Inorg. Chem. 2005, 44, 2050—2059

Inorganic:Chemistry

* Article

[Fe(bpb)(CN) ,]~ as a Versatile Building Block for the Design of Novel
Low-Dimensional Heterobimetallic Systems: Synthesis, Crystal
Structures, and Magnetic Properties of Cyano-Bridged Fe ~ ""-Ni"
Complexes [(bpb) 2~ = 1,2-Bis(pyridine-2-carboxamido)benzenate]

Zhong-Hai Ni, T Hui-Zhong Kou,* - Yi-Hua Zhao, ' Lei Zheng, ' Ru-Ji Wang, ™ Ai-Li Cui, T and Osamu Sato *

Department of Chemistry, Tsinghua Waisity, Beijing 100084, P. R. China, and
Kanagawa Academy of Science and Technology, KSP Building, East 412,
3-2-1 Sakado, Takatsu-ku, Kawasaki-shi, Kanagawa 213-0012, Japan

Received July 27, 2004

A dicyano-containing [Fe(bpb)(CN),]~ building block has been employed for the synthesis of cyano-bridged
heterometallic Ni'-Fe'" complexes. The presence of steric bph?~ ligand around the iron ion results in the formation
of low-dimensional species: five are neutral NiFe, trimers and three are one-dimensional (1D). The structure of the
1D complexes consists of alternating [NiL]?* and [Fe(bpb)(CN),]~ generating a cyano-bridged cationic polymeric
chain and the perchlorate as the counteranion. In all complexes, the coordination geometry of the nickel ions is
approximately octahedral with the cyano nitrogen atoms at the trans positions. Magnetic studies of seven complexes
show the presence of ferromagnetic interaction between the metal ions through the cyano bridges. Variable
temperature magnetic susceptibility investigations of the trimeric complexes yield the following Jyire values (based
on the spin exchange Hamiltonian H = —2Jyire Sii(Sre(1) + Srer): Jnire = 6.40(5), 7.8(1), 8.9(2), and 6.03(4) cm™4,
respectively. The study of the magneto-structural correlation reveals that the cyanide-bridging bond angle is related
to the strength of magnetic exchange coupling: the larger the Ni—N=C bond angle, the stronger the Ni- - -Fe
magnetic interaction. One 1D complex exhibits long-range antiferromagnetic ordering with Ty = 3.5 K. Below Ty
(1.82 K), a metamagnetic behavior was observed with the critical field of ~6 kOe. The present research shows
that the [Fe(bpb)(CN),]~ building block is a good candidate for the construction of low-dimensional magnetic materials.
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spin-crossover (SCO) materigis?®> and materials with new
magnetic phenomertdnanosized molecular magnetic ma-
terials?”?28and paramagnetic complexes for the investigation
of the magneto-structural correlation.

accordingly. Successfully, a few high-spin clustér® and

a series of onet ™46 two-,*"4° and three-dimensiond*>>°
cyanide-bridged bimetallic polymers that exhibit SMM,
SCM, SCO, metamagnetism, and hihhave been obtained.

Several strategies have been developed in the past twd?€cently, one other new strategy for assembling cyanide-

decades for cyano-bridged complexes with the above-
mentioned magnetic properties. Initially, the use of the
hexacyanometalate unit [M(C§Y (M = Fe, Cr, Mn, or

V) as a paramagnetic building block toward hydrated
paramagnetic 3d metal ions [[#H,0)s]”" has provided a
large family of three-dimensional compounds known as
Prussian blue analogues, some of which exhibit critical
temperaturesT) as high as 310 K2 negative magnetiza-
tion,?6 and magneto-conductor properti€siowever, single
crystals of these highly insoluble three-dimensional com-
plexes for X-ray structural analysis are very difficult to
grow?° which makes both the determination of the crystal-
lographic structure and the interpretation of the magnetic
behaviors difficult. Subsequently, another novel synthetic
strategy has been widely used based also on [M(BNg#s

a building block but reacting with the coordinatively unsatur-
ated complexes [ML)x(H20),] P*, where L stands for an
organic ligand. The incorporation of different polydentate
ligands should give rise to new types of complexes called

hybrid Prussian blue analogues. It can be further anticipated
that the magnetism of such complexes should be modified
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Scheme 1. Schematic lllustration of the Polyaza Ni(Il) Building
Blocks
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[NiL’]** (L’ = 3-methyl-1,3,5,8,12-pentaazacyclotetradecane)

[NiL®1** (L° = 1,9-diamino-3,7-diazanonane (2.3,2-tet))

Ni et al.

Quantum Design MPMS SQUID magnetometer. The experimental
susceptibilities were corrected for the diamagnetism of the constitu-
ent atoms (Pascal’s tables).

Syntheses.The precursors [Ni(ClOg4)2,62 [NiLZ(ClOg),,52
[NiL 3](ClO4)2,%3 [NIL 4)(ClO4)2,84 [NIL 5](ClO4)2,5 [NIL 8](ClO4),,%6
and K[Fe(bpb)(CNyJ®" were prepared according to literature
methods.Caution! Perchlorate salts of metal complexes with
organic ligands are potentially explosive and should be handled in
small quantities with care.

[NiL Y[Fe(bpb)(CN),]2H20 (1), [NiL 3][Fe(bpb)(CN),]»-7H,0O
(3), [NIiL4|[Fe(bpb)(CN),]2*4H,0 (4), and [NiL5][Fe(bpb)(CN),],
(5). Because complexek 3, 4, and5 were prepared similarly, a
representative method for compléxis described. Black block
single crystals ol were obtained at room temperature by the slow
diffusion of yellow acetonitrile and an aqueous solution (5 mL) of
[NIiL1](ClOg), (0.1 mmol, 50.5 mg) into a dark green methanol
solution (5 mL) of K[Fe(bpb)(CNjJ (0.1 mmol, 46.1 mg) for about
1 week. These crystals were collected carefully and air-dried.
Yield: 22—42 mg (46-60%).

[NIL 2)[Fe(bpb)(CN),]»:6H.O (2). Only a few black block
crystals of2 were obtained by using the above-described method,

This indicates that this strategy seems very promising in one of which was selected and subjected to X-ray diffraction

designing novel cyano-bridged complexes with desired
structures and/or magnetic properties, especially low-
dimensional heterobimetallic systems.

Albeit few, cyano-bridged polynuclear complexes have

been synthesized in order to investigate the magneto-

structural correlations because it is facile to find a model to

evaluate the magnitude of intermetallic magnetic coupling. ©
We focused on dicyano-containing metal complexes and first

explored the use of [Fe(bpb)(CHl) as a building block.

analysis.

[NiL 8][Fe(bpb)(CN),](CIO 4)-CH30H (6). Uniform black block
single crystals of the complex were obtained at room temperature
by evaporation of the C#€N—H,O—MeOH solution of [Ni(L)]-
(ClO4), (0.1 mmol) and K[Fe(bpb)(CN) (0.1 mmol) for about 2
days. Yield: 21.5 mg (27.8%).

[NiL 1[Fe(bpb)(CN),](ClO4) (7) and [NiL4[Fe(bpb)(CN),]-
104):2CH3CN (8). Black strip crystals of complexes and 8
suitable for X-ray structure analysis were grown in a sealed beaker
or a single tube at room temperature by carefully mixing a-CH

We presume that the presence of a rigid, bulky, and planar cN—H,0 solution of [Ni(L1)](CIO4), or [Ni(L4](ClO,). (0.1 mmol)

bpl?~ ligand favors the formation of polynuclear or one-

and K[Fe(bpb)(CNyj (0.1 mmol) in MeOH for about 2 days.

dimensional species. In this work, we present our first attempt Yield: 41.0 mg (50%) for7 and 29.8 mg (27.7%) fo8.
which concerns the synthesis, crystal structures, and magnetic Anal. Calcd for NiFeCsgHsN1s0s (1): C, 51.97; H, 4.54; N,

properties of the complexes [Nil[Fe(bpb)(CN}]»*H,0 (1),

[NIL ¥][Fe(bpb)(CN)]27H0 (3), [NiL“][Fe(bpb)(CN}].:
4H;0 (4), [NiL*][Fe(bpb)(CN)]2 (5), [NIL *|[Fe(bpb)(CN}]-
(ClO4)CH3OH (6), [NiLY][Fe(bpb)(CN}](ClO4)-H,0 (7),
and [NiL¥[Fe(bpb)(CN}](ClO,)-2CH;CN (8), together with
the crystal structure of [Nif][Fe(bpb)(CN}]»-6H,O (2). The
polyaza-Ni(ll) complexes employed in the experiments are
shown in Scheme 1.

Experimental Section

21.82. Found: C,52.10; H, 4.66; N, 21.46. Selected IR frequencies
(KBr disk, cnt?): 2140 (s,vc=n), 2116 (S,vc=n), 1615 (Vs,
vc—0), 1591 (vs), 1470 (s), 1362 (s), 1141 (s), 761 (s), 747 (s), 690
(m), 506 (m).

Anal. Calcd for NiFeCs,HggN15013 (3): C, 47.19; H, 5.18; N,
19.05. Found: C, 46.80; H, 5.29; N, 18.95. Selected IR frequencies
(KBr disk, cnr1): 2147 (m, vc=n), 2131 (M, vc=n), 1609 (s,
vc—0), 1587 (vs), 1468 (m), 1357 (s), 1141 (m), 758 (s), 690 (w).

Anal. Calcd for NiFQC64H70ngOg (4) C, 55.31; H, 5.08; N,
18.14. Found: C, 55.78; H, 5.12; N, 18.58. Selected IR frequencies
(KBr disk, cnr1): 2159 (m, vc=n), 2118 (M, vc=n), 1612 (Vs,

Elemental analyses of carbon, hydrogen, and nitrogen were yc—o), 1589 (vs), 1470 (s), 1363 (s), 1141 (m), 755 (s), 690 (m),

carried out with an Elementary Vario El. The infrared spectroscopy

on KBr pellets was performed on a Magna-IR 750 spectrophotom-

eter in the 4006400 cn1? region. Variable-temperature magnetic
susceptibility, zero-field ac magnetic susceptibility, and field

506 (m).
Anal. Calcd for NiFQC50H49N1704 (5) C, 53.50; H, 4.40; N,
21.21. Found: C, 52.98; H, 4.52; N, 21.34. Selected IR frequencies

dependence magnetization measurements were performed on ?62) Suh. M. P; Kang, S-Gnorg. Chem 1988 27, 2544
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(KBr disk, cnml): 2140 (M, vc=n), 2119 (M, vc=n), 1613 (S,
vc=0), 1590 (vs), 1470 (s), 1362 (s), 1141 (m), 745 (m), 689 (m),
506 (m).

Anal. Calcd for NiFeGgH36CIN100; (6): C, 43.41; H, 4.68; N,
18.08. Found: C, 43.42; H, 4.77; N, 18.19. Selected IR frequencies
(KBr disk, cnml): 2146 (S,vc=n), 1634 (S,vc=0), 1594 (vs), 1472
(m), 1358 (s), 1139 (m), 1084 (v8g-—o), 751 (M), 623 (M), 505
(w).

Anal. Calcd for NiFeGoH3sCIN1,06 (7): C, 44.34; H, 4.71; N,
20.68. Found: C, 44.05; H, 4.87; N, 20.62. Selected IR frequencies
(KBr disk, cnT1): 2139 (M,vc=n), 1614 (Spc—0), 1589 (vs), 1471
(s), 1363 (s), 1142 (m), 1089 (v8¢i—0), 763 (m), 625 (m), 508
(m).

Anal. Calcd for NiFeGgHs¢CIN1406 (8): C, 53.63; H, 5.25; N,
18.24. Found: C, 53.12; H, 5.24; N, 17.55. Selected IR frequencies
(KBr disk, cnm1): 2134 (m,vc=n), 1623 (Spc=0), 1592 (vs), 1472
(m), 1355 (s), 1139 (M), 1092 (v8gi-o), 760 (m), 623 (m), 506
(w).

X-ray Structure Determination. The crystal data are sum-
marized in Table 1. The structures were solved by the direct method
(SHELXS-97) and refined by full-matrix least-squares (SHELXL-
97) onF2. Anisotropic thermal parameters were used for the non-
hydrogen atoms and isotropic parameters for the hydrogen atoms.
Hydrogen atoms were added geometrically and refined using a
riding model. The methyl group in ligand>Lin complex 5
experiences disorder over two positions due to the presence of an
inversion center at the nickel atom. The occupancy factors of two
sets of disordered atoms [N(9) and C(26)] were 0.5. In complex
some atoms of the macrocycle around Ni(2) display some degree
of disorder, and the DFIX command has been used. The R1 value
of the data for compleX is high due to the weak diffraction of the
single crystal; however, the bond distances around the metal ions
are accurate enough for magneto-structural correlation analysis.

Results and Discussion

Synthesis and General Characterization.The eight
complexes were reproducibly synthesized by the reactions
of equivalent molar polyaza [NI(CIO4), (n = 1-6)
complexes with K[Fe(bpb)(CN) Interestingly, three of the
obtained complexes are 1D chainlike complexes and the other
five are trimers with similar Fe(IIB-Ni(ll) —Fe(lll) sand-
wichlike structures. It is important to note that the three 1D
chains are obtained by direct mixing of [N{(CIO,), and
K[Fe(bpb)(CN}], whereas the five trimers are obtained by
the slow diffusion of [NiL"](ClO,), into the solution of K[Fe-
(bpb)(CN}Y]. Therefore, it is intriguing to note that the
structures of the complexes strongly depend on the reaction
condition employed.

The IR spectra ofl—5 in the range 21162160 cn?
exhibit two sharp peaks assigned to cyano-stretching absorp-
tions, indicating the presence of bridging and nonbridging
cyano ligands in [Fe(bpb)(CB) . Moreover, the bridging
cyano groups usually absorb at a higher frequency than the
terminal groups. For complex@&s7, and8, the strong broad
peaks centered at 1090 chsuggest the presence of GIO
anions in these complexes, and the broad single peak between
2130 and 2150 cnt is assigned to the bridging cyano
groups.

Crystal Structures. The eight complexes have been
characterized by single-crystal X-ray diffraction. The stick

Table 1. Crystallographic Data for Complexds-8

NiFe;CsoHs2N1605 NiFe;CssHesN 16010 NiFexCsoHeeN16013 NiFe;CsaH70N160s NiFe;CsoHagN1704 NiFeGeHz6CIN1007 NiFeGsoHzsCIN1206 NiFeCigHs6CIN1406

chemical

formula

1075.08

293

812.73

293

774.68

293

1122.47

293

1389.79
293

1323.65

293

1273.64
293

1155.51
293

fw

Inorganic Chemistry,

T(K)

triclinic

triclinic

monoclinic

P21/ C

monoclinic

P21/ C

monoclinic

P21/ C

triclinic

triclinic

monoclinic

C2lc

cryst syst

space group

12.031(3)
15.177(4)
15.386(4)

106.197(16)
94.706(17)

107.583(17)
2528.9(10)

10.530(2)
13.456(3)
13.858(3)

80.41(3)

72.78(3)

81.81(3)
1840.3(6)

8.4780(17)
19.437(4)
20.664(4)

9

93.50(3)
3398.8(12)

0

14.063(3)
13.440(3)
13.153(3)

9

94.13(3)
2479.5(9)

0

14.181(2)
10.490(2)
24.058(5)
104.203(14)
90
3469.5(12)

90

9.0907(18)
12.861(3)
93.39(3)
106.71(3)
1519.8(5)

15.096
113.48(3)

9.0120(18)
12.754(3)
15.216(3)
114.37(3)
93.67(3)
105.56(3)
1503.9(5)

110.037(10)

31.208(7)
90

13.545(4)
13.043(4)

90
5180(2)

a(h)

b (A)
c(A)

o (deg)
B (deg)
y (deg)
V(A3

1.412
1122

1.467
842

1514
1604

1.503
1160

1.330
1448

1.446
690

1.406
664

1.482
2392

pealcd (g e 1)
F (000)

5807/0/382 10759/0/394 6091/0/425 4361/0/340 12566/0/433 6390/15/458 8731/0/643

4612/0/349

data/restraints/

params
RL[ > 20(1)]

0.0695
0.1704

0.1109
0.2741

0.0614
0.1403

0.0607
0.1128

0.0716
0.1707

0.0600
0.1509

0.0588
0.1303

0.0897
0.2455

wR2 (all data)
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Table 2. Selected Bond Distances (A) and Angles (deg) for Complexes
1-5

1 2 3 4 5
Ni—N(2) 2.096(6) 2.082(4) 2.090(3) 2.066(6) 2.106(2)
Ni—N(7) 2.063(6) 2.062(3) 2.060(2) 2.069(5) 2.064(2)
Ni—N(8) 2.066(6) 2.057(4) 2.059(2) 2.085(5) 2.075(2)
Fe-C(1) 1.957(7) 1.955(4) 1.962(3) 1.963(7) 1.968(3)
Fe-C(2) 1.961(8) 1.958(4) 1.959(3) 1.945(7) 1.977(3)
Fe-N(3) 1.887(6) 1.879(3) 1.892(2) 1.890(5) 1.892(2)
Fe-N(4) 1.891(6) 1.892(2) 1.885(2) 1.884(5) 1.886(2)
Fe-N(5) 2.017(7) 1.997(3) 2.000(2) 2.002(5) 2.013(2)
Fe-N(6) 1.982(6) 1.986(3) 1.993(2) 1.994(5) 2.001(2)
Ni---Fe 5.093  5.091 5.110 5133  5.068

C(2-N(2)-Ni 160.2(7) 165.3(4) 163.2(2) 173.4(5) 157.0(2)
Fe-C(1)-N(1) 179.3(7) 178.7(4) 178.5(3) 174.4(6) 177.2(3)
Fe-C(2)-N(2) 172.2(7) 172.4(4) 173.6(3) 177.2(6) 172.1(3)
C(1)-Fe-C(2) 172.5(3) 173.75(15) 173.02(11) 167.2(3) 170.01(11)

and ball drawings of compounds-5 are shown in Figure

1, and selected bond distances and angles for complexes
are listed in Table 2. Crystal structures and selected bond
distances and angles of compleXess are shown in Figure

2 and Table 3, respectively.

Crystal Structures of Trimers. The five complexes have
similar sandwichlike structures made up of neutral trinuclear
entities of general formula [Fe(bpb)(CHINIL "] (n = 1-5),
where each [Fe(bpb)(CB) unit acts as a monodentate
ligand through one of its two cyanide groups toward the
central Ni(ll) ion.

The iron(lll) ion in complexed—5 is coordinated by four
bp?~ nitrogen atoms and two cyanide carbon atoms, in a
slightly distorted octahedral geometry. The—+&(1) (un-
bridging cyano) and FeC(2) (bridging cyano) bond dis-
tances of 1.968(3) A and 1.977(3) A for compléxare
slightly larger than those of 1.955(4)1.963(7) A and
1.945(7)-1.961(3) A for1—4. The iron atom and terminal
cyanide in these complexes, except dprare almost linear
(177.2(3)-179.3(7Y), whereas the FeC=N angles for the
bridging cyanides are somewhat bent (172.1(8)3.6(3}).
However, the Fe-C=N angle for the bridging cyano group
(177.2(6)) in complex4 is somewhat larger than that of
the corresponding terminal cyano group (174.2)6)

The nickel atom is hexacoordinated with two cyanide
nitrogen atoms at trans positions and four nitrogen atoms
from the L" ligand, yielding a NiN octahedral surrounding.
The Ni—Ngyano bond distances increase in the ordér
(2.066(2) A) < 2 (2.082(4) A) < 3 (2.090(3) A) < 1
(2.096(6) A)< 5 (2.106(2) A), and the corresponding-Ni
N=C bond angles decrease in the ordg{173.4(5}) > 2
(165.3(4)) > 3 (163.2(2)) > 1 (160.2(7}) > b5
(157.0(2)). The intramolecular Fe---Ni separations
through bridging cyanides are 5.093 A fr5.091 A for2,
5.110 A for3, 5.133 A for4, and 5.068 A fos. The shortest
intermolecular metatmetal distances are 6.580 A fdr
6.630 A for2, 6.558 A for3, and 6.632 A for4 but are
significantly different from that ob (7.786 A).

Comparing the structure data of the five trimeric com-
plexes, we found that the NiN=C bond angles, the
Ni—Ncyano bONd distances, and the intramolecular Fe- - -Ni

Complex 1

Ni et al.

Complex 2

Complex 3

Complex 4

separations have some dependence; that is, the larger theigure 1. Crystal structures of trimeric Nigeomplexesl—5.
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Cyano-Bridged Heterobimetallic Complexes

Table 3. Selected Bond Distances (A) and Angles (deg) for Complé&xes?

6 7 8
Ni—N(1)#1 2.166(2) Ni(1)»N(1) 2.133(7) Ni(1)>-N(1) 2.122(4)
Ni—N(7) 2.091(3) Ni(1»-N(7) 2.076(8) Ni(1>-N(7) 2.074(5)
Ni—N(8) 2.091(3) Ni(1)>-N(8) 2.059(7) Ni(1)>-N(8) 2.064(4)
Ni—N(2) 2.075(2) Ni(2)-N(2) 2.109(9) Ni(2)-N(2) 2.109(4)
Ni—N(9) 2.066(3) Ni(2)-N(10) 2.059(8) Ni(2)-N(10) 2.066(5)
Ni—N(10) 2.081(2) Ni(2)-N(11) 2.049(9) Ni(2)-N(11) 2.074(5)
Fe-C(1) 1.981(3) Fe(BC(1) 1.981(9) Fe(BC(1) 1.961(5)
Fe-C(2) 1.959(3) Fe(1C(2) 1.956(11) Fe(HC(2) 1.953(5)
Fe-N(3) 2.011(2) Fe(1yN(3) 2.005(9) Fe(1yN(3) 1.999(4)
Fe-N(4) 1.891(2) Fe(1YN(4) 1.898(9) Fe(1YN(4) 1.877(4)
Fe-N(5) 1.885(2) Fe(1)N(5) 1.884(9) Fe(1)N(5) 1.897(4)
Fe-N(6) 2.003(2) Fe(1)N(6) 2.015(9) Fe(1)N(6) 2.001(4)
Fe-+Ni 5.048 Fe(13--Ni(1) 5.088 Fe(13-Ni(1) 5.184
Fe-Ni#l 5.144 Fe(1-Ni(2) 5.197 Fe(13-Ni(2) 5.193
N(1)—C(1)-Fe 170.6(2) N(1)¥C(1)—Fe(1) 169.3(8) N(1)C(1)—Fe(1) 174.5(4)
N(2)—C(2)-Fe 176.4(3) N(2)}-C(2)—Fe(1) 177.2(11) N(2)C(2)—Fe(1) 174.3(5)
C(1)-Fe-C(2) 175.16(12) C(BFe(1)-C(2) 174.9(4) C(¥Fe(1)-C(2) 166.4(2)
C(2)-N(2)—Ni 168.8(2) C(2N(2)-Ni(2) 173.9(10) C(2}N(2)-Ni(2) 172.7(4)
C(1)~N(1)-Ni#2 150.1(2) C(1>N(1)-Ni(1) 156.3(7) C(1-N(1)—Ni(1) 166.7(4)
N(2)—Ni—N(L1)#1 175.19(9)

aSymmetry operations: #1:X,y + Yo, =z + Yo #2, =X, y — Up, =2 + Y.

of cyano-bridged alternating [Fe(bpb)(GN) and [NiL]**
fragments. In the chain, [Fe(bpb)(Cl\) uses two trans CN
groups to connect with two [Nil?f groups, whereas each
[NiL] 2t group is linked to two [Fe(bpb)(CH) ions in trans
positions. Two nitrogen atoms of the bridging=8l groups
coordinate to the Ni(ll) ions with the NiN contacts in the
range 2.075(2)2.166(2) A and with Ni-N=C bond angles
ranging from 150.1(2)for C(2)—N(2)—Ni(2) in complex6
to 174.4(10% for C(2)—N(2)—Ni(2) in complex 7. The
Fe—C distances in the three complexes range from 1.953(5)
to 1.981(3) A. The intramolecular Fe---Ni separations
‘ S through bridging cyanides are 5.048, 5.097, and 5.184 A for
i ¥ 1 o complexess, 7, and8, respectively. The shortest interchain

: % meta-metal distances are 8.151, 8.781, and 7.577 A in
complexess, 7, and8, respectively.

The cell packing diagram (Figure 3) of compléshows
the H-bonding interaction between the two O atoms of one
ClO4~ ion between two chains and the two N atoms f L
from two adjacent chains, as well as that between the O atom
located on bpb and the N on E from another adjacent
chain. Thus, the H-bonded chains form a 3D network. In
addition, there exists a hydrogen bond betweegfin
bpk?~ and the free methanol molecules.

Magnetic Properties of Trimeric Complexes 1, 3, 4, and
5. The temperature dependences of magnetic susceptibilities
for the four complexes measured in the rang&@0 K under
the external magnetic field of 1000 Oe are illustrated in
Figure 4. The room-temperature valuesyefl for the four
complexes are in the range 1:92.01 emu K mot? and,
Figure 2. Crystal structures of 1D chainlike complex@s8. due to spir-orbit coupling effects of low-spin He are
Ni—N=C bond angles, the shorter the N¥Wyan, bond higher than the spin-only value of 1.75 emu K ol
distances and the longer the intramolecular Fe- - -Ni separa-expected for a magnetically dilute spin syste®a.,(Svi, Sre

Complex 6 nszm counteranion (Figure 2). The wavelike chain is comprised
08
/]

Complex 7

Complex 8

tions. = 1,, 1, ¥,) with g = 2.00. TheymT values of the four
Crystal Structures of 1D Complexes 6, 7, and 8X-ray complexes remain nearly constant untiP00 K and then

crystallography of complexe&-8 reveals that the structure  increase smoothly and attain a maximum value of 2.80 emu

consists of a one-dimensional cationic polynifiL][Fe- K mol~t at 7.0 K for1, 3.07 emu K mot? at 6.0 K for3,

(bpb)(CNY]} " (L = LY, L4 and %), with free CIQ~ as 3.09 emu K mot! at 7.0 K for4, and 2.56 emu K mol at
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(ZFS) effect of the Ni(ll) ions. The magnetic susceptibilities
obey Curie-Weiss law (inset of Figure 4) with a positive
Weiss constan? = +4.28 K and Curie constai@ = 1.93
emu K mol? for 1, # = +5.09 K andC = 1.97 emu K
mol~t for 3, # = +5.62 K andC = 1.94 emu K mat? for

4, and@ = +3.26 K andC = 1.94 emu K mot! for 5; these
values confirm the presence of overall ferromagnetic interac-
tions in these complexes. These magnetic behaviors are
consistent with an intramolecular Fe(HNi(ll) ferromag-
netic interaction, which can be rationalized in terms of the
strict orthogonality of the magnetic orbitals of the low-spin
Fe(lll) [d®, t¢’] and Ni(ll) [d8, t.Pes?] centers, an arrangement
which normally gives rise to ferromagnetic coupling. On the
basis of the trimeric model, the magnetic susceptibilities can
be fitted accordingly by the following expression derived
from the exchange spin Hamiltonidth = —2JSi(Seeq) +
S:e(z)):

(a)

Xm =
2NB%? 1+ 5 exp(4/KT) + exp(2/KT)
k(T — ©) 3+ 5 exp(4/KT) + exp(=2J/KT) + 3 exp(D/KT)

The best-fit parameters obtained dre +6.40(5) cm?,
g=2.06(1),0 = —0.77(1) K, andR = Y (¥obsdl — Xcalidl)?/
> (obsal)? = 1.23 x 105 for 1; J = +7.8(1) cm?, g =
2.06(1),0 = —0.19(1) K, andR = 2.44 x 10°°for complex
3;J=+8.9(2) cm!, g=2.05(1),0 = —0.19(1) K, andR
= 7.51x 1075 for complex4; andJ = +6.03(4) cmt, g =
2.05(1),0 = —1.43(1) K, andR = 2.04 x 10°° for complex
5, where ® accounts for the contributions except intra-
molecular magnetic coupling.
TN A ) ‘ Apparently, complexed, 3, 4, and 5 exhibit similar
!“!“i; % b magnetic properties. Comparison of the magnetic exchange
A j”§&q) { P parameters) with the Ni—=N=C bond angles for the four
o P complexes is shown in Figure 5. Thkvalues are ap-
proximately correlated to the NiN=C bond angles: the
larger the Ni-N=C angle, the stronger the Ni- - -Fe mag-
netic interaction in this system. Therefore, it can be
concluded that thénear bridging bond angle is a key factor
in the strong intermetallic magnetic coupling. This is
understandable, considering that linear bridging linkage
results in better orbital overlap between the cyano nitrogen
lone electron pair and the magnetic orbitalg (d and d?)
of Ni(ll). A nearly linear best fit gives the correlation of
Inire = 0.1819 — 22.281 cm?, wheref is the Ni—N=C
bond angle (deg). It should be pointed out that this correlation
is rough and should be treated carefully because it does not
include the effect of the NtN¢yanobond distances. Neverthe-
Figure 3. Interchain interactions i6 (only the hydrogen atoms attached  less, the variation trend dfire can be clearly seen, and the
to the nitrogen atoms have been shown): (a) alon@ties, (b) along the qualitative conclusion can be undoubtedly drawn.
b axis, (c) along thee axis. Magnetic Properties of 1D Complexes 68. The mag-
9.0 K for 5, which are close to the expected saturated value netic susceptibilities of complex&s-8 have been measured
of 3.0 emu K mot?! with the S= 2 ground state based gn in the temperature range of-300 K for 6 and8 and 5-300
= 2.00. They,T values decrease rapidly and reach a value K for 7 with a SQUID magnetometer. The,T versusT
of 2.29, 2.96, 2.81, and 1.87 emu K mbht 2.0 K for1, 3, plots of6—8 are shown in Figures 6 and 10, whetgis the
4, and5, respectively, which is probably due to the integrated magnetic susceptibility/NiFe unit. On lowering the temper-
operation of the saturation effect, the intermolecular anti- ature,ymT increases smoothly, reaching a maximum value
ferromagnetic interaction, and/or the zero-field-splitting of 2.54 emu K mot! at 6.0 K for6, 2.45 emu K mot?* at
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Figure 4. Temperature dependencesyafT andym,* (inset: the solid line was calculated from the Curi®/eiss law) for (a)l, (b) 3, (c) 4, and (d)5. The
solid line represents the best fit based on the parameters discussed in the text.
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J=0.181 0 —22.281
_ 87
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Q
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6_
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0/°

Figure 5. Jnire Vs Ni—N=C bond angle{) for 1 (O), 3 (»), 4 (<), and

5 (O). The straight line is the best fit by using the equation shown in the
plot.

7.1 K for7, and 1.93 emu K mot at 7.5 K for8, and then
sharply decreases to 1.38 emu K midbr 6 and 1.466 emu
K mol~! for 8 at 2 K. The magnetic susceptibilities of
complexes6—8 obey the Curie-Weiss law with positive
Weiss constan@ = + 4.97(1) K and Curie constai@ =
1.50(3) emu K mot? for 6, # = + 5.92(1) K andC = 1.50-
(1) emu K mot? for 7, and@ = + 3.27(1) K andC = 1.47-
(1) emu K mot? for 8. The positive Weiss constants and
the increasing tendency giT above 7.5 K for the three

x,T/emu K mol™!

100 150 200 250 300
T/K

Figure 6. Temperature dependence)@fT andym™! (inset: the solid line
was calculated from the CuriéNeiss law) for6. The solid line represents
the best fit based on the parameters discussed in the text.

approximate approach similar to that previously used for 1D
complexes? On the basis of the crystal data, the Fe(Hl)

CN—Ni(Il) linkages are unequal. Therefore, the 1D chain
can be treated as alternating uniform FeNi dimers with
different intradimeric and intrachain (also interdimer) ex-

complexes are typical of ferromagnetic coupling between change constantg{vs J). A molecular field approximation

adjacent Fe(lI-Ni(Il) ions. The abrupt decrease at low

was also included.

temperature may be due to the operation of the magnetic

saturation effect, weak interchain antiferromagnetic interac-

tions, and the zero-field-splitting effect of the Ni(ll) ions.
To analyze the magnetic data ®f8, we tried to use an

_ Ngzﬁz 10+ exp(=3J4/KT)
X4 THT T3+ exp(BI/KT)

1)
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2 B
1="95 55+ 1 @ 00016
N 1+u ~ 0.0012
Xchain— 39k2$ 1— (3) 'g
whereu = cth[J S(S; + 1)KT] — kT/(.JCSd(SQj +1)) i; 0.0008+
Am 0.0004
Xchain 1— Xm(ZZJ/NQZﬂ2) ( )
; . I 0.0000- oo
Using this model, the susceptibilities over the temperature . . . . . . .

range 4-300 K for 6, 5—-300 K for 7, and 2-300 K for 8 2 3 4 5T/K 6 7 8 9

were simulated, giving the best fits with parametéss= Figure 7. Temperature dependence of ac magnetizatio iof a zero-
+1.31(1) cm?, Jg= +7.1(1) cm?, zJ = —1.21(1) cm?, g static field and an ac field of 2 Oe at frequencies of 277, 666, 1633, and
= 2.06(1), andR = 1.43x 10 °for 6; J. = +1.34(3) cm1 4111 Hz.
Ja = +6.1(1) cmt, zJ = —1.02(3) cmt, g = 2.08(1), and

R = 2.31x 1075 for 7; and J. = +0.591(7) cm?, J4 = 3.04 s
+7.49(9) cmt, zJ = —1.02(1) cm?, g = 2.05(1), andR = T=183K 5.0
9.92 x 107 for 8. The Ni(Il)—Fe(lll) exchange coupling 23 2
parameters of these complexes are comparable to that of the 2.0
cyano-bridged 1D Ni(IB-Cr(l) complex (. = + 0.23, Jq
= + 8.4) as the result of similar®€N—Ni linkages?* S 1.5 p
Interestingly, magnetic susceptibility measurements of = 9
zero-static field ac magnetic susceptibilities for compex 1.0 ._o'
at different frequencies confirm the long-range antiferro- 054 o
magnetic ordering below 3.5 K (Figure 7). The field- Ry
dependent magnetization was measured up to 50 kOe at 1.83 0.0 : . T T T
K (Figure 8). The curve has a sigmoid shape typical of 0 1 2 H/103k0e 4 5

metama_gn(_enc ber_]awor. .the magnetlzatlon first mcrea.lsesFigure 8. Field dependence of magnetization at 1.83 K@oiThe solid
_S|0W|y W!th _|ncreas!ng-| until 6 !(Oe due to antiferromagnetic o gotted line is the Brillouin curve fo = 3 or for uncoupledSre = Y
interchain interactions, then increases abruptly for a phaseandSy = 1 with g = 2.0.

transition to a ferromagnetic state at about 10 kOe, and finally

attains a saturation magnetization of 2p (expected 09710000 0
value: 3NB for S = 3/,) at 50 kOe. The field-cooled 0.8 %DAQ
magnetization (FCM) measurements (Figure 9) with the - 074500008 84
applied fields of 200 and 5000 Oe show a break-8tK, S
) . . € 0.6
which further demonstrates that there exists an antiferro- >
magnetic phase transition at3 K. The absence of a peak E, 0.51
for the 10 kOe curve shows the metamagnetic behavior of 5 0.4
the complex, and the critical fieldHg) to overcome the 0.3
interchain antiferromagnetic interaction is less than 10 kOe. ’
Unlike the case for6, the field-cooled magnetization 021
measurements for complex&sand 8 show the absence of 2 4 6 8 10
magnetic ordering down to 2 K. The field dependence of T/ K

magnetization (inset of Figure 10) far and 8 shows no Figure 9. Field-cooled-magnetization d in applied fields of 200 Oe,
abnormity, indicative of the paramagnetic properties of the 2000 O¢, and 10 kOe.

two complexes. The experimental data foare consistent  that compound has chains connected by ClOthrough
with the calculated Brillouin function that corresponds to H-bonding, giving rise to a layered structure (see Supporting
Sr = S+ S = 1.5 and are above that for the uncoupled Information). The layers are isolated from each other,
Se = Y, and Sy = 1 state withg = 2.11, as shown in the  however, by the bulky pendent benzene groups of the
inset of Figure 10. This clearly shows the ferromagnetic macrocyclic ligands. Hence, the low magnetization value of
coupling between the adjacent Fe(lll) and Ni(ll) ions via the compound at low temperatures is tentatively attributed
the cyano bridges. However, the very low magnetization to the probably strong intralayer antiferromagnetic magnetic
value (1.5 Np) at 50 kOe for compoun@® is far from interaction. Thasolatedlayers are far apart, and the dipolar
saturation (g with g = 2.0) and is even lower than that interaction is negligible, which precludes the occurrence of
for the uncoupledse = Y/, andSy; = 1 state, probably due a 3D order.

to the presence of noticeable interchain antiferromagnetic The interchain antiferromagnetic interactions in the three
interaction. Single-crystal X-ray diffraction analysis shows 1D chainlike complexes are present, albeit weak, which
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Figure 10. Temperature dependence)@fT with the fitting results for (e) and (f) 8. Inset: Field dependence of magnetization. The lines represent the
Brillouin functions that corresponds to the uncoupfed = 1/, andSy; = 1 states (dotted lines) ar®t = S + Sui = 1.5 (solid lines) withg = 2.11 for
7 andg = 2.0 for 8.

originates from the dipolar interaction and the hydrogen bridging Ni—N=C bond angles. It is anticipated that the
bonds as mentioned above fér The interchain antiferro-  formation of cyano-bridged 2D or 3D complexes is not likely
magnetic interactions may hinder the formation of SCMs, because of the space hindrance of the?bpigand. Future
which require that the interchain antiferromagnetic interaction work will involve the preparation of low-dimensional
be negligibly weak. Similarly, the occurrence of 3D ordering Mn(l1l) —Fe(Ill) complexes that may exhibit SCM or SMM
in 6 requires comparatively strong interchain antiferromag- pehavior. Additionally, the employment of the analogous
netic interactions. Therefore, the absence of a magnetic phasgunding block [Cr(bpb)(CN)]~ will be studied. Results will
transition for7 and8 down © 2 K shows that the interchain  pe presented later.

antiferromagnetic interactions are not strong enough for 3D
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