transition is fur-
ther confirmed by the temperature dependence of the ac molar
magnetic susceptibility displayed in Fig. 4. The real part of the
zero field ac magnetic susceptibility, y'(7), has a maximum
at ca. 5 K for a frequency of 133 Hz, suggesting that T, of
complex 1 is about 5 K.*

The field dependence of the magnetization (0-7 T) measured
at 1.93 K is shown in Fig. 5(a) in the form of M/Nug (per Ni;Fe,
unit) vs. H, where M, N, uy and H are the magnetization,
Avogadro’s number, the electron Bohr magneton and applied
magnetic field, respectively. The magnetization reaches a value
of 7.5 Nug at 7 T which is close to the expected S =4 value of
8 Nug for the Ni;Fe, system, indicating the presence of ferro-
magnetic interaction between the adjacent Fe™ and Ni'™.

The magnetization was elaborately measured as a function of
the external magnetic field (0-0.5 T) at 1.93 K (Fig. 5b). A
noticeable sigmoidal behaviour is observed which suggests a
metamagnet: the magnetization first increases slowly with the
increased field and then sharply showing a spin-flipping from
antiferromagnetic to ferromagnetic arrangement between the
layers. In addition, the extremely small zero-field susceptibility
value also suggests a metamagnet. Considering the small
interlayer separation (9.19 A), interlayer antiferromagnetic
interaction could operate, which could be regarded as the origin
of the metamagnetic behaviour.?**” This result agrees well with
the conclusion drawn by Ohba et al.,'® ie. a small interlayer
separation (<10 A) provides metamagnets owing to interlayer
antiferromagnetic interaction. The critical field (the lowest
field which is used to reverse the interlayer antiferromagnetic
interaction) is ca. 0.1 T at 1.93 K.

In conclusion, the present example is a new demonstration of
the versatility of organic ligands in building molecular-based
magnets. The magnetic measurements show that the present
complex exhibits an intralayer ferromagnetic interaction and a
long-range magnetic ordering over the lattice at ca. 5 K. The
intralayer ferromagnetic interaction and the interlayer anti-
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Fig. 5 Magnetization at 1.93 K as a function of the applied magnetic
field (a) up to 7 T and (b) at 0-0.5 T.

ferromagnetic interaction give rise to a metamagnetic
behaviour. The synthesis of similar complexes for comparison
is in progress in our laboratory.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 59772020 and No. 29631040) and
Natural Science Foundation of Tianjin (No. 983604611).

References

1 R. Klenze, B. Kanellakopulos, G. Trageser and H. H. Eysel,
J. Chem. Phys., 1980, 72, 5819.

2 F. Herren, P. Fischer, A. Ludi and W. Halg, Inorg. Chem., 1980, 19,
956.

3 W. D. Griebler and D. Babel, Z. Naturforsch., Teil. B, 1982, 87, 832.

4 V. Gadet, T. Mallah, I. Castro and M. Verdaguer, J. Am. Chem. Soc.,
1992, 114, 9213.

5 V. Gadet, M. Bujoli-Doeuff, L. Force, M. Verdaguer, K. El Malkhi,
A. Deroy, J. P. Besse, C. Chappert, P. Veillet, J. P. Renard and
P. Beauvillain, in Molecular Magnetic Materials, eds. D. Gatteschi,
O. Kahn, J. S. Miller and P. Palacio, NATO ASI Ser. 198, Kluwer,
Dordrecht, 1990, p. 281.

2480 J. Chem. Soc., Dalton Trans., 1999, 2477-2480

6 T. Mallah, S. Thiebaut, M. Verdaguer and P. Veillet, Science, 1993,
262, 1554.

7 W. R. Entley and G. S. Girolami, /norg. Chem., 1994, 33, 5165.

8 W. R. Entley and G. S. Girolami, Science, 1995, 21, 268.

9 S. Ferlay, T. Mallah, R. Ouaches, P. Veillet and M. Verdaguer,
Nature (London), 1995, 378, 701.

10 O. Sato, T. Iyoda, A. Fujishima and K. Hashimoto, Science, 1996,
271, 49.

11 M. Verdaguer, Science, 1996, 272, 698.

12 O. Sato, T. Iyoda, A. Fujishima and K. Hashimoto, Science, 1996,
272, 704.

13 K. V. Langenberg, S. R. Batten, K. J. Berry, D. C. R. Hockless,
B. Moubaraki and K. S. Murray, Inorg. Chem., 1997, 36, 5006.

14 M. Ohba, N. Maruone, H. Okawa, T. Enoki and J.-M. Latour,
J. Am. Chem. Soc., 1994, 116, 11566; M. Ohba, N. Fukita and
H. Okawa, J. Chem. Soc., Dalton Trans., 1997, 1733.

15 H. Okawa and M. Ohba, ACS Symp. Ser., 1996, 644, 319; M. Ohba,
N. Usuki, N. Fukita and H. Okawa, Inorg. Chem., 1998, 37, 3349.

16 M. Ohba, H. Okawa, T. Ito and A. Ohto, J Chem. Soc., Chem.
Commun., 1995, 1545; M. Ohba, H. Okawa, N. Fukita and
Y. Hashimoto, J. Am. Chem. Soc., 1997, 119, 1011.

17 H.-Z. Kou, W.-M. Bu, D.-Z. Liao, P. Cheng, Z.-H. Jiang, S.-P. Yan,
Y.-G. Fan and G.-L. Wang, J. Chem. Soc., Dalton Trans., 1998, 4161.

18 M. S. El Fallah, E. Rentschler, A. Caneschi, R. Sessoli and
D. Gatteschi, Angew. Chem., Int. Ed. Engl., 1996, 35, 1947.

19 S. Ferlay, T. Mallah, J. Vaissermann, F. Bartolome, P. Veillet and
M. Verdaguer, Chem. Commun., 1996, 2481.

20 H. Miyasaka, H. Ieda, N. Matsumoto, N. Re, R. Crescenzi and
C. Floriani, Inorg. Chem., 1998, 37, 255.

21 H.-Z. Kou, D.-Z. Liao, P. Cheng, Z.-H. Jiang, S.-P. Yan,
G.-L. Wang, X.-K. Yao and H.-G. Wang, J. Chem. Soc., Dalton
Trans., 1997, 1503.

22 M. Ohba and H. Okawa, Mol. Cryst. Lig. Cryst., 1996, 286, 101.

23 H. Miyasaka, N. Matsumoto, H. Okawa, N. Re, E. Gallo and
C. Floriani, Angew. Chem., Int. Ed. Engl., 1995, 34, 1446.

24 H. Miyasaka, N. Matsumoto, H. Okawa, N. Re, E. Gallo and
C. Floriani, J. Am. Chem. Soc., 1996, 118, 981.

25 N. Re, E. Gallo, C. Floriani, H. Miyasaka and N. Matsumoto,
Inorg. Chem., 1996, 35, 5964.

26 H. Miyasaka, N. Matsumoto, N. Re, E. Gallo and C. Floriani,
Inorg. Chem., 1997, 36, 670.

27 N. Re, R. Crescenzi, C. Floriani, H. Miyasaka and N. Matsumoto,
Inorg. Chem., 1998, 37, 2717.

28 E. Colacio, J. M. Dominguez-Vera, M. Ghazi, R. Kivekas,
M. Klinga and J. M. Moreno, Chem. Commun., 1998, 1071.

29 M. P. Suh and S.-G. Kang, Inorg. Chem., 1988, 27, 2544.

30 C. K. Johnson, ORTEP, Report ORNL-5138, Oak Ridge National
Laboratory, Oak Ridge, TN, 1976.

31 O. Kahn, in Molecular Magnetism , VCH, Weinheim, 1993.

32 A. Bohm, C. Vazquez, R. S. McLean, J. C. Calabrese, S. E. Kalm,
J. L. Manson, A. J. Epstein and J. S. Miller, Inorg. Chem., 1996, 35,
3083.

Paper 9/02228G



