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ABSTRACT:

We studied the effects of the number of crystal water molecules on the magnetic behavior of {[Ni(en)2]3[Fe(CN)6]2 3 xH2O}n
(1�3) (where en = ethylenediamine and x = 3, 2, or 0) coordination polymers by 57FeM€ossbauer spectroscopy, single-crystal X-ray
diffraction, and magnetization measurements. Magnetic phase diagrams constructed for all three compounds indicate that they
behave as metamagnets exhibiting very rare field-induced antiferro�ferro�paramagnetic transitions. The number of crystal water
molecules has a major effect on the N�eel temperature, critical field, and magnetic hardness of the compounds in the ferromagnetic
state. Moreover, the systems behave as molecular magnetic sponges, changing their magnetic properties due to the controllable and
reversible dehydration/hydration process.

’ INTRODUCTION

Magnetically ordered materials have attracted great interest
since prehistoric times, and their uses have expanded in the last
century due to rapid progress (inter alia) in computing and
information storage.1 Furthermore, demands from new technol-
ogies and the global miniaturization of electronic devices have
induced rapid advances in coordination chemistry, leading to the
discovery of a new class of magnetic materials called molecule-
based magnets.2,3 The most striking advantage of these compounds
over conventional network-based, inorganic solid magnets is that
their magnetic properties can be finely tuned by fine chemical
modification of their composition and structure. In addition, the
amount of crystal solvent molecules (e.g., water) present can
significantly change their magnetic properties by shifting the
critical temperature of their magnetic ordering or altering the
nature of their magnetic phases. Such solvent-induced modula-
tion of magnetic properties was first observed by Kahn et al., and
the term “molecular magnetic sponge” was coined to describe
cases in which the solvation�desolvation process is reversible.4

This sensitivity to external stimuli can be employed in molecular
sensors/switchers. Unfortunately, the range of potential appli-
cations of these species is usually limited by the low critical

temperature of molecular magnets. However, the advent of
coordination compounds featuring polycyanidometalate build-
ing blocks has led to the development of diverse new compounds
with a variety of structural motifs and interesting magnetic
properties,5 including room-temperature molecular magnets.6

Of particular interest, in the context of this study, the hex-
acyanoferrate(III) anion [Fe(CN)6]

3� provides an efficient
bridging ligand for preparing ferromagnets, ferrimagnets, and
metamagnets.7 Moreover, molecular compounds incorporating
hexacyanoferrate exhibit various photomagnetic properties.8 The
coordination polymer {[Ni(en)2]3[Fe(CN)6]2 3 2H2O}n (en =
ethylenediamine) was the first reported Ni(II)�Fe(III)(CN)6
molecular magnet.9 This compound was prepared by reacting
[Ni(en)2Cl2] and K3[Fe(CN)6] in water and was identified as a
ferromagnet with TC = 18.6 K on the basis of zero-field-cooled
and field-cooled magnetization measurements. However, it was
subsequently reported that the same compound, prepared by the
same synthetic procedure, acted as a metamagnet and that when
prepared by reacting [Ni(en)3]X2 (X = Cl� or ClO4

�) and
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Table 1. Bimetallic Cyanido-Bridged Molecular Magnets Based on Hexacyanoferrate(III) and Nickel(II) Complex Ions (for
simplicity, the curly braces indicating the polymeric character of the complexes were omitted) in the Chronological Order in
Which They Were Reporteda

compound type of magnetic ordering critical parameters structural motif ref

[Ni(en)2]3[Fe(CN)6]2 3 2H2O ferromagnet TC = 18.6 K 1D 9

rope-ladder chain structure

[Ni(pn)2]2[Fe(CN)6]ClO4 3 2H2O ferromagnet TC = 10 K 2D 22

squares Fe4Ni4
[Ni(tren)]3[Fe(CN)6]2 3 6H2O ferrimagnet TC = 8 K 3D 23

[Ni(pn)2]2[Fe(CN)6]ClO4 3 2H2O metamagnet TN = 8 K, Bc = 0.38 T (4.2 K) 2D 24

[Ni(1,1-dmen)2]2[Fe(CN)6]ClO4 3 2H2O metamagnet TN = 11.1 K, Bc = 0.18 T (4.2 K) squares Fe4Ni4
[Ni(1,1-dmen)2]2[Fe(CN)6]BF4 3 3H2O metamagnet TN = 14.6 K

[Ni(1,1-dmen)2]2[Fe(CN)6]PF6 3 2H2O metamagnet TN = 11.0 K

[(Ni(bpm)2)3(Fe(CN)6)2] 3 7H2O ferromagnet TC = 23 K 0D 25

pentanuclear cluster

[Ni(pn)2]2[Fe(CN)6]ClO4 3 2H2O metamagnet TN = 8 K, Bc = 0.38 T (4.2 K) 2D 26

[Ni(pn)2]2[Fe(CN)6]BF4 3 2H2O metamagnet TN = 10.1 K squares Fe4Ni4
[Ni(pn)2]2[Fe(CN)6]PF6 3 2H2O metamagnet TN = 9.4 K

[Ni(1,1-dmen)2]2[Fe(CN)6]ClO4 3 2H2O metamagnet TN = 11.1 K, Bc = 0.18 T (4.2 K)

[Ni(1,1-dmen)2]2[Fe(CN)6]PF6 3 2H2O metamagnet TN = 11.0 K

[Ni(1,1-dmen)2]2[Fe(CN)6]NCS 3H2O metamagnet TN = 18.3 K

[Ni(1,1-dmen)2]2[Fe(CN)6]BF4 3 5H2O ferromagnet TC = 14.6 K

[Ni(1,1-dmen)2]2[Fe(CN)6]CF3SO3 3 2H2O ferromagnet TC = 9.5 K

[Ni(1,1-dmen)2]2[Fe(CN)6]BzO 3 6H2O ferromagnet TC = 9.3 K

[Ni(1,1-dmen)2]2[Fe(CN)6]I 3 4H2O ferromagnet TC = 15.2 K

[Ni(1,1-dmen)2]2[Fe(CN)6]N3 3 4H2O ferromagnet TC = 9.7 K

[Ni(1,1-dmen)2]2[Fe(CN)6]NO3 3 4H2O ferromagnet TC = 16.2 K

[Ni(en)2]3[Fe(CN)6]2 3 2H2O metamagnet TN = 18.6 K 1D 10

rope-ladder chain

[Ni(L1)]3[Fe(CN)6]2 3 9H2O metamagnet TN = 5 K, Bc = 0.1 T (1.93 K) 2D 27

honeycomb-like Fe6Ni6
[Ni(cyclam)]3[Fe(CN)6]2 3 22.5H2O metamagnet TN = 8 K, Bc = 0.5 T (3 K) 2D 28

canted-magnet T < 3 K honeycomb-like Fe6Ni6
[Ni(L2)]3[Fe(CN)6]2 3 12H2O ferromagnet TC = 9.1 K, Bc = 0.15 T (1.6 K) 2D 29

brick wall-like

[Ni(tn)]5[Fe(CN)6]3ClO4 3 2.5H2O ferromagnet TC = 10 K, Bc = 0.04 T (5 K) 3D 30

[Ni(L3)]3[Fe(CN)6]2 3 8H2O metamagnet TN = 6 K, Bc = 0.09 T (1.93 K) 2D 31

honeycomb-like Fe6Ni6
[Ni(ampy)2]3[Fe(CN)6]2 3 6H2O ferromagnet TC = 7.5 K, Bc = 0.033 T (2 K) undetermined 32

[Ni(2,20-bipy)2]3[Fe(CN)6]2 3 13H2O ferromagnet TC = 11 K, Bc = 0.006 T (5 K) 0D 33

pentanuclear cluster

[Ni(cyclam)]3[Fe(CN)6]2 3 16H2O metamagnet TN = 8 K 2D 34

honeycomb-like Fe6Ni6
[Ni(1,1-dmen)2]2[Fe(CN)6](BPDS)0.5 3 4H2O metamagnet TN = 3.3 K, Bc = 0.12 T (2 K) pseudo 2D 35

[Ni(1,1-dmen)2]2[Fe(CN)6](BPDS)0.5 ferromagnet TC = 10.7 K squares Fe4Ni4
[Ni(1,1-dmen)2]2[Fe(CN)6](BPDS)0.5 3 2H2O metamagnet TN = 4 K, Bc = 0.4 T (2 K)

[Ni(L4)2]3[Fe(CN)6]2 3 2H2O ferromagnet TC = 14 K, Bc = 0.23 T (2 K) 2D 36

rectangles Fe6Ni6
[Ni(trans-(1S,2S)-chxn)2]3[Fe(CN)6]2 3 2H2O ferromagnet TC = 13.8 K, Bc = 0.17 T (2 K) 2D 37

[Ni(trans-(1R,2R)-chxn)2]3[Fe(CN)6]2 3 2H2O ferromagnet TC = 13.8 K, Bc = 0.17 T (2 K) rectangles Fe6Ni6
[Ni(1,1-dmen)2]2[Fe(CN)6]PhBSO3 3 5H2O ferromagnet TC = 8.8 K, Bc = 0.015 T (2 K) 2D 38

[Ni(1,1-dmen)2]2[Fe(CN)6]TolSO3 3 6H2O ferromagnet TC = 9.5 K squares Fe4Ni4
[Ni(dipn)]3[Fe(CN)6]2 3 7H2O ferromagnet TC = 7.8 K, Bc = 0.0056 T (2 K) 3D 39

[Ni(rac-CTH)]3[Fe(CN)6]2 ferromagnet TC = 3 K, Bc = 0.0025 T (2 K) 1D 40

{Fe2Ni2}square-Ni subunits

[Ni(trans-(1S,2S)-chxn)2]3[Fe(CN)6]2 3 2H2O ferromagnet TC = 13.8 K, Bc = 0.17 T (2 K) 2D 41
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K3[Fe(CN)6] in water it behaved as a paramagnet.10 These
discrepancies in its magnetic behavior were attributed to forma-
tion of quasi-two- and three-dimensional domains. It should
be emphasized that only the susceptibility measurements were
discussed by the cited authors; no more sophisticated magne-
tometry (magnetic hysteresis, zero-field-cooled or field-cooled
magnetization) was reported, even though data from such experi-
ments provide vital insights into the nature of a material’s
magnetic ordering. The controversial interpretation of the
magnetic behavior of {[Ni(en)2]3[Fe(CN)6]2 3 2H2O}n is all
the more surprising considering that this compound has
opened avenues to miscellaneous molecular magnets based
on Ni(II) complex cations and the hexacyanoferrate(III) anion
(see Table 1).

Prompted by the reported inconsistency in the magnetism of
this first Ni�Fe(CN)6-based molecular magnet and the under-
standing that crystal water molecules change the magnetic pro-
perties of cyanido-bridged molecular magnets,11 we synthesized
the following coordination polymers: {[Ni(en)2]3[Fe(CN)6]2 3
3H2O}n (1), {[Ni(en)2]3[Fe(CN)6]2 3 2H2O}n (2), and {[Ni-
(en)2]3[Fe(CN)6]2}n (3). The compounds were chemically and
structurally characterized by elemental analysis, infrared spec-
troscopy, thermal analysis (TG/DTA), and single-crystal X-ray
analysis. The metamagnetic behavior was established for all
reported compounds, and by concurrent analyzing of magnetic
and 57Fe in-field M€ossbauer spectroscopy data, the thorough
magnetic phase diagrams were constructed. It was found that the
number of crystal water molecules has a major effect on the N�eel
temperature, critical field, and magnetic hardness of compounds
1�3 in the ferromagnetic state.

’EXPERIMENTAL SECTION

Materials and Methods. All of the starting chemicals were of
analytical reagent grade and used as received. The [Ni(en)3]Cl2 3 2H2O
precursor was prepared according to the literature procedure.12 Ele-
mental analysis (C, H, N) was performed on a FLASH 2000 CHNS
Analyzer (ThermoFisher Scientific). Thermogravimetric (TG) and
differential thermal analyses (DTA) were performed using a thermal
analyzer Exstar TG/DTA 6200 (Seiko Instruments Inc.) in dynamic air

conditions (100 mL/min) between room temperature (∼20 �C) and
600 �C (gradient 2.5 �C/min). The infrared spectrum of the complex
was recorded on a ThermoNicolet NEXUS 670 FT-IR spectrometer
using the ATR technique on the diamond plate in the range of 400�
4000 cm�1. The transmission 57Fe M€ossbauer spectra were collected
using a M€ossbauer spectrometer in a constant acceleration mode with a
57Co(Rh) source, and all presented data are relative to natural R-iron
foil. M€ossbauer spectroscopy measurements below room temperature
and in-field experiments were carried out using a Spectromag system
(Oxford Instruments). The magnetic properties were measured on
polycrystalline powdered samples using a MPMS XL-7 Quantum De-
sign SQUID magnetometer. Experimental data were corrected for the
diamagnetism of the constituent atoms by using Pascals’ constants and
for the diamagnetism of the sample holder.
{[Ni(en)2]3[Fe(CN)6]2 3 3H2O}n (1). Compound 1 was prepared

by reacting 0.208 g (0.6 mmol) of [Ni(en)3]Cl2 3 2H2O in 100 mL of
H2O with 0.132 g (0.4 mmol) of K3[Fe(CN)6] in 100 mL of H2O. The
solution was left to stand for 1 week, over which time period micro-
crystals of 1 formed. These were separated on a sintered funnel, washed
with water, ethanol, and methanol, and dried in air. Yield: 60%. Anal.
Calcd for C24H54N24O3Fe2Ni3: C, 28.41; H, 5.36; N, 33.13. Found: C,
28.45; H, 5.63; N, 33.02. IR (cm�1): 3535 (w), 3432 (w), 3342 (s), 3286
(s), 3170 (w), 2963 (w), 2892 (w), 2152 (w), 2127 (s), 2109 (s), 1588
(s), 1459 (w), 1327 (w), 1275 (w), 1012 (s), 998 (m), 969 (m), 665
(m), 518 (s), 497 (s).
{[Ni(en)2]3[Fe(CN)6]2 3 2H2O}n (2). Compound 2 was prepared

by drying compound 1 at 65 �C for 2 h and cooling it in a desiccator.
Anal. Calcd for C24H52N24O2Fe2Ni3: C, 28.92; H, 5.26; N, 33.73.
Found: C, 28.45; H, 5.38; N, 33.41. IR (cm�1): 3529 (w), 3433 (w),
3341 (s), 3287 (s), 3170 (w), 2963 (w), 2891 (w), 2152 (w), 2124 (s),
2109 (s), 1588 (s), 1457 (w), 1325 (w), 1274 (w), 1012 (s), 995 (s), 968
(m), 667 (m), 518 (s), 497 (s).
{[Ni(en)2]3[Fe(CN)6]2}n (3). Compound 3 was prepared by heat-

ing a sample of compound 1 in the oven at 140 �C for 2 h. It was then
cooled in a desiccator and immediately subjected to elemental and X-ray
analyses and studied by infrared and M€ossbauer spectroscopies. The
sample for magnetic measurement was prepared by heating a sample
of 1 directly in the SQUID magnetometer at T = 400 K for 3 h and
flushing the sample space with helium gas to remove water vapor.
Anal. Calcd for C24H48Fe2N24Ni3: C, 30.01; H, 5.04; N, 35.00.
Found: C, 30.03; H, 5.06; N, 35.28. IR (cm�1): 3380 (w), 3363

Table 1. Continued
compound type of magnetic ordering critical parameters structural motif ref

[Ni(trans-(1R,2R)-chxn)2]3[Fe(CN)6]2 3 2H2O ferromagnet TC = 13.8 K, Bc = 0.17 T (2 K) rectangles Fe6Ni6
[Ni(L5)]3[Fe(CN)6]2 3 2H2O metamagnet TN = 5.2 K, Bc = 0.35 T (2 K) 3D 42

Ni(cis-(1R,2S)-chxn)2]3[Fe(CN)6]2 3 2H2O ferromagnet TC = 11 K, Bc = 0.04 T (2 K) 2D 43

rectangles Fe6Ni6
Cs[Ni(L6)][Fe(CN)6]2 3 3H2O metamagnet TN = 3.4 K 3D 44

[Ni(dipn)]2[Ni(dipn)(H2O)][Fe(CN)6]2 3 11H2O ferromagnet TC = 8.5 K, Bc = 0.035 T (2 K) 3D 45

[Ni(en)2]3[Fe(CN)6]2 3 3H2O (1) metamagnet TN = 13 K, Bc = 1.1 T (2 K) 1D this work

rope-ladder chain

[Ni(en)2]3[Fe(CN)6]2 3 2H2O (2) metamagnet TN = 13 K, Bc = 1.1 T (2 K) 1D this work

rope-ladder chain

[Ni(en)2]3[Fe(CN)6]2 (3) metamagnet TN = 8.4 K, Bc = 0.35 T (2 K) 1D this work

rope-ladder chain
aAbbreviations: pn =1,2-diaminopropane; tren = tris(2-aminoethyl)amine; 1,1-dmen = 1,l-dimethylethylenediamine; bpm = bis(1-pyrazolyl)methane;
cyclam = 1,4,8,11-tetraazacyclotetradecane; tn = trimethylenediamine; BPDS2� = biphenyl-4,40-disulfonate; trans-chxn = trans-cyclohexane-1,2-
diamine; rac-CTH = rac-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane; L1 = 3,10-dimethyl-1,3,5,8,10,12-hexaazacyclotetradecane; L2 =
3,10-diethyl-1,3,5,8,10,12-hexaazacyclotetradecane; L3 = 3,10-dihydroxyethyl-1,3,6,8,10,12-hexaazacyclotetradecane; L4 = 1,2-diaminocyclohexane;
L5 = N,N0-bis(3-aminopropyl)ethylenediamine; L6 = 2,4-diamino-1,3,5-triazin-6-yl-{3-(1,3,5,8,12-pentaazacyclotetradecane)}.
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(m), 3334 (s), 3308 (s), 3280 (s), 3268 (s), 3168(m), 2958 (w), 2912
(w), 2893 (w), 2148 (w), 2128 (s), 2115 (s), 2104 (m), 1593 (s), 1461
(w), 1326 (w), 1280 (w), 1003 (s), 960 (m), 685 (m), 644 (m), 625
(m), 515 (s), 497 (s).
General Crystallographic Details. X-ray measurement on se-

lected crystals of 1 and 3 was performed on an Oxford Diffraction
XcaliburTM equipped with a Sapphire2 CCD detector using Mo KR
radiation at 120 K. The CrysAlis program package (version 1.171.32.11,
Oxford Diffraction) was used for data collection and reduction.13 The
molecular structures were solved by direct methods SHELX-97, and all
non-hydrogen atoms were refined anisotropically on F2 using the full-
matrix least-squares procedure in SHELXS-97 with weight w = 1/[σ2-
(Fo)

2 + (0.047P)2 + 3.122P], where P = (Fo
2 + 2Fc

2)/3.37.14 All H atoms
of 1 and 3 were found in differential maps of electron density, and their
parameters were refined using the riding model with C�H distances of
0.950 (CH), and 0.990 (CH2) Å, respectively, and with Uiso(H) =
1.2Ueq(C). The figures of the X-ray structures were processed using the
Diamond software package.15

Crystal Data for 1.C24H54Fe2N24Ni3O3,M = 1014.74,T = 120(2)
K, black prism, 0.25 � 0.20 � 0.10 mm3, triclinic, space group P-1, a =
7.41714(19) Å, b = 9.6389(2) Å, c = 15.9662(4) Å, R = 74.928(2)�, β =
88.339(2)�,γ= 73.568(2)�,V = 1055.96(4) Å3,Z = 1,Dc = 1.596 g/cm

3,
F000 = 526, 10 162 reflections collected, 3732 unique (Rint = 0.0171),
GooF = 1.067, R1 = 0.0200, wR2 = 0.0508, R indices calculated with I >
2σ(I).
Crystal Data for 3. C24H48Fe2N24Ni3,M = 960.69, T = 120(2) K,

black prism, 0.18 � 0.15 � 0.12 mm3, triclinic, space group P-1, a =
7.4441(5) Å, b = 9.5528(6) Å, c = 14.4550(8) Å, R = 78.584(5)�, β =
77.080(5)�,γ= 79.211(5)�,V = 971.02(10) Å3,Z = 1,Dc = 1.643 g/cm

3,
F000 = 496, 8890 reflections collected, 3401 unique (Rint = 0.0436),
GooF = 0.938, R1 = 0.0467, wR2 = 0.1099, R indices calculated with I >
2σ(I).
Theoretical Calculations Details for 1. The paramagnetic part

of the temperature-dependent magnetization of 1 in the range from 25
to 300 K was analyzed using the finite-size closed chain approach
according to the spin Hamiltonian in eq 2 (see also Scheme S1,
Supporting Information). Such a high number of interacting spins
results in a large interaction matrix which cannot be efficiently diag-
onalized. Using the spin-coupled basis set labeled as |RSMæ together with
irreducible tensor operators technique,16 whereR stands for the intermediate
quantum numbers denoting the coupling path, and assuming that all g
factors are equal (gFe = gNi = g) enables us to factorize the zero-field
states according to the final spin S. The largest dimension of the
submatrix is 38 351 for S = 2 (Table S1, Supporting Information).
Consequently, the energy levels in nonzero magnetic field are calculated
as εi(RSM) = ε0,k(RS) + μBgBMS. Furthermore, the spin-coupled
basis set can be further factorized according to the irreducible repre-
sentation of the C2v symmetry point group. The numerically efficient
route to use this so-called spin permutational symmetry (SPS)
approach17 demands the coupling scheme, which is left invariant
under the symmetry operations of the point group. This condition is
fulfilled for SA1 = S1 + S3, SA2 = S4 + S5, SA3 = S6 + S8, SA4 = S9 + S10,
SA5 = S11 + S13, SA6 = S14 + S15, SB1 = S2 + SA1, SB2 = S7 + SA3, SB3 =
S12 + SA5, SB4 = SA2 + SA4, SC1 = SB1 + SB2, SC2 = SB3 + SB4, SD = SC1 +
SC2, and S = SD+SA6. The dimensions of the submatrices are listed in
Table S1 (Supporting Information). Now, the largest matrix has the
dimension of 19 236 for S = 2, Γ = A1 and calculation of the whole
energy spectrum is much faster. Having the energy levels labeled as
εi(RSM,Γj) = ε0,k(RS,Γj) + μBgBM, the molar magnetization can be
easily calculated as

Mmol ¼ NAμBg
∑
i
MS exp½�εiðRSM,ΓjÞ=kT�

∑
i
exp½�εiðRSM,ΓjÞ=kT�

’RESULTS AND DISCUSSION

Compound {[Ni(en)2]3[Fe(CN)6]2 3 3H2O}n (1) was pre-
pared by slow crystallization from an aqueous solution of
[Ni(en)3]

2+ and [Fe(CN)6]
3� as described in the Experimental

Section. The resulting black crystals were analyzed by elemental
analysis, infrared spectroscopy, TG/DTA, and single-crystal
X-ray analyses, and all of the above-mentioned physical methods
confirmed formation of 1. TG/DTA analysis showed two steps
of dehydration, see Figure S1 (Supporting Information). In the
first step, within temperature interval t ≈ 60�70 �C, one
molecule of water is eliminated (weight loss found/calcd 1.9%/
1.8%). The second dehydration step, corresponding to loss of
two water molecules, starts above 100 �C and ends around
140 �C (weight loss found/calcd 3.5%/3.6%). The dehydrated
compound is stable up to 200 �C. Above this temperature,
decomposition occurs, accompanied by two sharp exoeffects at
275 and 300 �C. The final product is believed to be a mixture of
NiO and NiFe2O4 in a molar ratio of 2:1 (weight residue found/
calcd 37.2%/37.8%). On the basis of TG/DTA analysis of 1, the
next compound {[Ni(en)2]3[Fe(CN)6]2 3 2H2O}n (2) was pre-
pared by partial dehydration at 65 �C. The black crystals of 2
were analyzed in the same manner as for 1. Alternatively, com-
pound 2 can be prepared by drying compound 1 in a desiccator
over concentratedH2SO4 or P2O5, as previously reported.

10 This
compound is slightly hygroscopic and reforms the trihydrate
compound 1 if exposed to humid air. Finally, the last compound
{[Ni(en)2]3[Fe(CN)6]2}n (3) was prepared by complete
dehydration of 1 at 140 �C; all physical analyses of this com-
pound were performed immediately after cooling the sample
in a desiccator.

Infrared spectroscopy of 1�3 corroborated the presence of
the ethylendiamine ligand as indicated by the observation of
ν(N�H), ν(C�H), and δ(NH2) vibrations in the 3400�3200,
2970�2890, and 1593�1588 cm�1 regions as well as ν(C�C),
ν(C�N), and Fw(NH2) vibrations in the 1015�960 cm�1

region and ring deformation vibrations in the 520�490 cm�1

region. The broad Fr(NH2) vibration found around 665 cm
�1 in

the spectra of 1 and 2 was split into three vibrations in the
625�685 cm�1 region in the case of 3.18 The ν(CN) vibrations
of the terminal cyanido ligands were observed between 2155 and
2145 cm�1; the vibrations of the bridging cyanido groups
occurred in the 2130�2100 cm�1 region.19 This region con-
tained three major ν(CN) vibrations in the spectra of compound
3 but only two major vibrations in those of 1 and 2. The crystal
water ν(O�H) vibrations occurred at 3540�3430 cm�1 in the
spectra of 1 and 2 but were absent in the spectrum of 3,
confirming successful dehydration. In summary, FTIR spectros-
copy confirmed the similarity of the hydrated complexes 1 and 2
and the differences between these complexes and the dehydrated
complex 3.

The X-ray analyses were performed for compounds 1 and 3, as
the X-ray structure of 2 is already known.9 The asymmetric units
with labeling schemes and selected bond lengths and angles are in
the Supporting Information (Figures S2�S3, Tables S2�S3).
The coordination polymeric system {[Ni(en)2]3[Fe(CN)6]2 3
xH2O}n is composed of one-dimensional molecular rope-ladder
chains, in which the ladders’ backbones are formed by zig-zagged
alternating chains of the cis-[Ni(en)2]

2+ and [Fe(CN)6]
3� units

and the trans-[Ni(en)2]
2+ cations are connected to the [Fe(CN)6]

3�

anions, forming the ladders’ “rungs” (see Figure 1). The disorder
of ethylenediamine ligands of trans-[Ni(en)2]

2+ ions in 1 is
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depicted in Figure S4 (Supporting Information). Upon total
dehydration of 1, topotactic transformation was observed, result-
ing in compound 3. The primary rope-ladder chain-like crystal
structure is preserved in 3, accompanied by an 8% decrease of the
unit cell volume andmore compressed packing of the ladders. To
visualize these structural differences, the packing of the individual
ladders and crystal water molecules is depicted in Figure S5A
(Supporting Information). The presence of three crystal water
molecules in 1 results in formation of interchain hydrogen
bonding of the O�H 3 3 3O and O�H 3 3 3N types occurring

via the cyanido ligands (see Figure 2, Table S4 in the Supporting
Information). As a consequence of the loss of one crystal water
molecule in 2, only the O�H 3 3 3N interchain hydrogen bonds
are observed. Thus, the interchain interactions are partially
weakened (see Figure S5B and Table S4 in the Supporting
Information). Both types of H bonds are completely missing in 3,
and only the interchain hydrogen bonding of the N�H 3 3 3N
type between the ethylenediamine ligand and the terminal cyano
ligand is observed. These N�H 3 3 3N interactions are very
similar in compounds 1�3 (see Table S4 and Figure S5C,

Figure 1. Part of the crystal structure of 3, showing its rope-ladder chain structure (left) and chain packing (right); hydrogen atoms omitted for clarity.

Figure 2. Part of the X-ray structure of 1 showing formation of the hydrogen-bond network among crystal water molecules and nitrogens of cyanido
ligands between two different rope-ladder chains.
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Supporting Information). Evidently, the differences in the mag-
netic properties of studied coordination polymers are mainly
driven by the O�H 3 3 3O and O�H 3 3 3N hydrogen bonding
while the role of N�H 3 3 3N interactions seem to be consider-
ably less important.

’MAGNETIC STUDY

The temperature dependence of the effective magnetic
moment of {[Ni(en)2]3[Fe(CN)6]2 3 xH2O}n (1�3), calcu-
lated from the mean susceptibility measured at B = 0.1 T, is
shown in Figure 3. The effective magnetic moment of 1 and 2
is 6.67 μB at room temperature and gradually increases as the
temperature is reduced; at temperatures below 50 K, a rapid
increase in μeff is observed, peaking at ∼12 K, due to ferromag-
netic interactions between the Ni(II) and the Fe(II) atoms
within the rope-ladder chain. As the temperature is lowered
still further, an abrupt decrease in μeff is observed; this is
attributed to formation of interchain interactions that induce
antiferromagnetic ordering. Compound 3 behaves similarly,
but its maximum effective magnetic moment was found at 8 K
and its maximum molar susceptibility was four times higher
than that of compounds 1 and 2, indicating that ferromagnetic
exchange predominates in this compound. Theoretical analyses
of the paramagnetic behavior based on the modified Curie�
Weiss law

χmol ¼
NAμ0μ

2
B½3SNiðSNi þ 1Þ þ 2SFeðSFe þ 1Þþ�

3k
g2

T �Θ
ð1Þ

was used to fit the inverse susceptibilities of 1�3 above 30 K. As a
result, the g factors and Weiss constants were extracted as
follows: g = 2.39 and Θ = +8.8 K (1), g = 2.39 and Θ = +11.7
K (2), and g = 2.39 and Θ = +6.5 K (3).

We also attempted to analyze the paramagnetic part of the
molar susceptibility for 1 in order to estimate the value of the
isotropic exchange between Ni(II) and Fe(III) cations mediated
by the cyanido ligands. However, there is no theoretical formula
for the susceptibility of an infinite one-dimensional rope-ladder
chain with alternating spins SA = 1/2 and SB = 1. Therefore, the
finite-size chain Heisenberg spin Hamiltonian has been postu-
lated based on the crystal structure of 1, according to Scheme S1

(Supporting Information), as

Ĥ ¼ � J

S1 3 S4 þ S4 3 S6 þ S6 3 S9 þ S9 3 S11 þ S11 3 S14 þ S14 3 S1þ
S3 3 S5 þ S5 3 S8 þ S8 3 S10 þ S10 3 S13 þ S13 3 S15 þ S15 3 S3þ
S1 3 S2 þ S2 3 S3 þ S6 3 S7 þ S7 3 S8 þ S11 3 S12 þ S12 3 S13

0
BB@

1
CCA

þ μB ∑
15

i¼ 1
B 3 gi 3 Si ð2Þ

where J stands for the isotropic exchange between Ni(II) and
Fe(III) centers. The exchange coupling of (Fe6Ni9) centers
generates N = (2SFe + 1)6(2SNi + 1)9 = 2639 = 1 259 712
magnetic states. Such a large interaction matrix was efficiently
diagonalized using the irreducible tensor operators and spin
permutational symmetry of the spin Hamiltonian as described in
the Experimental Section. Finally, the molar magnetization in the
temperature range from 30 to 300 K, in which the compound
behaves as a paramagnet, was fitted, generating the following set
of parameters: J = +12.0 cm�1, g = 2.31, and χTIP = 13.7 m3

mol�1 (Figure S6, Supporting Information). A similar ferromag-
netic exchange J value of 8.6 cm�1 has been observed in complexes
such as [Ni(tmphen)2]3[Fe(CN)6]2 3 14H2O (tmphen = 3,4,7,8-
tetramethyl-1,10-phenanthroline).20

To identify the nature of the sudden drops in the magnetic
susceptibility and effective magnetic moments of compounds
1�3 at very low temperature, we conducted a thorough
magnetic investigation and constructed magnetic phase dia-
grams (see Figure 4). For all three compounds, we observed
exceptional field-induced transitions from the antiferromag-
netic through the ferromagnetic to the paramagnetic phase,
showing them to be molecular metamagnets. The magnetic
properties of the compounds are discussed in detail in the
following paragraphs.

For {[Ni(en)2]3[Fe(CN)6]2 3 3H2O}n (1), the isothermal
magnetic hysteresis loops measured in the range from 2 to 12 K
show an abrupt increase in their magnetization under magnetic
fields below ∼1.1 T, which is indicative of metamagnetic
behavior.21 Moreover, they indicate weak magnetic hysteresis
at magnetic fields above∼1.1 T, consistent with a transition from
an antiferromagnetic to a ferromagnetic state (see Figure 5 and
Figure S7, Supporting Information). The critical magnetic fields
observed at a range of temperatures extracted from turn-points of
the virgin magnetization curves (Mmol vs B) are plotted (as
squares) in the magnetic phase diagram in Figure 4. The limiting
critical magnetic field (T f 0 K) is estimated as Bc = 1.1 T,
indicating that the magnitude of the antiferromagnetic interac-
tion among the 1D chains is approximately 0.74 K (0.51 cm�1).
The observed Bc is higher than previously reported values for any
nickel(II)�hexacyanoferrate(III) metamagnets, see Table 1. In
addition, field-cooled magnetization curves measured from 0.002
to 7 T demonstrate the compound’s magnetic transitions to the
antiferromagnetic state below 1.1 T and ferromagnetic states
above Bc (see Figure 6). We extracted the dependence of the
critical temperature on the magnetic field (see the magnetic
phase diagram for 1 in Figure 4) by analyzing the zero-field-
cooled (ZFC) and field-cooled (FC) magnetization curves.

Corresponding data obtained from analysis of {[Ni(en)2]3-
[Fe(CN)6]2 3 2H2O}n (2) indicates that its magnetic behavior
has an almost identical temperature dependence to that of 1 (see
Figure 3), and the magnetic properties of its ordered phase are
likely to be very similar. The critical magnetic field for the
transition from the antiferromagnetic to the ferromagnetic phase,
Bc ≈ 1.1 T, was the same as that for 1, as evidenced by the

Figure 3. Comparison of the temperature-dependent magnetic data
measured at B = 0.1 T for compounds 1�3: effective magnetic moment
and molar susceptibility (inset).
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magnetic hysteresis loop measurements, performed under the
same conditions as for 1 (see Figure 5 and Figure S8, Supporting
Information). However, the loss of one molecule of the crystal
water led to a dramatic increase in the magnetic hardness,
manifested by an increase in the width of the magnetic hysteresis.
The hysteresis loop opens below 10 K, with the maximum
coercivity value found at T = 4 K, which is a typical behavior

expected for ferromagnetic compounds. By combining the
ZFC/FC results with hysteresis loop measurements, we also
derived a magnetic phase diagram for compound 2 (see
Figure 4). Surprisingly, on lowering the temperature to T = 2 K,
we observed that the coercivity fell to almost zero for both 1 and
2, indicating that their magnetic behavior may be more complex
below 2 K.

Figure 4. Magnetic phase diagrams for compounds 1�3. Squares show the critical field derived from Mmol vs B data acquired at the indicated
temperatures; circles show the critical temperature derived from ZFC/FC curves (Mmol vs T) under the indicated magnetic fields: F, ferromagnetic
phase; AF, antiferromagnetic phase; P, paramagnetic phase. The lines connecting the points on the diagrams are visual guides only and should not be
overinterpreted.

Figure 5. Magnetic hysteresis loops for compounds 1�3 and 10
recorded at the temperatures indicated.

Figure 6. Field-cooled magnetization measurements of 1�3 for differ-
entmagnetic fields (0.0002, 0.1, 0.5, 1, 1.5, 2, 3, 4, 5, 6, and 7T) (1 and 2)
and (0.0002, 0.1, 0.5, 1, 1.5, 2, 3, and 4 T) (3). The arrows show different
behavior of FC curves for transitions to either the antiferromagnetic or
the ferromagnetic state.
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The last compound, {[Ni(en)2]3[Fe(CN)6]2}n (3), was pre-
pared by direct dehydration of 1 in a SQUID magnetometer at
400 K, which resulted in formation of an anhydrous compound
according to the acquired TG/DTA curves. Direct treatment in
the magnetometer was used to prevent secondary hydration due
to contact of the sample with air. The magnetic behavior of 3
differs strongly from that of 1 and 2. Its maximum effective
magnetic moment is much higher (17.6 μB) and occurs at a lower
temperature (T = 8 K) than that of 1 (see Figure 3). It displayed
typical metamagnetic responses in the isothermal magnetization
measurements (see Figure 5), yielding an S-shaped curve.
However, threemain differences with respect to 1were observed:
(a) its critical field is reduced to Bc = 0.35 T, (b) there is no
hysteresis in the ferromagnetic phase, and (c) its magnetization is
sharply saturated after the transition from the antiferromagnetic
state. In addition, the ZFC/FC magnetization curves indicated
that a paramagnetic-to-ferromagnetic transition occurred in the
magnetic field range of 0.35�3 T, but no differences between the
ZFC and FC magnetization curves were observed on increasing
the magnetic field, indicating the absence of a magnetic phase
transition (see Figure 6 and Figure S9, Supporting Information).
A magnetic phase diagram for 3, constructed using the above-
mentioned data, indicates that antiferro�ferro�paramagnetic-
state transitions (i.e., AF�F�P-state transition) can be achieved
below ∼6 K, simply by increasing the magnetic field intensity
(see Figure 4). We also studied the effect of rehydration by
leaving a sample of 3 in air for 1 week and repeating the magnetic
hysteresis measurements. The resulting sample (10) behaved
almost identically to the original compound 1, as clearly shown
by the hysteresis loops obtained for the compounds (see Figure 5).
To conclude, we report molecular systems offering all three
(AF�F�P) magnetic regimes, which can be controlled both
chemically (by varying the number of the crystal water molecules)
and physically (by varying the temperature and magnetic field).

Moreover, the crystal water molecules affect dramatically the
qualitative nature of the compound’s ferromagnetic state, includ-
ing its magnetic hardness and saturation capacity.

’M€oSSBAUER SPECTROSCOPY

To obtain deeper insights into the magnetic behavior of com-
pounds 1�3, we recorded M€ossbauer spectra at room tempera-
ture with no external magnetic field and at 5 K in magnetic fields
ranging from 0.5 to 5 T parallel to the gamma-ray direction.
Representative low-temperature M€ossbauer spectra of com-
pounds 2 and 3 are depicted in Figure 7, and the hyperfine
parameters derived from the corresponding spectra are summar-
ized in Table 2. In contrast to the magnetization measurements,
57Fe M€ossbauer spectroscopy monitors the local physical and

Figure 7. In-field M€ossbauer spectra measured at T = 5 K for 2 (left) and 3 (right). The lines represent the fits with parameters in Table 2.

Table 2. Hyperfine Parameters of 2 and 3, Derived from
M€ossbauer Spectra, Measured at a Temperature of 5 K and
under Various Inductions of an Applied Magnetic Fielda

sample

T

(K)

Bext
(T)

δ ( 0.01

(mm/s)

ΔEQ ( 0.01

(mm/s)

Bhf ( 0.3

(T)

Beff ( 0.3

(T)

Γ ( 0.01

(mm/s)

2 5 0.0 �0.03 �0.13 27.8 0.48

0.5 �0.04 �0.14 28.2 0.49

5.0 �0.04 �0.14 30.9 0.61

3 5 0.0 �0.03 0.09 21.2 0.32

0.5 �0.03 0.08 21.5 0.33

5.0 �0.03 0.06 26.3 0.43
a T is the temperature of measurement, Bext is the induction of the
external magnetic field, δ is the isomer shift, ΔEQ is the quadrupole
splitting, Bhf is the hyperfine magnetic field, Beff is the effective magnetic
hyperfine field (given by the vector sum of the hyperfine magnetic field
Bhf and external magnetic field, i.e., Beff = Bhf + Bext), and Γ is the
line width.
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chemical environment around the iron nucleus. At 300 K, the
M€ossbauer spectrum of compound 1 (see Figure S10, Support-
ing Information) contains a doublet component with a rather
asymmetric profile. The doublet asymmetry arises probably from
the texturewithin the investigated sample 1 and/or theGoldanskii�
Karyagin effect.46 The value of the isomer shift δ (ca.� 0.13 mm/s)
is typical of Fe3+ ions in a low-spin state (i.e., S = 1/2), and
the nonzero value of the quadrupole-splitting parameter ΔEQ
(ca. 0.64 mm/s) indicates that the surroundings of the probed
iron nuclei are not spherically symmetric.46 The particles of the
studied samples were well crystallized, without significant struc-
tural defects (i.e., point or line crystal defects), as evidenced by
the observation of sharp M€ossbauer lines with narrow line
widths. Since only the doublet is observed, compound 1 behaves
in a paramagnetic manner, as expected and previously demon-
strated by the magnetization measurements. The M€ossbauer
spectra of compounds 2 and 3 both contain a doublet component
with very similar hyperfine parameters to 1 at 300 K (not shown).

As the temperature falls below∼13 and∼8 K, compounds 1 (or
2) and 3 enter a magnetically ordered state, respectively. Since the
magnetization measurements had shown that compounds 1 and 2
display almost identical magnetic behavior, we performed low-
temperature and in-field M€ossbauer analyses only for 2 and 3. At
5Kwith no appliedmagnetic field, theM€ossbauer spectra of 2 and 3
exhibit a magnetically split component with the M€ossbauer hyper-
fine parameters listed in Table 2. Note that dehydration of the
studied metamagnetic compounds changes the distribution of the
electronic charge around the Fe nuclei and reduces the strength of
the internal magnetic field at these nuclei. Furthermore, the reduced
value of the line width parameter for 3 indicates that it has a higher
degree of crystallinity than 2.

It is well known that if a magnetic material displaying
antiferromagnetic behavior is exposed to an external magnetic
field applied in the direction of γ-rays, the intensities of the
second and fifthM€ossbauer sextet lines generally remain unchanged
or are slightly enhanced when the characteristic switching field of
the material is overcome. In contrast, for magnetic materials of
ferromagnetic and/or ferrimagnetic nature, the intensities of the
second and fifth M€ossbauer sextet lines decrease due to the
orientation of the atomic magnetic moments toward the direc-
tion of the external magnetic field. If complete alignment of
atomic magnetic moments with the material is reached, the
second and fifth M€ossbauer sextet lines completely vanish.
However, similar phenomena can be observed if the external
magnetic field is strong enough to induce magnetization within a
sample of a paramagnetic compound, making it impossible in
some cases to distinguish between a completely aligned ferro-
magnetic and a highly field-ordered paramagnetic compound.47

In particular, when 2 and 3 are exposed to an external magnetic
field (Bext) of 0.5 T, applied parallel to the direction of propaga-
tion of γ-rays, we observe an increase in the intensity of the
second and fifth lines (A2,5) (see Figure 7). Since A2,5 reflects the
degree of alignment of Fe atomic moments to the direction of the
external magnetic field, its enhancement implies that Fe atomic
moments tend to orientate perpendicular to the direction of Bext.
This behavior is typical of ideal antiferromagnetic materials, for
which a spin-reorientation phenomenon is observed if the
external magnetic field overcomes a characteristic spin-reorienta-
tion field. On increasing the value of Bext, a decrease in A2,5 is
observed, implying that the Fe atomic magnetic moments
gradually align in the direction of Bext; such behavior is typical
in materials exhibiting a ferromagnetic and/or ferrimagnetic

state. At Bext values below 5 T, a nonzero value of A2,5 is observed
for 2 (see Figure 7), signifying that the Fe atomic moments are
not completely aligned in the direction of Bext. The incomplete
alignment of the Fe atomic magnetic moments below 5 T is
consistent with expectations, since the hysteresis loop, measured
at 6 K, does not reach saturation below 5 T (see Figure S8,
Supporting Information). However, under these conditions the
Fe atomic moments of compound 3 align precisely with Bext, as
demonstrated by a zero value of A2,5, at least within the
experimental error of the M€ossbauer technique (see Figure 7).
This is not surprising as the hysteresis loop of 3, measured at 6 K,
shows a tendency toward saturation below 5 T (see Figure 5). In
other words, an external magnetic field of 5 T is sufficient to align
all Fe atomic moments within compound 3. Thus, dehydration
reduces the extent to which the atomic moments of Fe resist
aligning toward an applied magnetic field, relative to that
observed in otherwise-comparable hydrated samples. The in-
field M€ossbauer spectroscopy data together with the magnetiza-
tion measurements discussed in detail above demonstrate that
the investigated samples displayed three well-defined magnetic
states: an ideal antiferromagnetic state, an ideal ferromagnetic
state, and a perfectly ordered paramagnetic state. Evidently, the
studiedmolecular systems do not exhibit any canting phenomena as
commonly observed in inorganic network-based metamagnets.

’CONCLUSIONS

In summary, the molecular ladder system {[Ni(en)2]3[Fe-
(CN)6]2 3 xH2O}n opens avenues to a new class of molecular
materials affording magnetic multistability with unique antiferro�
ferro�paramagnetic field-induced transitions. In addition to spin
crossover complexes and the common metamagnets exhibiting
two distinct magnetic regimes depending on temperature and
field, respectively, these three-phase metamagnets have potential
uses in a wide range of applications due to their ability to readily shift
between three principal magnetic states. The number of crystal
water molecules enables the magnetic properties (including critical
fields and temperatures, and magnetic hardness) of these three-
phase metamagnets to be controlled. Of course, the potential
applications of such compounds would be greatly expanded if
systems with critical temperatures around room temperature could
be developed. The effect of the alternation of the crystal solvents on
magnetic properties in such molecular magnetic materials will the
topic of our future studies.
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