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Introduction

Research into inorganic coordination polymers and their use
in constructing novel solid-state architectures has become an
area of increasing interest.2,3 A question particularly relevant
to this area is the degree and nature of interpenetration or
polycatenation.4 In addition, self-assembly of molecules driven
by coordination to transition metal ions has become an important
tool to explore the cooperative nature of the spin crossover
phenomenon.5 Particularly, bifunctional rodlike ligands of the
polypyridine type have been proved to be particularly suitable
both for metallosupramolecular chemistry as well as for the field
of the spin crossover phenomenon. However, the number of
polymeric spin crossover compounds reported up to now is still
small.6-10 Here we report the self-assembly of 1,4-bis(4-
pyridyl)-butadiyne (bpb), a rigid bifunctional spacer ligand, and
iron(II) ions. The resulting assembly of formula [Fe(bpb)2-

(NCS)2]‚0.5CH3OH (1) is a singular example of the interpene-
tration of three mutually perpendicular nets undergoing the spin
crossover phenomenon. This remarkable structural singularity
has been envisaged,4 but to our knowledge no reports in this
respect are known to date.

Experimental Section

The synthesis of the ligand bpb was performed according to the
method reported by Ciana and Haim.11

Preparation of 1. All the experiments were carried out under an
argon atmosphere. FeSO4‚7H2O (0.25 mmol) was added to a solution
of KNCS (0.5 mmol) in methanol (5 mL). The mixture was stirred at
room temperature for 20 min, decanted off, and filtered. The resulting
colorless 1:2 FeII/NCS- solution was added dropwise to a methanol
solution of bpb (0.5 mmol, 35 mL). After a week, slow evaporation of
the resulting orange solution led to the formation of well-shaped dark
red crystals of1. The crystals were separated and used for X-ray
diffraction and physical measurements. Yield: ca. 74%. Anal. Calcd
for C30.5H18N6O0.5S2Fe: C, 61.42; H, 3.02; N, 14.09; S, 10.74. Found:
C, 62.20; H, 2.89; N, 13.88; S, 10.25.

Magnetic Measurements. The variable temperature magnetic
susceptibility measurements were carried out on microcrystalline
samples using a Quantum Design MPMS2 SQUID susceptometer
equipped with a 55 kG magnet and operating in the ranges of 0.1-1
T and 1.8-300 K. The susceptometer was calibrated with (NH4)2Mn-
(SO4)2‚12H2O. Experimental susceptibilities were corrected for dia-
magnetism of the constituent atoms by the use of Pascal’s constants.

Mo1ssbauer Spectra.The variable-temperature Mo¨ssbauer measure-
ments were obtained on a constant-acceleration conventional spec-
trometer with a 25 mCi source of57Co (Rh matrix). Isomer shift values
(IS) are given with respect to the metallic iron at room temperature.
The absorber was a sample of about 100 mg of microcrystalline powder
of 1 enclosed in a 2-cm-diameter cylindrical plastic sample holder, the
size of which had been determined to optimize the absorption. Variable-
temperature spectra were obtained in the 300-77 K range by using a
MD306 Oxford cryostat, the thermal scanning being monitored by an
Oxford ITC4 servocontrol device ((0.1 K accuracy).

X-ray Crystallography. A red cube-shaped crystal of1 (0.1× 0.1
× 0.1 mm) was mounted in air. The intensity data were collected at
293 K on a Marresearch MAR345 (MARSXDS data collection
software) using graphite-monochromated Mo KR radiation (λ )
0.710 69 Å) and theæ-scan technique. The∆æ scan angle per frame
was 3°. A total of 25 977 reflections were collected; 7438 were unique
(Rint was 0.058), and there were 5142 observed reflections (I > 2 σ-
(I)). The number of refined parameters was 394; R1 ) 0.063 and wR2
) 0.1904. The structure was solved by direct methods using SHELXS-
9712 and refined by the full matrix least-squares method onF2 using
SHELXL-97.13 Refinements assuming the formula as C30H16FeN6S2

gave four holes of volume equal to 159 Å3. An analysis of the Fourier
map of these holes showed two weak and broad peaks with an absolute
integrated intensity equal to 7.4 e, so a disordered methanol molecule
was assumed. The remaining hole (18 Å3), the high equivalent thermal
coefficient for the two atomic positions of methanol, and the shape of
the peaks of the Fourier map indicate that the localization of this
methanol molecule is not well-defined. The S(1), C(8), and C(10) atoms
and the CH3OH solvent molecule were found to have a half occupancy
in their respective sites.
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The crystallographic data and selected bond distances and bond
angles are listed in Tables 1 and 2, respectively.

Results and Discussion

The crystal structure of1 consists of two different arrays of
nets. The nodes of the nets are defined by two crystallographi-
cally independent iron sites denoted Fe1 and Fe2 located on a
2-fold symmetry axis. Figure 1 displays the molecular structure
of Fe1. Iron atoms present similar coordination surroundings.
They lie in a compressed octahedron with twotrans-isothio-
cyanate ligands occupying the axial positions and four pyridine
nitrogen atoms building the basal plane [Fe(1)-N(1)CS )
2.047(4), Fe(1)-N(2)(pyridine)) 2.271(3), and Fe(1)-N(3)-
(pyridine) ) 2.250(4) Å; Fe(2)-N(21)CS) 2.052(7), Fe(2)-
N(24)CS) 2.294(10), Fe(2)-N(22)(pyridine)) 2.270(5), and
Fe(2)-N(23)(pyridine) ) 2.284(6) Å]. The occurrence of
disorder in the NCS- groups is the main cause of the significant

and uncommon difference between the Fe(2)-N(21) and Fe-
(2)-N(24) bond distances and induces departure from linearity
for the NCS- groups (average NCS- angle of ca. 150°). Despite
this fact, the structural data reported here are in good agreement
with those available for other pyridine- and polypyridine-related
spin crossover compounds.6-8,14 The four pyridine units associ-
ated with each metal atom are arranged in propeller fashion
(dihedral angles of 69.8 and 64.9° for the Fe1 and Fe2 centers,
respectively). Each bpb ligand connects two iron atoms defining
large [Fe4] squares (Figure 2a). The edge-shared squares define
the net structures with all the iron atoms, either coplanar (A
set, Fe1) or slightly corrugated (B set, Fe2) (Figure 2b). The
iron-to-iron separation through the bpb ligand is 16.628 and
16.393 Å for theA andB nets, respectively.

A is made up by an array of parallel sheets stacked along the
[001] direction. The sheets are slipped so that they form
sequences of four nonsuperimposable sheets per unit cell (Figure
2b).B consists of two perpendicular stackings, organized along
the [110] and [-110] directions, of interlocked square-grid
sheets (denotedB1 and B2 subsets); the iron atoms lie in the
holes of the grids ofA, somewhat shifted from the centers of
the holes. The iron atoms ofB1 and B2 alternatively fill the
holes of successive sheets ofA. Two iron atoms of a [Fe4] B
square fill two holes of two equivalentA sheets (A1 andA′1)
separated byc ) 22.7800(10) Å. The other two iron atoms lie
in holes of the sameA sheet halfway betweenA1 andA′1 (Figure
2b).

Each [Fe4] square of a sheet, that is,B1 stack, has two rods
of two consecutive parallelB2 stacks passing through it (Figure
2c). TheA set penetrates theB set in such a way that each
B-[Fe4] hole is also meshed by three consecutiveA-[Fe4]
squares. In addition, eachA hole is also meshed by two [Fe4]
squares belonging toB1 andB2 subsets. This intricate situation
is illustrated in Figure 2d. The solvent molecules, located close
to the Fe1 coordination site, display significant short intermo-
lecular contacts (2.7-4 Å) with the pyridyl rings.

The high-spin (HS)T low-spin (LS) crossover behavior was
monitored by measuring the temperature dependence of the
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Table 1. Crystallographic Data for1

empirical formula C30.5H18Fe1N6S2O0.5

fw 596.48
space group P41212 (92)
a, Å 16.6280(10)
c, Å 22.7800(10)
V, Å3 6298.5(6)
Z 8
T, K 293(2)
λ, Å 0.71069
µ, mm-1 0.641
Fcalc, g/cm3 1.258
R1a 0.0634
wR2b 0.1904

a R1) ∑||Fo| - |Fc||/∑|Fo|. b wR2) [∑[w(Fo
2 - Fc

2)2/∑ [w(Fo
2)2]]1/2;

w ) 1/[σ2(Fo
2) + (0.1063P)2 + 1.3132P], whereP ) (Fo

2 + 2Fc
2)/3.

Table 2. Selected Bond Lengths [Å] and Angles [deg] for1

Bond Lengths
Fe(1)-N(1) 2.047(4) Fe(2)-N(21) 2.052(7)
Fe(1)-N(2)b 2.271(3) Fe(2)-N(22) 2.270(5)
Fe(1)-N(3) 2.250(4) Fe(2)-N(23)d 2.284(6)
S(1)-C(1) 1.727(10) Fe(2)-N(24) 2.294(10)
N(1)-C(1) 1.196(9) S(2)-C(21) 1.682(12)

N(21)-C(21) 1.183(12)
S(3)-C(36) 1.680(10)
N(24)-C(36) 1.265(10)

Bond Angles
N(1)-Fe(1)-N(1)a 179.3(2) N(21)-Fe(2)-N(22) 87.91(13)
N(1)-Fe(1)-N(2) 92.82(15) N(21)-Fe(2)-N(23)d 90.06(16)
N(1)-Fe(1)-N(3)b 92.98(19) N(21)-Fe(2)-N(24) 180.0(2)
N(1)-Fe(1)-N(2)a 86.64(14) N(22)-Fe(2)-N(22)a 175.8(3)
N(1)-Fe(1)-N(3)c 87.54(19) N(22)-Fe(2)-N(23)d 91.52(19)
N(2)-Fe(1)-N(2)a 87.71(16) N(22)a-Fe(2)-N(23)d 88.5(2)
N(2)-Fe(1)-N(3)b 173.96(16) N(22)-Fe(2)-N(24) 92.11(13)
N(2)-Fe(1)-N(3)c 90.93(15) N(23)d- Fe(2)-N(23)e 179.9(3)
N(3)b-Fe(1)-N(3)c 91.0(2) N(23)d-Fe(2)-N(24) 89.95(15)

a Atom generated with symmetry operationy, x, -z. b Atom gener-
ated with symmetry operationx - 1, y, z. c Atom generated with
symmetry operationy, x - 1, -z. d Atom generated with symmetry
operation-x + 1, -y + 2, z - 1/2. e Atom generated with symmetry
operation-y + 2, -x + 1, -z + 1/2.

Figure 1. ORTEP diagram of1 (30% ellipsoids).
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molar magnetic susceptibility,øM, and the Mo¨ssbauer spectra.
The productøMT ) 3.2 cm3 mol-1 K (T is the temperature)
remains practically constant from room temperature to ca. 200
K, indicating that the sample is in the HS ground state.øMT
decreases gradually upon cooling because of the HSf LS
conversion and reaches a plateau aroundøMT ) 1.9 cm3 mol-1

K at 60 K (Figure 3). The further decrease observed below 20
K, when cooling, indicates that zero-field splitting occurs in
the S ) 2 ground state of the remaining HS molecules at low
temperatures. No thermal hysteresis is observed. The temper-

ature evolution of the Mo¨ssbauer spectra shown in Figure 4
agrees with the magnetic data. The dominant doublet observed
at room temperature, characterized by the quadrupole splitting
∆EQ ) 2.453 mm s-1 and the isomer shiftδ ) 1.006 mm s-1,
corresponds to the HS ground state of iron(II). The small doublet
characterized by∆EQ ) 0.716 mm s-1 andδ ) 0.334 mm s-1

Figure 2. (a) Perspective view of a square-grid fragment. (b) Section of the crystal structure of1 seen along the [100] direction, emphasizing the
different sets of stacks: setA (blue) and setB (yellow and pink). (c) The interpenetration in theB system. (d) The interpenetration of theA and
B arrays.

Figure 3. Thermal variation oføMT obtained from magnetic suscep-
tibility measurements of1.

Figure 4. Mössbauer spectra of1.
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corresponds to 14.78% of LS molecules remaining at room
temperature. As the temperature is lowered, the intensity of the
LS doublet increases at the expense of that of the HS doublet.
The fitted parameters at 77 K are∆EQ ) 1.12 mm s-1 andδ )
2.87 mm s-1 for the HS species and∆EQ ) 0.462 mm s-1 and
δ ) 0.308 mm s-1 for the LS species, occurring in almost equal
amounts.

There are some well-documented iron(II) spin crossover
compounds for which incomplete spin conversion at low
temperatures has been observed. For instance, [Fe(mtz)6]X2 (mtz
) 1-methyltetrazole and X) ClO4

- and BF4
-) present two

distinct iron(II) sites distributed in equal amounts in the crystal.15

One site undergoes LST HS spin conversion, whereas the other
remains HS throughout the temperature range.16,17 A similar
behavior has been observed for [Fe(etz)6](BF4)2 (etz ) 1-eth-
yltetrazole) in which the site population Fe1:Fe2 is 2:1.
Complexes on the Fe1 site show thermal spin conversion in
contrast to those on the Fe2 site, which remain high spin.18A
50% spin conversion was also observed in the binuclear{[Fe-
(bpym)(NCSe)2]2bpym}. The occurrence of half-spin transition
in this compound was attributed to the interplay between
intramolecular interactions favoring the mixed-spin{HS-LS}
molecular state and intermolecular interactions favoring like-
spin ({LS-LS} or {HS-HS}) species domains.19

The occurrence of 50% spin conversion in1 can be related
to the presence of two iron(II) sites in the crystal, as for the

above-mentioned FeII-Rtz derivatives. The Fe1 site is prone to
undergo spin conversion as it exhibits metal-to-ligand bond
distances slightly shorter than those of Fe2. Solvent molecules
may influence the ligand field experienced by the iron atoms.
In fact, the Fe1 site presents intermolecular contacts with the
methanol molecule that are more numerous and intense than
those of the Fe2 site.

The main two points of this work are the unprecedented
supramolecular architecture and the occurrence of half-spin
transition. Half-spin transitions are fascinating because they can
be viewed as two-step spin transitions, the low-temperature step
of which is missing, for various (static or dynamic) reasons.
For instance, the missing HST LS conversion in [Fe(etz)6]-
(BF4)2 has been photoinduced18 by use of the reverse LIESST
(light-induced excited spin state trapping) technique, and the
application of pressure revealed the occurrence of a two-step
spin transition in{[Fe(bpym)(NCSe)2]2bpym}.20 In a similar
way, we intend to further investigate the control of the spin
crossover regime of1 through light irradiation and pressure
experiments.

Acknowledgment. This research was supported by the
Spanish Direccio´n General de Investigacio´n Cientı́fica y Técnica
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