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Darmstadt, Germany

*S Supporting Information

ABSTRACT: Reaction of iron(II) thiocyanate with an excess of trans-1,2-bis(4-
pyridyl)-ethylene (bpe) in acetonitrile at room temperature leads to the formation
of [Fe(NCS)2(bpe)2·(bpe)] (1), which is isotypic to its Co(II) analogue. Using
slightly different reaction conditions the literature known compound [Fe-
(NCS)2(bpe)2(H2O)2] (2) was obtained as a phase pure material. Simultaneous
differential thermoanalysis and thermogravimetry prove that the hydrate 2
transforms into the anhydrate [Fe(NCS)2(bpe)2] (3), that decomposes on further
heating into the new ligand-deficient 1:1 compound of composition [Fe-
(NCS)2(bpe)]n (4), which can also be obtained directly by thermal decomposition
of 1. Further investigations reveal that 4 can also be prepared under solvothermal
conditions, and single crystal structure analysis shows that the iron(II) cations are
linked via μ-1,3 bridging thiocyanato anions into chains, that are further connected
into layers by the bpe ligands. Magnetic measurements, performed on powder
samples, prove that 1 and 2 show only Curie−Weiss behavior, whereas in 4 antiferromagnetic ordering with a Neél temperature
of 5.0 K is observed. At T < 4.0 K a two-step metamagnetic transition occurs at applied magnetic fields of 1300 and 1775 Oe. The
magnetic properties are discussed and compared with those of related compounds.

■ INTRODUCTION

Recently, investigations on the synthesis and the properties of
new coordination polymers, metal−organic frameworks
(MOFs), and inorganic−organic hybrid compounds are a
major field of chemical research.1 In this context, materials with
cooperative magnetic phenomena are of special interest, which
includes also metamagnetic behavior or single chain magnets
that show slow relaxations of the magnetization below a specific
temperature.2 To mediate magnetic exchange interactions
usually paramagnetic transition metal cations are connected
by small-sized ligands, and therefore, a large number of such
compounds are reported in literature with some of them based
on, e.g., transition metal azides.3 In contrast, similar compounds
based on other three atomic anionic ligands like, e.g., thio- or
selenocyanates are less reported because the N-terminal
coordination is frequently preferred. Therefore, we have started
systematic investigations on the synthesis of μ-1,3-bridged
transition metal thio- and selenocyanato coordination polymers
that contain additional neutral N-donor coligands in order to
investigate the correlations between the structures and the
magnetic properties of such compounds in more detail.

However, in some cases, such compounds cannot be
prepared in the solution phase, and therefore, we have
developed a different approach for their synthesis, which is
based on thermal decomposition of precursors with terminal N-
bonded thiocyanato anions that transform into μ-1,3-bridging
coordination polymers upon heating.4 In the course of these
investigations we have reported on 1D coordination polymers
of the general composition [M(NCS)2(pyridine)2]n with M =
Mn, Fe, Co, and Ni and [Co(NCSe)2(pyridine)2]n.

5 Surpris-
ingly, we have found that the compounds based on Co(II)
show single chain magnetic behavior, which was never observed
before in a thiocyanato coordination polymer. In this context it
is noted that the Fe(II) analogue was already investigated by
Foner et al., who found that a metamagnetic transition occurs
in this compound.6 Continuing our research we investigated
the isotypic selenocyanato compound to explore the influence
of stronger intrachain interactions on the magnetic behavior,
and we still have found metamagnetic behavior with a
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significant increase of the critical field.7 Surprisingly, in contrast
to its thiocyanato analogue a slow relaxation of the magnet-
ization is observed indicating 1D ferromagnetic behavior. In the
course of our systematic work we also investigated layered
coordination polymers with trans-1,2-bis(4-pyridyl)-ethylene
(bpe) as coligand which are structurally related to the pyridine
coordination polymers.8 In these compounds μ-1,3-bridged
metal(II) thiocyanato chains are observed, which in contrast to
the pyridine compounds are linked into layers by the relatively
large bpe ligands. Magnetic measurements of the Co(II)
compound reveal that metamagnetic behavior occurs with a
slow relaxation of the magnetization above the critical field
(HC) and antiferromagnetic behavior below HC where the slow
relaxation of the magnetization is still present.8 On the basis of
these findings we decided to prepare compounds with iron(II)
thiocyanate and bpe as coligand to study its magnetic
properties.
In this context especially the μ-1,3-bridging compound

would be of interest, because the question arises as to if it will
also show metamagnetic behavior, which might be accom-
panied by a slow relaxation of the magnetization. It is noted
that the compound of composition [Fe(NCS)2(bpe)2(H2O)2]
was already reported in literature.9 Its crystal structure consists
of discrete complexes, in which the metal centers are
coordinated by two terminal N-bonded thiocyanato anions,
two water molecules, and two terminal bpe ligands.
Interestingly, thermogravimetric investigations indicate that
the water can be removed on heating in the first step and that a
compound of composition Fe(NCS)2(bpe) might form in the
second step. However, none of these intermediates were
isolated and identified, and the thermal behavior was not
discussed in detail. Following our research we have found a new
compound of composition [Fe(NCS)2(bpe)2·(bpe)], and we
have investigated this compound as well as the hydrate for their
thermal behavior. Both compounds can be transformed into the
corresponding μ-1,3 bridging compound on heating, but we
have also found that single crystals of this compound can
directly be prepared from solution. Here we report on these
investigations.

■ SYNTHETIC INVESTIGATIONS
Reaction of FeSO4·7H2O with an excess of the neutral coligand
trans-1,2-bis(4-pyridyl)-ethylene (bpe) leads to the pure phase
formation of a new ligand-rich 1:3 compound of composition
[Fe(NCS)2(bpe)2·(bpe)] (1). XRPD measurements reveal that
it is isotypic to its Co(II) analogue, in which the metal centers
are coordinated by two terminal-N-bonded thiocyanato anions
and four bpe ligands within an octahedral geometry (see Figure
S1).8 If less coligand is used in the synthesis the literature
known compound [Fe(NCS)2(bpe)2(H2O)2] (2) is obtained
as a pure phase (see Figure S2).9 Simultaneous thermogravim-
etry and differential thermoanalysis of compound 1 show two
endothermic mass steps of which the first one might
correspond to the transformation into a ligand-deficient 1:1
compound of composition [Fe(NCS)2(bpe)]n (4), which
decomposes on further heating (see Figure S3 and Table S1).
However, in contrast to 1, for the hydrate 2 three distinct
endothermic mass steps are observed of which the first one
corresponds to the formation of an anhydrate of composition
Fe(NCS)2(bpe)2 (3), which loses half of the bpe ligands on
further heating transforming into a compound of the same
composition as observed for the intermediate obtained by
thermal composition of 1 (see Figure S3 and Table S1). To

verify the nature of the intermediates additional TG experi-
ments were performed and stopped after each mass step and
the residues were investigated by IR-spectroscopy, CHNS
analysis, and X-ray powder diffraction. Elemental analysis
confirms the supposed composition calculated from the
experimental mass loss, and IR spectroscopy reveals that in 1
and 2 only terminal N-bonded thiocyanato anions are present,
whereas in 4 the asymmetric stretching vibration νas(CN) is
shifted to 2096 cm−1 indicating the presence of μ-1,3-bridging
thiocyanato anions (see Figure S4−S6 and Table S2). For the
anhydrate 3 two bands are found at 2052 and 2101 cm−1, and
XRPD measurements reveal that the sample is of very poor
crystallinity and that at least to different crystalline phases are
present (see Figure S7−S8). Therefore, no further inves-
tigations were performed on this compound. However, XRPD
measurements show that compound 4 is isotypic to its Co
analogue and that the same crystalline phase is obtained
independent of whether 1 or 2 is thermally decomposed (see
Figure S9). Finally, compound 4 was additionally investigated
by Mössbauer spectroscopy, which shows only one doublet
with an isomer shift of δIS = 1.1 mm/s and a quadrupole
splitting of ΔEQ = 3.5 mm/s, which is in good agreement with
that expected for a iron(II) cation (see Figure S10).10 On the
basis of this information we tried to prepare 4 also in the
solution phase at room-temperature, and under solvothermal
conditions we obtained single crystals that were suitable for
structure determination (see Figure S11−S12).

Crystal Structure of [Fe(NCS)2(bpe)]n (4). Compound 4
crystallizes in the centrosymmetric space group P1̅ with two
formula units in the unit cell (Table 3). The asymmetric unit
consists of two crystallographically independent iron(II)
cations and two bpe ligands that are located on centers of
inversion as well as two independent thiocyanato anions that
occupy a general positions (Figure 1). Each iron(II) cation is
coordinated by two trans-oriented N-bonded and two S-bonded
thiocyanato anions as well as two trans-oriented N-bonded bpe
ligands in a slightly distorted octahedral geometry (Figure 1
and Table 1). The Fe−N distances to the neutral bpe ligand are
significantly shorter than those to the negatively charged
thiocyanato N anions and are in the range of those in similar
compounds. The Fe−S distances correspond exactly to those
values reported in literature for similar compounds.5b,11 Both
bpe ligands are trans-configurated and are exactly coplanar.
However, there are no significant differences in the
coordination geometry of both crystallographically independent
metal cations (Table 1).
In the crystal structure the metal cations are connected via

two μ-1,3-bridging thiocyanato anions into chains, in which the
two crystallographically independent metal cations alternate
with an Fe···Fe distance of 5.702 Å (Figure 2, top).
These chains are further linked into layers by the bpe ligands.

Formally, there are two crystallographically independent −Fe−
bpe−Fe− chains constructed by either Fe1 or Fe2, and the
Fe···Fe distance within these chains amounts to 13.783 Å. It is
noted that the bpe ligands in the two independent −Fe−bpe−
Fe− chains are oriented exactly perpendicular to each other
(Figure 2, top and bottom).

■ MAGNETIC PROPERTIES
The compounds 1 and 2 with metal cations not linked by the
thiocyanato anions are not expected to show cooperative
magnetic phenomena. Consequently, our magnetic measure-
ments on both compounds show only paramagnetic behavior,
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and the fit of the magnetic data according to the Curie−Weiss
law [χM = C/(T − θ)] reveals a Weiss constant, which is
practically zero, and effective magnetic moments μeff of 5.62 μB
(g = 2.30) for 1 and of 5.23 μB (g = 2.14) for 2, which are
slightly higher than the spin-only value of 4.89 expected for the
high-spin Fe2+ (S = 2, g = 2) (see Figure S13 and Table S3). In
contrast, compound 4, composed of magnetic chains connected
through bpe coligands into planes not coupled themselves by
chemical bonds, is expected to show rich magnetic behavior.
Because the coordination octahedron of Fe in this compound
has one distinctive (most elongated) direction along Fe−S

bond, the magnetic easy axis is expected to lie in this direction;
i.e., it is declined 58° to Fe1−Fe2−Fe1 chain direction. Below,
magnetic measurements data for 4 are presented. Figure 3

presents data obtained in a magnetic field of 200 Oe. In the
main graph the temperature dependence of magnetic
susceptibility and of the effective magnetic moment (μeff =
[8χmol·T]

1/2) are shown. In the inset the reciprocal magnetic
susceptibility is shown as function of temperature.
A bunch of similar zero field cooling curves, measured in a

limited temperature range 2−15 K but drawn in magnetization
units, are shown in Figure S14. It is seen that with increasing
magnetic field the maximum of susceptibility moves to lower
temperatures and diffuses. The observed susceptibility max-
imum is typical for the phase transition from the paramagnetic
to the antiferromagnetic state. In a low field of 200 Oe it occurs
at the Neél temperature of 5.3 K but moves to 5.0 K in 1000
Oe. As seen in Figure 3, the effective magnetic moment
increases during cooling from room temperature. This fact,
together with the positive Curie−Weiss temperature, equal to
+8.0 K, proves dominant ferromagnetic intrachain interaction
Jintra. By assuming the high spin of Fe(II) ion S = 2, g-factor

Figure 1. Crystal structure of 4 with view of the coordination sphere
of the iron(II) cations with labeling and displacement ellipsoids drawn
at the 50% probability level. Symmetry codes: A = −x, −y + 1, −z; B =
−x + 1, −y + 2, −z + 1; C = x − 1, y − 1, z − 1.

Table 1. Selected Bond Lengths/Å and Angles/deg for
Compound 4

Fe(1)−N(1) 2.201(3) Fe(2)−N(11) 2.192(3)
Fe(1)−N(21) 2.098(3) Fe(2)−N(31) 2.108(3)
Fe(1)−S(31B) 2.5995(9) Fe(2)−S(21) 2.5973(10)
N(21A)−Fe(1)−
N(21)

180.0 N(31)−Fe(2)−
N(31B)

180.0

N(21A)−Fe(1)-
N(1A)

90.08(11) N(31)−Fe(2)−N(11) 89.64(12)

N(21)−Fe(1)−N(1A) 89.92(11) N(31B)−Fe(2)−
N(11)

90.36(12)

N(21A)−Fe(1)-
S(31B)

87.92(9) N(31)−Fe(2)−S(21) 86.26(9)

N(21)−Fe(1)−
S(31B)

92.08(9) N(31B)−Fe(2)−
S(21)

93.74(9)

N(1A)−Fe(1)−
S(31B)

90.03(8) N(11B)−Fe(2)-
S(21B)

89.47(9)

N(1)−Fe(1)−S(31B) 89.97(8) N(11)−Fe(2)−
S(21B)

90.53(9)

Figure 2. Crystal structure of 4 with view onto (top) and in the
direction of (bottom) the layers.

Figure 3. Molar susceptibility and effective magnetic moment for 4
measured in dc field of 200 Oe plotted as a function of temperature. In
the inset the reciprocal susceptibility vs temperature is shown; the
straight line is a linear fit.
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equal to 2.2 may be obtained from the Curie−Weiss law. The
exchange constant Jintra = 2 K can be estimated by using the
mean field relation θ = zJS(S + 1)/3kB with z equal 2 (z is a
number of nearest neighbors). In the case of the Ising or
anisotropic Heisenberg linear system a more exact Jintra value
may be obtained from the slope of ln(χT) versus T −1

dependence, with χ(T) registered in a small magnetic field
(100 Oe; see Figure 4). With our Hamiltonian

∑ ∑ ∑μ− − · + + · ·+J S S D S H g S
i

i i
i

i z
i

iintra 1 ,
2

B

the expression for slope is 2JintraS
2. The value of Jintra thus

obtained is equal to1.3 K.

Another important magnetic parameter is the single ion
anisotropy. It can be estimated from magnetization (M) versus
field (H) measurements. In Figure 5 M(H) dependence
measured at the temperature of 1.5 K is shown. It was
registered with a small field step, so that an interesting behavior
was not overlooked. Namely, by increasing magnetic field from

zero, initially the slope of magnetization curve is small, typical
for an antiferromagnet, in accordance with our susceptibility
measurements. By further increasing the field at some its critical
value HC ≈1.0 kOe, a sharp upraise of magnetization was
observed. The magnetization curves shown in the Figure 5 were
measured in both field directions (along a loop). A small
hysteresis is seen only in the vicinity of HC (Figure 5, bottom
panel).
In Figure 6b magnetization curves are plotted in the full

accessible field range, i.e., up to 70 kOe. In Figure 6a they are

presented as a function of H/T. For comparison, the Brillouin
curve for S = 2 is also shown in Figure 6. At lower magnetic
fields the M(H) curves go above the Brillouin curve, which
indicates dominant ferromagnetic character in this compound.
At higher fields, especially at lowest temperatures, the M(H)
curves go lower. This demonstrates the significant role of
anisotropy. The single ion anisotropy parameter D can be
estimated from of M(H) curve extrapolated to intersection with
the ordinate corresponding to the expected saturation value
M(Ha) = gμBS, see Figure 6b.

12 This procedure is right for the
case of the uniaxial anisotropy. From the relation

μ=DS g SH
1
2

2
B a

substituting g = 2.2 and Ha = 141 kOe and assuming the high
spin S = 2 for Fe2+ ion, the value of |D| equal to 5.2 K is
obtained. This is a large value, considerably greater than the
intrachain exchange interaction (∼1.5 K). This fact points out
that by the field transition at HC we are dealing with a
metamagnetic (spin-flip) transition by which the antiferromag-
netic state is broken by the field.13 This should be not mixed
with the so-called spin-flop transition occurring by a low
anisotropy, when antiferromagnetic direction jumps to the
direction, which is perpendicular to field.13

In the next step the ac dynamic properties are presented.
Figure 7 shows the temperature dependence of two alternate

Figure 4. Reciprocal temperature dependence of ln(χmol·T) for 4.
Solid line is a linear fit.

Figure 5. Magnetization vs magnetic field measured at 1.5 K for 4.
Bottom panel is the central part of the upper panel in enlargement
showing small hysteresis in the region of 1 kOe.

Figure 6. Field dependent magnetization data for 4. (a) M as a
function of H/T; comparison with the Brillouin function for S = 2 is
also shown. (b)M as a function of H. The solid line is an extrapolation
to the intersection with the predicted saturation value of M.
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current (ac) susceptibility components χ′ and χ″ measured in
zero dc field at frequency 100 Hz. The maximum of χ′ falls at
5.5 K, so at a little greater temperature than the maximum of dc
susceptibility, observed at 5.0 K in the field of 1000 Oe;
however, this is expected for an antiferromagnet. As seen in
Figure 7, there is no χ″ response near the maximum of χ′,
which, together with no frequency dispersion of χ′ (see Figure
S15), proves that the observed susceptibility maximum is a
manifestation of phase transition to the antiferromagnetic state.
Alternating current susceptibility was also measured as a

function of dc field. These data, obtained at T = 2.1 K, are
shown in Figure 8 (see also Figure S16 for a higher field range).

Two humps are seen at HC1 = 1300 and HC2 = 1775 Oe for χ′
as well as for χ″. By frequency change no difference in response
of χ′ and χ″ for both humps was observed (see also Figure
S17). The relaxation observed at humps is far from the Debye
relaxation (see Figure S18). The same picture as for χ′ may be
obtained by differentiating the magnetization curve (see Figure
S19). Many such ac curves, as in Figure 8, were registered for
various temperature points. With increasing temperature two
humps approach one another and coalesce into one. The
humps were fitted with two asymmetric Gaussian, and their
found positions were used to construct the phase diagram,
which is shown in Figure 9. The presence of two χ″ maxima
and their frequency dispersion prove that an intermediary
ferrimagnetic phase (IFiM) appears with field increasing before

the saturated paramagnetic phase (SPM) appears. Due to
demagnetization effect both transitions are not complete.14 The
mixed phase region above HC2 is partially ferrimagnetic and
partially paramagnetic, but with increasing magnetic field the
mixed phase gradually transforms to the saturated paramagnetic
phase. This occurs at the new phase boundary at HC3 for which
the lowest temperature point was estimated as the field where
χ″ disappears (the HC3 boundary is intentionally drawn with a
dash−dot line).15 It should be noted that we are dealing with a
powder sample, where grains have various orientation with
respect to the field direction; thus, the observed transitions are
diffused.

Discussion of the Magnetic Properties. The one-
dimensional ferromagnetic chains with easy axis anisotropy
are expected to show slow magnetic relaxations; however, they
were not observed for [Fe(NCS)2(bpe)]n studied in this work.
In zero magnetic field this compound is antiferromagnetic with
Neél temperature of 5.0 K. Certainly, there exist remarkable
antiferromagnetic interchain interactions. In the critical field HC
≈ 1.3 kOe the metamagnetic transition occurs when the
antiferromagnetic interaction is overcome by field. For analysis
of the magnetic behavior it is good to point out the possible
paths for magnetic interactions. We have ferromagnetic chains
[Fe(μ-NCS)2Fe]n, linked into layers through bpe coligands.
There is no chemical bond between the layers. The magnetic
interlayer coupling is possible only through space (dipolar)
interactions. It should be noted that because of rather short
interlayer Fe−Fe distances (the shortest is 8.886 Å) the
interchain-interlayer Fe−Fe interactions may be comparable
with interchain−intralayer Fe−Fe interaction. There were
reports that the exchange interactions, transferred on such
long distances as ∼12 Å, may be not negligible.16 On the other
hand, it is known that in ferromagnetic chains the superspins
develop, which act cooperatively on every distance, may give a
relatively large critical temperature of transition to the ordered
state.17 When magnetic field is applied, the weakest
antiferromagnetic coupling is broken. The effective value of
this interaction can be estimated from the following relation
(for T = 0 K), derived by equating the change of the exchange
energy and Zeeman energy by the low field transition

μ′ =zJ S g SH2
B c

Figure 7. Temperature dependence of ac susceptibility for 4 measured
at the frequency of 100 Hz and zero dc magnetic field.

Figure 8. Alternating current susceptibility vs external field depend-
ence for 4 measured at T = 2.1 K for three various frequencies. Solid
lines are guides for the eye.

Figure 9. Phase diagram for 4. The various experimental points were
collected during several experimental sessions. The dash−dot line is an
intentionally drawn phase boundary: AFM, antiferromagnetic phase;
IFiM, intermediate ferrimagnetic phase; SPM, saturated paramagnetic
phase; PM, paramagnetic phase.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302370n | Inorg. Chem. 2013, 52, 1061−10681065



where zJ′ is the effective weakest interchain interaction. The
value of zJ′ equal to ∼ −0.08 cm−1 (0.11 K) is obtained. Thus,
we obtain the ratio zJ′/Jintra equal to 0.11/1.3 ≅ 0.08. This is a
rather large value, which can make slow relaxations impossible.
In this context it is worth comparing magnetic properties of 4

and other relative compounds studied by our group and other
researchers. The isotypic compound [Co(NCS)2(bpe)]n is an
antiferromagnet with the Neél temperature TN = 4.3 K.8 With
increasing field it shows a metamagnetic transition (HC = 0.65
kOe), but there is no sign of an intermediary phase (one step
transition).8 Below TN, in field near HC the compound shows
slow relaxations typical for single chain magnets. Slow
relaxation of the magnetization with a narrow relaxation time
distribution is also observed in the chain compound [Co-
(NCS)2(pyridine)2]n, where the magnetic chains are not
coupled through coligands into layers.5a Interestingly, here,
no metamagnetic transition in contrast to the layer compound
[Co(NCS)2(bpe)]n is observed, indicating that the bidentate
coligand bpe might be involved in the magnetic exchange.5a,8

However, it should be noted that [Fe(NCS)2(pyridine)2]n,
which is isotypic to [Co(NCS)2(pyridine)2]n, shows meta-
magnetic transition (HC ∼ 0.7 kOe) at 4.2 K which means that
coupling of the ferromagnetic chains through bpe into layers
might not be crucial for a metamagnetic transition.6

[Fe(NCS)2(pyridine)2]n compound, similarly as its bpe
analogue, does not show slow relaxations of the magnet-
ization.5b Interestingly, if the anionic ligand in [Fe-
(NCS)2(pyridine)2]n is exchanged by selenocyanato the
metamagnetic behavior is still present but a slow relaxation of
the magnetization is observed above HC.

7 The SCM behavior
might be related to an increase in the intrachain interaction in
the selenocyanato compound, retrieved from the slope of the
ln(χT) versus T −1 curves (Table 2). For the Fe compound 4

this value was estimated to be 1.3 K (Table 2). However, for a
slow relaxation of the magnetization a large energy barrier for
spin reversal is needed. It depends on both the intrachain
interaction Jintra and the single ion anisotropy D. Therefore, we
have estimated the D values for the three Fe compounds from
the magnetization curves. It appears that the anisotropy for the
pyridine coligand is higher than for bpe coligand. This fact,
together with lower value of Jintra for 4 and by assumption that
weakest interchain interaction is comparable in all three
compounds, explains why no slow relaxation of the magnet-
ization was observed in 4 (Table 2). The reason why SCM
behavior is found in the corresponding Co compounds might
be predominantly related to the higher anisotropy of Co(II)
compared to Fe(II).5a

An interesting question is why in the family of compounds
discussed above the metamagnetic transition appears and
sometimes it is two-step, sometimes one-step transition. The
following linear chain compounds show two-step transition:

CoCl2·2H2O, CoBr2·2H2O, FeCl2·2H2O, CoCl2(pyridine)2.
18

It was shown that the change of magnetic moment at the first
transition is exactly 1/2 of the change at the second
transition.18c,d,19 Narath explained the two-step transition by
six-sublattices model, which needed four exchange inte-
grals.18d,c,19,18b There is some difficulty in applying this model
to our case because only two exchange paths through chemical
bonds may be pointed out. Thus, dipolar interaction should
also contribute to the appearance of metamagnetic transitions.

■ CONCLUDING REMARKS
In the present contribution we have reported on the synthesis
of a new Fe thiocyanato coordination polymer that was
synthesized in the beginning by thermal decomposition but
later could be also prepared in the solution phase. This
compound is composed of ferromagnetic iron thiocyanato
chains that are linked into layers by neutral bpe coligands. At
low field this compound shows antiferromagnetic ordering, but
on increasing field an unusual two-step metamagnetic transition
is observed. It is noted that the isotypic compound [Co-
(NCS)2(bpe)]n also shows metamagnetic behavior, but because
of the higher anisotropy of Co(II) slow relaxation of the
magnetization is additionally observed. The origin of
metamagnetic transition is still unclear. On the one hand, the
fact that [Fe(NCS)2(bpe)]n (4) and [Co(NCS)2(bpe)]n show
metamagnetic behavior but [Co(NCS)2(pyridine)2]n does not
show, indicates that the coligand bpe is involved in the
magnetic exchange interactions. On the other hand, [Fe-
(NCS)2(pyridine)2]n shows metamagnetic transition, which
means that for metamagnetic transition the intermediary of bpe
is not needed. To investigate this question in more detail the
compounds with identical coordination topology must be
prepared, in which the ferromagnetic chains are connected by
coligands that cannot mediate magnetic exchange interactions.
Therefore, this will be the subject of further investigations.
Relatively large interchain magnetic interactions in [Fe-

(NCS)2(bpe)]n may be responsible for the absence of slow
magnetic relaxation in this compound.

■ EXPERIMENTAL SECTION
Synthesis. FeSO4·7H2O and KNCS were obtained from Alfa

Aesar, and trans-1,2-bis(4-pyridyl)-ethylene was obtained from Sigma
Aldrich. All chemicals were used without further purification. All
crystalline powder were prepared by stirring the reactants in solution
for 3 days at room temperature. The residues were filtered off, washed
with water and diethyl ether, and dried in air. The identity and purity
of all compounds were checked by XRPD (see Figures S1−S2), EDAX
measurements (see Table S4), IR spectroscopy (see Figures S4−S7
and Table S2), and CHNS analysis.

Synthesis of [Fe(NCS)2(bpe)2·(bpe)] (1). A dark red polycrystal-
line powder of compound 1 was obtained by the reaction of
FeSO4·7H2O (47.1 mg, 0.15 mmol), KNCS (29.3 mg, 0.3 mmol), and
trans-1,2-bis(4-pyridyl)-ethylene (104.6 mg, 0.6 mmol) in 1 mL of
acetonitrile (see Figure S20). Yield based on FeSO4·7H2O: 105.9 mg
(98.3%). Calcd for C38H30FeN8S2 (718.68): C 63.51, H 4.21, N 15.59,
S 8.92. Found: C 63.25, H 4.14, N 15.33, S 8.97. IR (KBr): νmax =
2051 (s), 1601 (m), 1411 (m), 1413 (m), 1213 (m), 1009 (m), 962
(m), 830 (m), 813 (m), 548 (s), 482 (w) cm−1 (see Figure S4 and
Table S2).

Synthesis of [Fe(NCS)2(bpe)2(H2O)2] (2). A red crystalline
powder of compound 2 was prepared by reaction of FeSO4·7H2O
(69.5 mg, 0.25 mmol), KNCS (48.5 mg, 0.5 mmol), and trans-1,2-
bis(4-pyridyl)-ethylene (92.0 mg, 0.5 mmol) in 3 mL of water (see
Figure S20). Yield based on FeSO4·7H2O: 139.6 mg (97.6%). Calcd
for C26H24FeN6O2S2 (572.49): C 54.55, H 4.23, N 14.68, S 11.20.

Table 2. Comparison of Magnetic Properties for Three
Related Compounds: [Fe(NCS)2(bpe)]n (4),
[Fe(NCS)2(pyridine)2]n (A), and Fe(NCSe)2(pyridine)2]n
(B)5b,7

4 A B

Jintra (K) 1.3 1.32 2.0
D (K) 4 8 6.6
HC (Oe) 1300; 1775 1200 1300
slow relaxations not observed not observed observed
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Found: C 54.31, H 4.19, N 14.56, S 11.33. IR (KBr): νmax = 3414 (w),
2085 (s), 1608 (s), 1424 (m), 1013 (m), 971 (m), 826 (m), 548 (m)
cm−1 (see Figure S5 and Table S2).
Synthesis of [Fe(NCS)2(bpe)2] (3). This compound can only be

obtained as residue in the first TG step of the thermal decomposition
reaction of compound [Fe(NCS)2(bpe)2(H2O)2] (2). Calcd for
C26H20FeN6S2 (536.46): C 58.21, H 3.76, N 15.67, S 11.95. Found: C
58.24, H 3.64, N 15.41, S 12.52. IR (KBr): νmax = 3434 (w), 2100 (s),
2052 (s), 1605 (s), 1503 (w), 1424 (m), 1112 (m), 1015 (m), 829
(m), 619 (m), 553 (m) cm−1 (see Figure S7 and Table S2).
Synthesis of [Fe(NCS)2(bpe)]n (4). Single crystals suitable for X-

ray structure determination were obtained by the reaction of
FeSO4·7H2O (166.8 mg, 0.6 mmol), KNCS (116.5 mg, 1.2 mmol),
and trans-1,2-bis(4-pyridyl)-ethylene (27.6 mg, 0.15 mmol) in 1 mL of
water in a closed test tube at 120 °C for three days (see Figure S12).
On cooling, red single crystals were obtained. Large amounts of a light
red polycrystalline powder can be obtained by reaction of
FeSO4·7H2O (166.8 mg, 0.6 mmol), KNCS (116.5 mg, 1.2 mmol),
and trans-1,2-bis(4-pyridyl)-ethylene (110.4 mg, 0.6 mmol) in 4 mL of
water (see Figure S20). Yield based on FeSO4·7H2O: 208.7 mg
(98.2%). Calcd for C14H10FeN4S2 (354.23): C 47.47, H 2.85, N 15.82,
S 18.10. Found: C 47.32, H 2.75, N 15.63, S 19.72. IR (KBr): νmax =
2095 (s), 1606 (s), 1426 (m), 1015 (m), 969 (m), 826 (s), 551 (s),
466 (m) cm−1 (see Figure S6 and Table S2).
Spectroscopy. IR data were measured using an ATI Mattson

Genesis Series FTIR Spectrometer, control software: WINFIRST,
from ATI Mattson.
Elemental Analysis. CHNS analyses were performed using an

EURO EA elemental analyzer, fabricated by EURO VECTOR
Instruments and Software.
Differential Thermal Analysis and Thermogravimetry. DTA-

TG measurements were performed in nitrogen atmosphere (purity:
5.0) in Al2O3 crucibles using a STA-409CD thermobalance from
Netzsch. The instrument was calibrated using standard reference
materials. All measurements were performed with a heating rate of 4 K
min−1 and a flow rate of 75 mL min−1.
X-ray Powder Diffraction (XRPD). XRPD measurements were

performed using a PANalytical X’Pert Pro MPD reflection powder
diffraction system with Cu Kα radiation (λ = 154.0598 pm) equipped
with a PIXcel semiconductor detector from PANanlytical.
Energy Dispersive X-ray Analysis. EDAX measurements were

performed using a Philips XL30 ESEM which is equipped with an
EDAX device.
Mössbauer Spectroscopy. Mössbauer spectrum was recorded on

a self-constructed spectrometer using linear transmission geometry. As
the source rhodium-embedded 57cobalt with an activity of 25 mCurie
is used, and all Mössbauer parameters were calculated with respect to a
25 μm thick foil of iron.
Magnetic Measurements. Magnetic measurements were per-

formed using a PPMS (physical property measurement system) from
Quantum Design, which was equipped with a 9 T magnet, and using a
MPMS-2 SQUID (superconducting quantum interference devices)
from Quantum Design, which is equipped with a 7 T magnet. Some
measurements were also performed with a LakeShore ac suscep-
tometer/dc magnetometer, model 7225. Diamagnetic corrections were
applied with the use of the tabulated Pascal’s constants.
Single-Crystal Structure Analysis. All investigations were

performed with an imaging plate diffraction system (IPDS-2) with
Mo Kα radiation from STOE & CIE. The structure solution was done
with direct methods using SHELXS-97, and structure refinements
were performed against |F|2 using SHELXL-97.20 A numerical
absorption correction was applied using X-Red (Version 1.31) and
X-Shape (Version 2.11) of the Program Package X-Area.21 All
hydrogen atoms were positioned with idealized geometry and were
refined with fixed isotropic displacement parameters [Uiso(H) =
−1.2·Ueq(C)] using a riding model with dC−H = 0.95 Å. All non-
hydrogen atoms were refined with anisotropic refinement parameters.
Details of the structure determination are given in Table 3.
CCDC-907748 (4) contains the supplementary crystallographic

data for this paper. These data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.
uk/.
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Table 3. Selected Crystal Data and Results of the Structure
Refinement for [Fe(NCS)2(bpe)]n (4)

4

formula C14H10FeN4 S2
ratio M:L 1:1
MW/g mol−1 354.23
cryst syst triclinic
space group P1̅
a/Å 9.3012(8)
b/Å 9.4487(10)
c/Å 10.3283(9)
α/deg 113.787(11)
β/deg 108.046(10)
γ/deg 94.625(12)
V/Å3 767.37(12)
T/K 170(2)
Z 2
Dcalc./g·cm

−3 1.533
μ/mm−1 1.251
min/max transm 0.7269/0.8760
θmax/deg 28.06
measured reflns 5747
unique reflns 3509
reflns [Fo ≥ 4σ(Fo)] 2458
params 194
Rint 0.0316
R1a [Fo ≥ 4σ(Fo)] 0.0486
wR2b [all data] 0.01627
GOF 1.065
Δρmax, Δρmax/e·Å3 1.320/−0.672

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = [∑[w(Fo

2 − Fc
2)2]/

∑[w(Fo
2)2]]1/2.
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2009, 48 (14), 6896−6903. (g) Wriedt, M.; Sellmer, S.; Naẗher, C.
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Duyneveldt, A. J.; Gaura, R. M.; Landee, C. P.; Willett, R. D. Physica B
1981, 106 (1), 47−58. (c) Hoogerbeets, R.; Wiegers, S. A. J.; Van
Duyneveldt, A. J.; Willett, R. D.; Geiser, U. Physica B 1984, 125 (2),
135−149. (d) de Jongh, L. L.; Miedema, A. R. Adv. Phys. 1974, 23, 1.
(16) Chaudhuri, P.; Oder, K.; Wieghardt, K.; Gehring, S.; Haase, W.;
Nuber, B.; Weiss, J. J. Am. Chem. Soc. 1988, 110 (11), 3657−3658.
(17) Ostrovsky, S.; Haase, W.; Drillon, M.; Panissod, P. Phys. Rev. B
2001, 64 (13), 134418.
(18) (a) Narath, A. J. Phys. Soc. Jpn. 1964, 19, 2244−2245. (b) van
der Bilt, A.; van Duyneveldt́, A. J. Physica B 1978, 95 (3), 305−316.
(c) Narath, A. Phys. Rev. 1965, 139 (4A), A1221−A1227. (d) Narath,
A. Phys. Lett. B 1964, 13 (1), 12−13.
(19) Foner, S.; Frankel, R. B.; Reiff, W. M.; Wong, H.; Long, G. J. J.
Chem. Phys. 1978, 68, 4781−4783.
(20) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112−122.
(21) X-Area, Version 1.44, Program Package for Single Crystal
Measurements; STOE & CIE GmbH: Darmstadt, Germany, 2008.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302370n | Inorg. Chem. 2013, 52, 1061−10681068


