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Abstract

Two new double complexes [Ni(bpy)a][Fe(CN)s(NO)]3H,O (1) and [Ni(en),Fe(CN)s(NO)JH;0 (2) have been isolated from the
reactions of the mixture of NiCl,6H,0 and Na,[Fe(CN)s(NO)} in water, with bipyridine (bpy) and ethylenedmnmne (en) in ethanol,
respectively, and have been characterized by X-ray analysis, IR, EPR, Massbauer sp Crystallographic
data for 1 and 2 are as follows: 1; triclinic, P1,a=10. 752(4),b=13.321(3),c= 13 791(5) A a=79 834(25) B=281.39(3), y=72.93(3)°,
Z=2; 2: wriclinic, P1, a=8.622(16), b=8.832(3), c=12.417(3) A, a=94.81(3), B=92.322(19), y=112.820(23)°, Z=2. The bond
angles of Fe-N-O are nearly linear for 1 (178. 3(4)“) and 2 (179.4(3)°). The structure of 1 cons:sts of a double complex of a cation
[Ni(bpy)3]** and an anion [Fe(CN)s(NO)]*~. of 2 ists of a di polymeric chain -Ni(en),-NC-
Fe(CN)3(NO)-CN-Ni(en),- in which the Ni(1I) and Fe(Il) oemers are Imked by two CN groups. Cryomagnetic investigations (4-300K)

ic chain with J= —047cm ™!

reveal a paramagnetic behavior for 1 and the p ofa

g weak antife

for 2. EPR spectra observed at ambient lemperatum for the Ni(1I) ions in both complexes are also reported.

Nickel

is: Crystal Dinuclear Tron

Cyano

1. Introduction

The coordination chemistry of transition metal cyanides,
especially of ferro- and ferricyanide complexes, has become
of remarkable interest in recent years due to their unusual
electronic state [1,2] and magnetic behaviors [3-7]. It has
been shown that hexacysnometalate ions [M(CN)4]*~
(M =Mn, Fe, Cr, etc.) actas good building blocks io provide
bimetallic assemblies exhibiting spontaneous magnetization
[5-7]. Recently we have reported a series of ferromagnetic
M;[Fe(CN)gl, (M=Ni, Co, Cu) with T.=10-25 K
depending upon the combination of metal (M) ions [8].

Very recently, Okawa and co-workers [9-11} reported
several complexes with ferromagnetism of [Ni(en)ls-
[Fe(CN)¢]2) {10], [Ni(pn),]2[Fe(CN)g]CIO, [11] and
K[ {Mn(BS) },{Fe(CN)¢l, [12] (BS=substituted Schi{-
base salens} in which the cyano groups of Fe(CN)g’~ in
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the meridional mode coordinate to adjacent Ni ions of
[Ni(en),}**, [Nl(l)ﬂ)zl2+ or [Mn(BS)(H,O)] tofonn
22-D or multidi
Tang and co-workers [12] ported an antife gnetic 2-
D cyano-bridged polymeric [Cu,(oxpn)Fe(CN)s(NO)1.
complex, in which a nitrogen atom of a cyano group of
[Fe(CN)5(NO)1,” coordinated to one of the adjacent
Cu(ll) ions of Cu,(oxpn) (oxpn=N,N'-bis(3-amino-
propyl)oxamide).

As the intention of these studies was to clarify more deeply
the structural Tation with of double
complexes with the [Fe(CN)s(NO)F' amon,webavepte-
pared two new bimetallic complexes, the discrete double
complex [Ni(bpy);1[Fe(CN)s(NO)I3H,0 (1) (bpy=
bipyridine) and a one-dimensional polymeric complex
[Nien),Fe(CN)5s(NO)JH;O (2) (en=ethylenediamine)
in which two cyano groups serve as a bridge to the Ni(l)
atom through nitrogen. Here the results of crystal structure,
IR, EPR, Mossbauer, and cryomaguetic studies of these
species are described.
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2. Experimental
2.1. Materials

Na,[Fe(CN);(NO)J.H,0, bipyridine (bpy), ethylene-
diamine (en), and other materials were f analytical grade
(Aldrich) and used as supplied. ..

2.1.1. [Ni(bpy);]J[Fe(CN)s(NO)I3H,0 (1) and
[Ni(en)-Fe(CN)s(NO)JH,0 (2)

To a solution of NiCLL,6H,0 (1 mmot in 20 ml water) and
2,2’-bipyridine (2 mmol in 20 ml methanol) or ethylenedi-
amine (2 mmol in 20 cm® methanol) was slowly added a
solution of Na,[Fe(CN)s(NO)12H,0 (1 mmol) in 10 cm®
water. The solution turned violet to pink for 1 and violet to
dark brown for 2. Upon standing for several days, the result-
ing pink crystals of 1 (80% yield) and brown crystals of 2
(85% yield) were filtered off, air dried and recrystallized
from methanol/water (1:1) to form single crystals, suitable
for X-ray diffraction analysis. Anal. Found: C,49.27;H,3.81;
N, 20.12. Calc. for C;5H;N;,0,FeNi (1): C,49.33; H, 4.23;
N, 19.74%. Found: C, 25.45; H, 4.09; N, 33.05. Calc. for
CoH,gNyoO;FeNi (2): C, 25.23; H, 4.20; N, 32.70%.

2.2. Physical measurements

IR spectra were recorded on a Bio-Rad FTS-40FTIR spec-
trophotometer as KBr pellets in the 4000400 cm ~* region.
X-band EPR spectra at 300 K for the complexes in powder
were recorded on a Bruker ECS-106 spectrometer. Moss-
bauer spectra at 80 K were recorded on a conventional Austin
S-600 Mossbauer spectrometer. ’Co(Pd) was used as the
source and all isomer shifts are represented with respect to
a-iron foil. Temp drpend of the ic suscep-
tibilities of the polycrystalline samples was measured
between 4 and 300 K at a field 1 T using 2 Quantum Design

model MPMS computer- lled SQUID tometer.
Corrections for the di of complexes 1 and 2 were
estimated from Pascal’s constants.
2.3. X-ray crystal structure analysis
Crystallographic data for complexes 1and 2 llected
on an Enraf-Nonius CAD-4 diffractometer with graphite-
h ized Mo Ka radiation at 25°C. The unit-cell

parameters were determined from 25 reflections in the range
42<20<62° for 1 and 32<20<48° for 2. The details of
data collection, crystallographic data, and reduction are sum-
marized in Table 1.

The structures were solved by the standard heavy-atom
method and refined by full-matrix least-squares. Reliability
factors were defined as Ry=X||F,|—|F.|/ZIF,l and
the function minimized was R, =[Iw(IF!—I|F.|)%/
T|F,121'2, where in the final least-squares calculation the
unit weight was used. The hydrogen atoms were refined with
i pic thermal p Final Fourier diff--rence syn-

Table 1
Crystallographic data [Ni(bpy);}{Fe(CN)s(NO)]3H,0 (1) and
[Ni(en);Fe(CN)s(NO)JH;0 (2)

1 2
Formula Cys5H3oN;,0,FeNi CyH 6N O, FeNi
M 797.25 10.00
Crystal system triclinic triclinic
Space group P-1 P-1
a(A) 10.752(4) 8.6221(16)
b(A) 13.321(3) 8.832(3)
c(A) 13.791(5) 12417(3)
a(®) 79.834(25) 94.81(3)
B() 81.39(3) 92.322(19)
v () 72.93(3) 112.820(23)
V(A% 1848.5(10) 865.7(4)
z 2 2
D, (gem™?) 1432 1573
F(000) 814 417
#(MoKa) (cm™') 40.095 82.123
Crystal size (mm) 0.25x0.35%0.35 0.25%0.35%0.40
No. of data used 7511 3422
Ry 0.051 0.056
R, 0.055 0.066
Table 2

Selected final atomic positional parameters and B, values (A?) for 1

Atom x y z Bg*

Fe 0.37586(6) 0.28791(5) 0.16886(5) 291(3)
Ni 0.13996(6)  0.79595(5)  0.28706(5) 2.73(3)
N(6) 0.3182(4) 04181(3) 0.1475(3) 4.30(19)
o(l) 0.2779(5) 0.5072(3) 0.1307(4) 8.61(3)
c(1) 0.3844(5) 0.2750(4) 0.3107(4) 3.95(2)
C(2) 0.5565(4) 1.2925(4) 0.1439(4) 3.89(22)
C(3) 0.4427(4) 2.1349(4) 0.1902(3) 323(19)
C(4) 0.3808(4) 0.2672(4) 0.0327(3) 340021
(5 0.2042(4) 0.2637(4) 0.2151(3) 3.89(22)
N 0.0519(3) 0.7399(3) 0.19093(24)  2.98(15)
N(8) 0.1930(3) 0.8778(3) 0.15121(24) 2.97(15)
N(9) 0.3084(3) 0.6681(3) 0.2872(3) 3.23(16)
N(10) 0.0948(3) 0.6966(3) 0.41233(24) 3.04(16)
N(11) -0.0201(3) 0.9275(3) 0.31249(24) 297(14)
N(12) 0.2174(3) 0.8783(3) 0.36849(24) 2.89(14)
2 Beq is the mean of the principal axes of the thermal ellipsoid.

theses were fi less. All refi calculations were per-

formed using the NRCVAX computer program [13].
Selected positional parameters of the non-hydrogen atoms of
1 and 2 are given in Tables 2 and 3, respectively.

3. Results and discussion
3.1. IR spectra

The most imp p ing the IR spectra of 1
and 2 deal with the vib 1 stretching fi ies of NO

and CN. Nitric oxide has an extra electron, occuping a 7*
antibonding orbital, which is relatively easily lost. In the case
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Table 3

Selected final atomic positional parameters and B.,, values (A?) for2
Atom  x y z By®

Fe 0.4607(10) 0.16630(10)  0.29693(6)  1.31(3)
Ni(l) 1 05 05 135(5)
Ni(2) 0 0 0 1.54(5)
N/1) 0.7544(6) 0.3210(6) 0.4615(4) 2.03(19)
N?) 0.1278(6) -0.0300(6) 0.1259(4) 2.01(20)
N(6) 0.4966(6) —0.0638(6) 0.3020(4) 1.89(19)
N 0.9198(6) 0.6695(6) 04324(4) 223(20)
N(8) 1.0555(6) 0.4551(6) 0.3404(4) 1.94(20)
N9 0.0628(6) 0.2433(6) 0.0685(4) 2.09(20)
N(10)  —0.2173(6) ~—0.1086(6) 0.0817(4) 229(22)
C(n 0.6426(6) 0.2404(6) 0.4030(4) 1.61(20)
C(2) 0.2702(7) 0.0128(7) 0.1889(4) L7121
C(3) 0.6123(7) 0.1888(7) 0.1841(5) 2.08(23)
Cc4) 0.4179(7) 0.3067(7) 0.2869(5) 2.13(24)
C(5) 0.3098(7) 0.0650(7) 0.4112(4) 1.88(22)
o(1) 0.5214(6) —0.1825(6) 0.3046(5) 4403

* B, is the mean of the principal axes of the thermal ellipsoid.

of terminally bound NO, simple MO theory predicts that
whilst M-NO™ will be linear, M-NO~ may be a bent bond.
The potential thus exists to establish the formal oxidation
state of the metal center in nitric oxide by examining the IR
spectra [14]. The nitroprusside anion of Na,[Fe(CN)s-
(NO) ]2H,0(SNP) has an Fe-N-O angle of nearly 180° and
IR active NO stretching frequency of 1940 cm™" indicating
an NO* complex of iron(II) with extensive 7-bonding. In
general, IR absorption bands in the region 22001900 cm ™!
are due to the phonon involving CN™ and NO* stretching
vibrations [ 1,2,14,15]. In the present system, the IR spectrum
of 1 shows a single absorption at 2143 cm ™" which can be

igned to CN hing, wh two strong absorptions at
2141 and 2162 cm™! have been observed for complex 2,
which probably arise from the bridging CN and terminal CN
stretching vibrations, respectively. Strong single peaks at
1911 for1and 1933 cm ™" for 2 are assigned toNOstretching,
thus implying that the Fe-N-O bonds are nearl; linear.

Tabled

Selected bond distances (A) and angles (°) for 1

Fe-N(6) 1.650(4) Fe-C(1) 1.947(5)
Fe-C(2) 1.937(5) Fe-C(3) 1937(5)
Fe-C(4) 1.936(4) Fe-C(5) 1.936(4)
Ni-N(7) 2.086(3) Ni-N(8) 2.085(3)
Ni-N(9) 2.090(3) Ni-N(10) 2072(3)
Ni-N(11) 2.103(3) Ni-N(12) 2.100(3)
N(6)-0(1) 1.131(6)

Fe-N(6)-0(1) 178.3(4) Fe-C(1)-N(1) 177.6(5)
Fe-C(2)-N(2) 176.1(4) Fe-C(3)-N(3) 179.0(4)
Fe-C(4)-N(4) 178.0(4) Fe-C(5)-N(5) 176.8(4)
C(1)-Fe-C(4) 167.44(20)  C(2)-Fe-C(5) 172.60(19)
N(6)-Fe-C(3) 17842(19)  N(6)-Fe-C(2) 93.26(20)
N(6)-Fe-C(1) 9726(20)  N(6)-Fe-C(4) 94.83(20)
N(7)-Ni-N(9) 94.35(13) N(7)-Ni-N(10) 95.77(13)
N(T-Ni-N(12)  16991(13)  N(7)-Ni-N(11) 95.48(13)
N(8)-Ni-N(10)  17220(13)  N(9)-Ni-N(11)  169.30(13)

3.2 Structure of complex 1

An ORTEP drawing of complex 1 with the atom number-
ing scheme is shown in Fig. 1. Selected bond distances and
angles are given in Table 4.

As depicted in Fig. 1, plex 1 ists of a discrete
[Ni(bpy);]** cation and [Fe(CN)s(NO)]*~ anion which
form a double complex. The geometry of [Ni(bpy);]** has
approximate point-group symmetry D,. The average Ni-N
bond distance of 2.09 A is in agreement with the previous
teported value of 2.09 A for [Ni(bpy);]Cl, [16].

The geometry of [Fe(CN)s(NC) 12~ is in good agree-
ment with those of the previous studies [4,17,18]. The mean
Fe-C, Fe-N, C-N and N-O bond distances in [Fe(CN),-
(NO)]>~ are 1.039, 1.650, 1.390 and 1.131 A, respectively.
These values 2re in accordance with the reported values for
other nitroprusside metal salts [2-4,17-19]. The bond angle
of Fe-N-O (178.3(4)°) is nearly linear.

Fig. 1. ORTEP stereoview of [Ni(bpy);] [Fe(CN)5(NO)] (without H,0: 30% probability thermal ellipsoids).
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Fig. 3. View of the CN-bridged polymeric [Ni(en);Fe(CN)s(NO)] without H,0.

3.3. Structure of complex 2

An ORTEP drawing of complex 2 with the atom number-
ing scheme is shown in Fig. 2. A view of the polymeric chain
structure is given in Fig. 3. Relevant bond distances and
angles are given in Table 5. The structure of 2 shows that the
asymmetric unit consists of one trans-[Ni(en),]?* cation
and one [Fe(CN)s(NO)]?~ anion. Two cyano nitrogens
(N(1) and N(2)) in trans mode coordinate to the adjacent
Ni ions, through N(1) to Ni(1) of trans-[Ni(en),]** and
through N(2) to Ni(2) of another trans-[Ni(en),}**, to
form a quasi wave form of the alternate array of the linear

Table S
Selected bond diatances (A) and angles (°) for 2

Fe-N(6) 1653(5)  Fe-C(1) 1.930(5)
Fe-C(2) 1940(5)  Fe-C(3) 1.945(6)
Fe-C(4) 1956(6)  Fe-C(5) 1.926(6)
Ni(1)-N(1) 2099(4)  Ni(1)-N(7) 2.095(5)
Ni(1)-N(8) 2099(4)  N(1)-C(1) 1.135(5)
Ni(2)-N(9) 2095(5)  Ni(2)-N(10) 2.0%3(5)
N(6)-0(1) LISI(7)

Fe-N(6)-0(1) 1794(5)  Fe-C(1)-N(1) 176.8(5)
Fe-C(2)-N(2) 174.6(5)  Ni(1)-N(1)-C(1)  153.5(5)
C(1)-Fe-C(2) 168.26(23)  N(1)-Ni(1)-N(10)  179.9(5)
C(3)-Fe-C(5) 169.31(24)  N(6)-Fe-C(1) 95.40(24)
N(6)-Fe-C(2) 96.33(23) N(6)-Fe-C(4) 178.55(23)
N(6)-Fe-C(5) 95.68(24) N(6)-Fe-C(3) 94.81(24)
N(D-Ni(1)-N(7) 87.79(19)  N(1)-Ni(1)-N(8) 88.84(18)
N(7)-Ni(1)-N(8)  97.01(19) N(8)-Ni(})-N(7)  82.99(19)
N(9)-Ni(2)-N(10)  96.84(19) N(10)-Ni(2)-N(9)  96.84(19)

chain [Ni(en),Fe(CN)s(NO)], as shown in Fig. 3. As
shown in Fig. 2 and Table 5, the average bond angle 176.8°
of Fe-C(1)-N(1) and Fe(2)-C(2)-N(2) is near linearity,
but the bond angle of Ni(1)-N(1)~-C(1) or Ni(2)-N(2)-
C(2) is non-linear with an angle of 153.5(3)°. The geometry
of the ligand field of the Ni ions is a six-coordination with

| distorted hedral sy y, the Ni-N bond
lengths ranging from 2.093(5) to 2.099(4) A. The mean
bond lengths of Fe-C, Fe-N, C-N and N-O in the
[Fe(CN)s(NO) ]2~ moiety are in accordance with the cor-
responding observed values in complex 1. The bond angle of
Fe-N-0 (179.4(5)°) is also nearly linear.

3.4. EPR and Mdssbauer spectra

The X-band (9.81 GHz) EPR spectra of the polycrystalline
powder recorded at 300 K for 1 and 2 show atypical transition
of high-spin Ni(II) with the spin state of = 1. The observed
absorptions with transitions arise from AMs=+1 and
AMs= 2 are located at 3406, 1801 G for 1 and 3406, 1860
G for 2, respectively. [Fe(CN)s(NO)]12~ is diamagnetic,
thus no EPR signal can be observed. In general, it is observed
that Ni(II) often gives rise to quite broad EPR lines, even in
presumably octahedral environments. Since Ni(II) has an
even ber of el Kramer’s th does not apply
[20]. Nevertheless, in some cases of Ni(1I)-doped low sym-
metry diamagnetic lattices, two resonances are observable at
X-band [20-22]. One corresponds to the AMs = + 2 transi-
tion, while the other results from either the Ms=0—
Ms= +1 or Ms= —1-0 transition (depending on the sign
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of the zero field splitting D). In the present work, the spin-
Hamiltonian parameters of 1 and 2 were determined from the
experimental data and fitted to the equation [21,22]

#=gPHS+Ds? (1)

with g=2.34, D=—0.18 cm™! for 1 and g=2.11, D=
—031cm™! for2.

Mossbauer spectra at 80 K for complexes 1 and 2 show a
quadrupole doublet with the parameters of isomer shift (IS),
—0.39 for 1, —0.18 mm s~ for 2 and quadrupole splitting
(QS), 1.87 for 1, 1.80 mm s~ ! for 2, respectively. The neg-
ative IS value at 80 K of 1 is higher thar that of 2 indicating
that total s-electron density at the iron nucleus in complex 2
is lower than that of 1. This can be interpreted by the addi-
tional shielding effect of the 3d-electron at the iron atom of
2 by donating a 3d-electron from the nickel ion to the iron
ion through the bridging CN ligand [23].

3.5. Magnetic susceptibility studies

The cryomagnetic behavior of the complexes [Ni-
(bpy);][Fe(CN)s(NO)13H,0 and [Ni(en),Fe(CN)s-
(NO)]H,0 is shown in Figs. 4 and 5, respectively, in the
forms of plots of xy versus T and T versus 7. As shown
in Fig. 4, the plot of T’ versus Tfor 1 appearstobei mvanam
as a function of ive of 2 ¢l | para-
magnet following Curie-Weiss law behavior, fitted to

=C/T—-6, with =098 cm® mol™" K and 6=00
suggesting no intermolecul gneti h i ion
in the present system.

In the plot xu7 versus T shown in Fig. 5 for 2, the XMT
values keep invariant in the region 300 (xu7'=1.22 cm’®
mol 'K, p=3.10u,) to 20K. As the temperature is lowered
from 20 K, the y\T value gradually decreases to 1.04 cm®
mol ™' K (. =2.85up) at 5 K, suggesting a very weak anti-

025 2
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- - aa L "g
8 &
0.10 -
= =2
0.05
0.00 T v T T T 3 o

o 50 100 150 200 250 300 350

T/K
Fig. 4. Thermal vasiation of the molar magnetic susceptibility for
[Ni(bpy)s] [Fe(CN)s(NL) 13H,0.
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005 -
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0 50 100 150 200 250 300 350
T/K

Fig. 5. Thermal vasiation of the molar magnetic susceptibility for
{Ni(en),Fe(CN)s(NO)JH,0. The solid lines represent a fit based on
Eq.(1).

ferromagneuc mteracuon It ls known that [Fe(CN)-
(NO)J?~ isdi i the

between Ni(II)—Fe(II) through the cyanide bndgmg ligand
is negligible. However, the coupling between two ad)oent
Ni(II) ions could be through the [Fe(CN),(NO) 12~ group.

‘We have pted to dv ically ..,vexpenmen-
tal susceptibility in this one-dmensxonal regime by using the
modified expression (2) calculated by Kahn [24,25] for a
classical-spin Heisenberg chain, scaled to a real spin S=1
which is valid for an antiferromagnetic coupling

xu=Ng*B*/k(T—0)[A/B1+C/(T—0) +N, )

A=20+0.0194x+0.7772%,
B=3.0+4.346x +3.232c* + 5.834x°

where x=J/kT. The symbols N, B, g and k have their usual
meanings, C is the Curie constant for an impurity assumed in
this model to be a simple $= 1 Curie paramagnet (non-cou-
pled paramagnenc species), 8 is the We|ss conmant of the
impurity, and N, is the temp

of susceptibility. A very close agreement wuh expemnenl is
obtained with J=—~047 cm™', g=2.10, 6=-044 K,
€=0.93 cm® mol~! K, N,=100X10"% cm® mol~' and
the disagreement factor R=[T(Xops— Xeac) >/ Xl *=
4% 1073, It is worthy of note that the fitted g value of 2.10
is in good agn with 2.11 calculated from the resuit of
the EPR mcasurement of 2.

One can notice that the magnitude of the exchange inter-
action J of —0.47 cm™! in [Ni(en),Fe(CN);NO)1H,0 is
much tower than — 31.9cm ™ which was reported previously
in the strong antiferromagnetic one-dimensional [Ni(en)z-
(NO,)1* chain [24]. In the complex [Ni(en),(NO;)]1*
ion, two Nl(ﬂ) ions are linked by an NO, group along the
chain with an i hain Ni-Ni d of 5.15 A,
the nearest intrachain Ni-Ni distance in the [(Ni(en)2-
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Fe(CN)5(NOQ) 1 chain is relatively large, namely 7.9143(23)
A, thus making a very weak coupling.

As a final comment, we emphasize that this study gives
new evidence that the formation of a discrete or cyano-
bridged polymeric double complex of [Ni(L),]** with
{Fe(CN)5(NO) ]2~ is dependent on the nature of the ligands
L of the cation.

4. Supplementary material

Tables containing atom positions, anisotropic displace-
ment parameters, hydrogen atom locations, and bond lengths
and angles are available from the authors on request.
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