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The complex [Ni(pn)3][Fe(CN)5NO]·H2O (1) was synthesised by the reaction of [Ni(pn)3]Cl2
(pn = racemic propane-1,2-diamine) with Na2[Fe(CN)5NO]·2H2O in aqueous solution and has been
charaterised by IR and Mössbauer spectroscopy and magnetic studies. Single crystal structure analy-
sis revealed octahedrally coordinate cations [Ni(pn)3]2+ and anions [Fe(CN)5NO]2−.
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Introduction

In the last two decades much attention was paid
to the study of molecule-based magnets especially to
Prussian blue analogues which are also used in molec-
ular sieves, cation exchangers, electron scavengers,
and radionuclide sorbents [1 – 5]. In these cases metal
spin sites are usually bridged by a spacer moiety and
a superexchange interaction couples the spin sites.
This type of coupling is a function of the spacer con-
sisting organic molecules [6]. The polyfuctionalised
spacer controls the magnetic coupling between the
spin sites upon photo irradiation and shows an al-
ternative way for the design of communication de-
vices at a molecular level using π conjugated sys-
tems in contrast to the traditional electronic commu-
nication [7 – 9]. Hexacyanometallate ions [M(CN)6]n−
(M = Mn, Fe, Cr etc.) act as good building blocks
in transition metal complexes containing polydentate
amine ligands. Bimetallic assemblies are obtained with
structures ranging from clusters to 3D extended net-
works and discrete polynuclear species with interest-
ing magnetic and magneto-optical properties [10 – 13].
But the problem in the preparation of these complexes
arises from the lack of solubility of cyanide-based as-
semblies due to the strong tendency of cyanides to
form three-dimensional networks. This difficulty has
been overcome by introducing capping ligands into the
co-ordination sphere of the cation. The capping ligands
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can control the topology of metal ions and enhance
the solubility of the complexes. Chelating amines such
as ethylenediamine (en), propane-1,3-diamine (1,3-pn)
or 1,4,8,11-tetraazacyclotetradecane (cyclam) are used
for this purpose.

Recently, a few cyanide-bridged compounds based
on the nitroprusside anion have been reported which
exhibit weak antiferromagnetic interaction between
the paramagnetic transitional metal ions through the
diamagnetic building blocks like [Fe(CN)5NO]2−,
[Co(CN)6]3−, [Ni(CN)4]2−, [Mo(CN)8]4−, and
[W(CN)8]4−. For instance [Ni(en)2]3[Fe(CN)6]2 ·H2O
[14], PPh4[Ni(pn)2][Fe(CN)6] · H2O [15], [Ni(L)2]2-
[Fe(CN)6]X (L = pn, 1,1-dimethylethylenediamine;
X = ClO4

−, PF6
−, etc.) [16] have a chain (rope-

ladder) structure, an 1D zigzag chain structure, or a
2D square sheet structure, respectively. The complexes
[Ni(cyclam)]3[Cr(CN)6]2·20H2O and [Ni(cyclam)]3-
[Fe(CN)6]2·12H2O have layered structures with cor-
rugated sheets [17], and [Ni(tren)]2[Fe(CN)6] · 3H2O
(tren = tris(2-aminoethyl) amine) has a 3D structure
consisting of a Fe-CN-Ni-Fe-CN chain [18]. Besides
these complexes, [NiL2]3[Fe(CN)6]2 · xH2O (L =
bpy, x = 8; L = phen, x = 9) [19], [Ni(1,1-dmen) 2]2-
[Fe(CN)6]X·yH2O (1,1-dmen = 2,2-dimethylethylene-
diamine, X = CF3SO3, y = 2, X = BzO, y = 6, X = N3,
y = 4) [16], [Ni(baepn)]2n[Fe(CN)6]n(H2O)8n (baepn =
N,N′-bis(2-aminoethyl)-1,3-propanediamine) [20],
[Ni(bpm)2]3[Fe(CN)6]2 · 7H2O (bpm = bis(1-pyrazol-
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yl)methane) [21], and [Ni(bpy)2]3[Fe(CN)6]2 · 7H2O
(bpy = 2,2′-bipyridine) [22a] and Cu(H2NCH(CH3)
CH2NH2}2][Fe(CN)5NO]·H2O [22b] have also been
prepared.

Only few examples of the bimetallic coordination
polymers obtained by reaction of nitroprussides
with transition metal complexes have been reported
so far. In this context we can mention [Ni(en)2]-
[Fe(CN)5NO]·H2O which contains a [Ni(en)2]2+

unit and exhibits a zigzag chain structure [23],
[NiL2][Fe(CN)5NO]·2H2O (L = bpy or phen), with
weak ferromagnetic exchange interaction [19].
Bimetallic compounds based on rare earth com-
plexes, [MIIIFe(CN)5NO(phen)2(NO3)(H2O)]·0.5H2O
(M = Tb, Eu, Y) [24], which exhibit a zigzag chain
structure, have also been reported. Besides these
complexes, [Ni(C6H14N2)2][Fe(CN)5NO]·6.5H2O
(where C6H14N2 is 1,2-diaminocyclohexane) [25]
and [Ni(cyclam)][Fe(CN)5NO]·4H2O [25] consist
of zigzag chains formed by an alternate array of the
paramagnetic cations and [Fe(CN)5NO]2− anions.
Recently our group has reported some nitroprusside
complexes of transition and non-transition met-
als, e. g., [Zn(phen)3][Fe(CN)5NO]·2H2O·0.25MeOH,
[(bipy)2(H2O)Zn(µ-NC)Fe(CN)4(NO)]·0.5H2O [26a],
[Cu(dmen)2Fe(CN)5NO], and [Cu(dmpn)2Fe(CN)5-
NO] (where dmen = 2-dimethylaminoethylamine and
dmpn = 1-dimethylamino-2-propylamine) [26b].

Here we report the preparation, crystal structure and
physical characteristics of a discrete double complex
[Ni(pn)3][Fe(CN)5NO]·H2O with the photochromic
anion [Ni(pn)3]2+.

Result and Discussion

Complex 1 was synthesised by addition of an aque-
ous solution of sodium nitroprusside to a methano-
lic solution of NiCl2 ·6H2O and racemic propane-1,2-
diamine.

Infrared spectrum

The absorption band typical for a free NO is ob-
served at 1876 cm−1 and that of NO− anion is recorded
in the range of 1200 – 1040 cm−1, and the absorp-
tion band due to NO+ cation lies in the range of
1940 – 1575 cm−1 [27, 28]. The nitroprusside anion
of Na2[Fe(CN)5NO]·2H2O has an Fe-N-O angle of
nearly 180◦ and an IR active NO stretching frequency
of 1940 cm−1 indicating NO+ attached to iron(II)
with extensive π-bonding. The characteristic terminal

Scheme 1.

ν(CN) vibration in Na2[Fe(CN)5NO]·2H2O appears at
2144 cm−1 [29a]. Formation of cyano bridge splits the
ν(CN) stretching band and a blue shift of ν(CN) oc-
curs [29b].

In the complex 1 we observed stretching vibrations
ν(CN) at 2143 and ν(NO) at 1940 cm−1. No split-
ting of the ν(CN) stretching band indicates the absence
of cyano bridging. The spectrum of the complex con-
tains a very strong broad band in the region of 3800 –
3000 cm−1 indicating the stretching vibrations of the
O–H bonds involved in H-bond formation [30]. The
strong single peak at 1911 cm−1 was assigned to NO
stretching implying a linear Fe-N-O bond. The struc-
tural diagram of complex 1 is shown in the Scheme 1.

Magnetic susceptibility study

The cryomagnetic behaviour of 1 is explained in
Fig. 1. The plot of χmT vs. T appears to be constant
(1.11 emu K mol−1) in the temperature range between
2 and 300 K. This value corresponds to the expected
value for non-coupled paramagnetic octahedral Ni 2+

complex ions (S = 1, g = 2.24), which are magnetically
isolated from each other. So, no magnetic exchange in-
teraction occurs in the complex [31, 32].

Fig. 1. Plot of the χmT vs. T for compound 1.
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Table 1. Selected bond lengths [Å] and angles [◦] for 1.

Ni(1)-N(11) 2.111(7) Ni(1)-N(8) 2.114(6)
Ni(1)-N(7) 2.118(7) Ni(1)-N(12) 2.119(6)
Ni(1)-N(9) 2.134(6) Ni(1)-N(10) 2.140(7)
Fe(1)-N(6) 1.667(7) Fe(1)-C(4) 1.929(8)
Fe(1)-C(5) 1.932(9) Fe(1)-C(3) 1.943(7)
Fe(1)-C(1) 1.949(7) Fe(1)-C(2) 1.953(8)
O(1)-N(6) 1.114(7) N(1)-C(1) 1.126(9)
N(2)-C(2) 1.128(9) N(3)-C(3) 1.095(8)
N(4)-C(4) 1.148(9) N(5)-C(5) 1.146(9)

N(7)-Ni(1)-N(10) 168.5(3) N(8)-Ni(1)-N(9) 94.6(3)
N(8)-Ni(1)-N(12) 92.1(3) N(11)-Ni(1)-N(12) 81.2(3)
N(11)-Ni(1)-N(9) 92.6(3) N(11)-Ni(1)-N(8) 170.9(3)
N(12)-Ni(1)-N(9) 171.0(3) N(6)-Fe(1)-C(5) 177.6(3)
N(6)-Fe(1)-C(4) 97.3(3) N(6)-Fe(1)-C(3) 95.4(3)
N(6)-Fe(1)-C(2) 96.0(3) N(6)-Fe(1)-C(1) 93.4(3)
C(5)-Fe(1)-C(3) 83.9(3) C(5)-Fe(1)-C(2) 84.8(3)
C(5)-Fe(1)-C(1) 84.3(3) C(4)-Fe(1)-C(5) 85.0(3)
C(4)-Fe(1)-C(3) 90.0(3) C(4)-Fe(1)-C(2) 87.2(3)
C(4)-Fe(1)-C(1) 168.8(3) C(3)-Fe(1)-C(1) 92.0(3)
C(3)-Fe(1)-C(2) 168.5(3) C(1)-Fe(1)-C(2) 88.7(3)
O(1)-N(6)-Fe(1) 176.9(6) Fe(1)-C(1)-N(1) 175.7(7)
Fe(1)-C(2)-N(2) 176.5(7) Fe(1)-C(3)-N(3) 178.8(7)
Fe(1)-C(4)-N(4) 178.0(6) Fe(1)-C(5)-N(5) 177.7(7)

Fig. 2. Perspective view of 1 with atom numbering scheme
(ORTEP drawing). The hydrogen atoms are not shown for
clarity. Methyl groups C11, C14 are disordered.

Mössbauer spectrum

There is a quadrupole doublet having an isomer shift
δ = −0.37 mm/s and a quadrupole splitting ∆Q =
1.91 mm/s at 80 K. As there is no cyano bridging in the
complex, the low δ value is probably due to the higher
s-electron density around the Fe atom as compared to
that of cyano-bridged complexes [33].

Structure of the complex

Single-crystal X-ray structure analysis revealed that
the complex [Ni(pn)3][Fe(CN)5NO],H2O (1) is a dou-

Table 2. Crystallographic data and details of the structure de-
termination of complex 1.

Empirical formula C14 H32 Fe N12 Ni O2
Formula weight 515.08
Temperature [K] 293(2)
Wavelength [Å] 0.71073
Crystal system monoclinic
Space group C2/c
Unit cell dimensions
a [Å] 15.7312(9)
b [Å] 13.6128(6)
c [Å] 23.1023(8)
α [◦] 90.0
β [◦] 96.651(4)
γ [◦] 90.0
v [Å3] 4914.0(4)
Z 8
Density (calculated) [mg/m3] 1.392
Absorption coefficient [mm−1] 1.391
F(000) 2160
Crystal size 0.12×0.10×0.06 mm
Theta range for data collection [◦] 1.77 to 27.51
Index ranges −20 ≤ h ≤ 20,

−17 ≤ k ≤ 17,
−29 ≤ l ≤ 29

Reflections collected 53416
Independent reflections 5638 [R(int) = 0.1153]
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5638 / 24 / 290
Goodness-of-fit on F2 0.933
Final R indices [I > 2σ(I)] R1 = 0.0777, wR2 = 0.2159
R Indices (all data) R1 = 0.1703, wR2 = 0.2823
Largest diff. peak and hole [e·Å−3] 1.052 and −0.777

ble complex in which the iron(II) is six-coordinated by
five carbon atoms from cyanide ligands and by one
nitrogen atom from the nitrosyl group (Fig. 2). The
Ni(II) ion is coordinated by six nitrogen atoms of three
racemic propane-1,2-diamine ligands. Selected bond
lengths and angles are given in Table 1. The com-
plex 1 consists of a discrete [Ni(pn)3]2+cation and
a [Fe(CN)5NO]2− anion. The coordination geometry
around the nickel(II) ion can be described as octahe-
dral. The two nitrogen atoms occupying axial positions
form an angle of 168.5(3)◦. The methyl group on the
ring is disordered and its sites are partially occupied.
Thus C11 and C11′ have site occupancies of 0.65 and
0.35, respectively. Similarly C14 and C14 ′ have occu-
pancies of 0.57 and 0.43, respectively, to count for one
carbon. The hydrogens on these two disordered methyl
groups were ignored. The Ni–N bond distances range
from 2.111 – 2.140 Å (mean bond length is 2.12 Å),
in good agreement with the values reported of other
nickel complexes [34 – 36].

The geometry of [Fe(CN)5NO]2− is in good
agreement with those of the previous studies
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Table 3. Hydrogen bonds [Å and ◦] for complex 1.

D−H···A d(D−H) d(H···A) d(D···A) ∠ D−H···A
N7−H7A. . .N4 0.900 2.620 3.366(10) 141.00
N7−H7B. . .N5 0.900 2.340 3.162(10) 151.00
N8−H8A. . .N1 0.900 2.310 3.161(10) 157.00
N8−H8B. . .N3 0.900 2.450 3.291(11) 156.00
N9−H9B. . .N3 0.900 2.250 3.139(10) 168.00
N10−H10A. . .N1 0.900 2.420 3.261(10) 155.00
N10−H10B. . .N2 0.900 2.490 3.369(11) 164.00
N11−H11A. . .O2 0.900 1.960 2.862(11) 174.00
N11−H11B. . .N2 0.900 2.270 3.139(11) 162.00
N12−H12B. . .N5 0.900 2.400 3.247(11) 158.00

[37 – 42]. The mean N–O, Fe–N, Fe–C, and C–N
bond distances in [Fe(CN)5NO]2− are 1.114, 1.667,
1.9412, and 1.1286 Å, respectively. As expected, the
[Fe(CN)5NO]2− fragment exhibits a distorted octahe-
dral, pagoda-like coordination geometry around the
iron(II) atom (Table 1). The greater electronegativity
of the nitrosyl group with respect to the cyanide
groups causes a deformation away from the octahedral
geometry [43 – 45].

An important aspect of the present crystal struc-
ture is an extensive network of N−H· · ·N/O hydro-
gen bonds. The key hydrogen bonding contacts for 1
are listed in Table 3. The acceptor (N−H· · ·N/O) and
donor· · ·acceptor (H· · ·N/O) distances are in the range
of 1.96 – 2.62 Å and 2.862(11)– 3.369(11) Å, respec-
tively, which is within the generally accepted limits of
H bonds [45]. The donor-H acceptor angle is in the
range of 141 – 174◦. All the amine nitrogen atoms act
as donors and the uncoordinated water molecule in the
lattice acts as acceptor. The result of this extensive hy-
drogen bonding is to hold two discrete ions in the crys-
tal and impart overall stability to the system.

Experimental Section
Materials

All chemicals and solvents used for the synthesis
were of reagent grade. Sodium nitroprusside Na2[Fe(CN)5
NO]·2H2O (Loba Chemie, India), and nickel chloride NiCl2 ·
6H2O, (Merck, India) and racemic propane-1,2-diamine
(Fluka) were used as received without purification. Since
Na2[Fe(CN)5NO]·2H2O has a tendency to decompose on
heating and irradiation, the synthesis of the complex was
performed at room temperature and crystallization was per-
formed in a dark room.

Physical measurements

The infrared spectra were recorded on a Perkin-Elmer
RX-FT-IR spectrophotometer using KBr disc. The C,H,N
data were obtained using a Perkin-Elmer 2400 II elemental

analyser. The Ni content was estimated by the standard gravi-
metric method as dimethyl glyoximate. Magnetic measure-
ments were carried out on polycrystalline samples (20 mg)
with a Quantum Design MPMS SQUID magnetometer op-
erating at a magnetic field of 1 T between 2 and 300 K.
The contribution of the sample holder was determined sepa-
rately in the same temperature range and magnetic field. Dia-
magnetic corrections were estimated from Pascal’s constants.
The magnetic susceptibility was fitted by least-squares tech-
niques. Mössbauer spectra at 80 K were recorded on a con-
ventional Austin S-600 Mössbauer spectrometer. Co(Pd) was
used as the source and all isomer shifts are represented with
respect to an α-iron foil.

Synthesis of the complex [Ni(pn)3][Fe(CN)5NO]·H2O (1)

To a methanolic solution (40 ml) of NiCl2 ·6H2O (476 mg,
2 mmol), a solution containing propane-1,2-diamine (0.5 ml,
6 mmol) in 40 ml of methanol was added. To the re-
sulting blue solution, a solution of Na2[Fe(CN)5NO]·2H2O
(596 mg, 2 mmol) in 40 ml of water was added dropwise.
The solution turned violet to dark brown. The brown precip-
itate was filtered off and the yellow filtrate on slow evapora-
tion for few days yielded reddish brown prism-like crystals,
which were filtered off, washed with water and dried in air.
Yield: 65.2%. – IR (film): ν = 2179, 2157, 2143(CN), 1940,
1911(NO), 1615 cm−1. – C14H32FeN12NiO2 (1) (515.08):
calcd. C 32.66, H 6.26, N 32.63, Ni 11.38; found C 32.91,
H 6.3, N 32.6, Ni 11.40.

X-ray crystallography

Crystallographic measurements were made at 150 K us-
ing a Bruker-Nonius Kappa diffractometer equipped with a
CCD area detector with graphite monochromatised Mo-Kα
radiation (λ = 0.71073 Å) and ω-scan technique. The lat-
tice constants were determined by least squares refinements
of the setting angle for 25 reflections (1.77 ≥ θ ≥ 27.51◦).
The data were corrected for absorption effects by using the
program SORTAV [46a]. The structure was solved by di-
rect methods (SHELXS-96) [46b] and refined on F2 by full-
matrix least-squares (SHELXL-96) [46c] of all unique data.
All non-hydrogen atoms were refined anisotropically, and the
hydrogen atoms were included in calculated positions (riding
mode). The crystal showed almost no decomposition during
data collection. Selected bond lengths and angles are pre-
sented in Table 1. The crystal data and details of data col-
lection and structure refinement are summarised in Table 2.
A general view of the structure is presented in Fig. 2.

Supplementary material

Crystallographic data has been deposited at the Cam-
bridge Crystallographic Data Centre with deposition num-
ber 260162. Copies of the information may be ob-
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tained free of charge from The director, CCDC, 12
Union Road, Cambridge, CB2 IEZ, UK (Fax: +44-
1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www:
http://www.ccdc.cam.ac.uk).

Conclusion

The complex, [Ni(pn)3][Fe(CN)5NO]·H2O (1) crys-
tallizes in the monoclinic C2/c space group (C6

2h).
The anions occupy Cs sites in the lattice and present the
usual distorted octahedral structure and the geometri-
cal parameters (bond distances and angles) as in sev-
eral nitroprussides. The cation, which has also a dis-
torted octahedral structure, and one water molecule,
also occupy a Cs site. The structure of the cation is
similar as found in other complexes but the average
N-O distance (1.148 Å) seems to be somewhat longer
(1.131 Å) as reported elsewhere [23].

The coordination chemistry of the photochromic ni-
troprusside anion, [Fe(CN)5NO]2−, has been extended

to its association with the paramagnetic [Ni(pn)3]2+

cation in this work. The versatile nature of the nitro-
prusside ion as a building block to form bimetallic
complexes of various dimensionalities, has again been
proven.

The complex 1 is a double complex with two
discrete ions as in [Ni(bpy)3][Fe(CN)5NO]·3H2O
(bpy = 2,2’-bipyridine) [23]. In contrast, the anal-
ogous complexes [Ni(en)2][Fe(CN)5NO]·3H2O [23]
and [Cu(1,2-pn)2Fe(CN)5NO]·H2O [43] are a cyano-
bridged polymer with a zigzag chain structure, and
dimer, respectively. Thus the formation of a discrete or
cyano bridged polymeric double complex is a function
of the nature of the ligand of the cation. In complex
1 the steric demand of the methyl groups of racemic
propane-1,2-diamine molecules perhaps blocks the
formation of cyano bridges between the ions.

Acknowledgement

Financial assistance from CSIR and UGC, New Delhi, In-
dia is gratefully acknowledged.
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D. Krausová, M. Nádvornı́k, Polish J. Chem. 70, 725
(1996).

[20] J.-E. Koo, D.-H. Kim, Y.-S. Kim, Y. Do, Inorg. Chem.
42, 2983 (2003).

[21] K. Van Langenberg, S. R. Batten, K. J. Berry, D. C. R.
Hockless, B. Moubaraki, K. S. Murray, Inorg. Chem.
36, 5006 (1997).

[22] a) K. Van Langenberg, D. C. R. Hockless, B. Mou-
baraki, K. S. Murray, Synthetic Metals, 122, 573
(2001); b) M. Clemente-León, E. Coronado, J. R.
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