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Low-temperature magnets derived from [M{N(CN)2}2(pm)] (M = FeII, CoII) have guest molecules incorporated in
the clearance of the three-dimensional framework, where pm stands for pyrimidine. A pm molecule in
[Fe{N(CN)2}2(pm)](pm) (1) was characterized as a guest by means of X-ray crystallographic analysis. The guest mole-
cules as well as the host N(CN)2 skeletons are disordered in [Fe{N(CN)2}2(pm)](guest) (guest = EtOH (2), n-PrOH (3),
1/2 n-BuOH (4)) and also in [Co{N(CN)2}2(pm)](guest) (guest = EtOH (5), n-PrOH (6)). The ac and dc magnetic sus-
ceptibility measurements on randomly oriented polycrystalline samples of 1–6 revealed that they were weak ferromagnets
(canted antiferromagnets) below TN. The single-crystal magnetization measurements clarified the TN’s and the cant angles
at 2 K as follows: TN ¼ 5:6 K, � ¼ 1:3� (H k c) for 1; TN ¼ 3:3 K, � ¼ 16� (H k c) for 2; TN = ca. 2 K, � ¼ 7:1� (H k b)
for 5. The magnetic ground state seems to be related with single-ion anisotropy of the metal ions and the spin canting may
take place as a combined result of the axial or in-plane anisotropy and antiferromagnetic interaction. The incorporated
guest molecule tunes the single-ion anisotropy of the host metal ions, and consequently the magnetic phase transition phe-
nomena were drastically different depending on the guest molecules.

There have been numerous reports on infinite metal–organic
polymeric frameworks involving N-donor bridging ligands.1

We have reported the magnetism of pyrimidine (pm)-bridged
transition metal complexes in connection with the high-spin
m-phenylene-bridged poly-carbenes and -radicals2 and also
the versatile utility of pm as a supramolecular synthon.3 The
role of pm as a magnetic coupler has been clarified to depend
on the magnetic orbitals on the metal ions and the coordination
geometries.4,5 Various magnets have also been reported that
contain d-transition metal ions and polycyano-anion bridges
such as N(CN)2

�.6,7 Ternary systems attract much attention.
Some peculiar crystal structures have been reported for
[Mn{N(CN)2}2](pz)]

8 and [Cu{N(CN)2}2(pz)],
9 where pz

stands for pyrazine. We have already reported the transition
metal complexes containing both pm and N(CN)2

� bridges,
namely, [MII{N(CN)2}2(pm)] (M = Fe,10 Co,10 Ni11)
(Chart 1). Recently, we also developed the azide-bridged com-
plexes, [MII(N3)2(pm)] (M = Mn, Fe, Co, Ni), having a similar
pillared-layer structure (Fig. 1) and a comparably higher TN.

12

These metal dicyanamides and related ternary systems have of-
ten been characterized as canted antiferromagnets (weak ferro-
magnets),6,7,10–13 and the origin of spin canting became of cur-
rent interest.14

Self-assembled complexes also attract attention for nano-po-
rous materials that find potential applications in many areas
(gas absorption for instance).1 Porous magnets enable us to ex-
amine possible control of the magnetism by means of supramo-
lecular techniques.15 The specimen of [M{N(CN)2}2(pm)] pre-
pared from an ethanol solution was revealed to contain ethanol
molecules as a guest.10 We have examined the solvent-depend-
ence of the magnetic properties for the ‘‘solvated magnets’’ of
[Fe{N(CN)2}2(pm)], since preparation from various solvents
gave isomorphous compounds with only slight structural mod-
ification.16 To investigate origins of the spin canting in
[M{N(CN)2}2(pm)]-type compounds, we planned to study
their single-crystal magnetic properties by varying the transi-
tion metal ions and guest molecules. Here we will concisely re-
view the crystal structures of the host-guest compounds and the
magnetic properties of randomly oriented polycrystalline sam-

Chart 1.

Fig. 1. Schematic drawing of the crystal structure of
[M(X)2(pm)] (M = MnII, FeII, CoII, NII; X = N(CN)2

�,
N3

�).
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ples for [M{N(CN)2}2(pm)](guest).10,11,16 A possible origin of
the spin canting will be discussed after we describe the magnet-
ic ordering phenomena on a single crystal of selected com-
pounds.

Results

Crystal Structures. The X-ray crystal structure analysis re-
veals that the crystals of 1–6 are isomorphous, belonging to a
space group orthorhombic Pnma. The cell parameters are sum-

marized in Table 1, together with the composition determined
from elemental analysis. Figures 2(a) and 2(b) show the ORTEP
drawings of the [Fe{N(CN)2}2(pm)] moiety in 1 as a host skel-
eton. There is only one Fe ion in an asymmetric unit. Each oc-
tahedral Fe ion resides at an inversion center and is coordinated
by four nitrile N atoms at the equatorial sites and by two pm N
atoms at the axial sites. The FeII and two N(CN)2

� ions con-
struct a two-dimensional network parallel to the ac plane
(Fig. 2(a)). The pm molecules bridge inter-sheet Fe ions along

Table 1. Cell Parameters of [M{N(CN)2}2(pm)](guest) (1–6)aÞ

Compound 1 2 3 4 5 6bÞ

M Fe Fe Fe Fe Co Co
guest pyrimidine ethanolcÞ propanolcÞ 1/2 butanolcÞ ethanolcÞ propanolcÞ

a/ �A 13.0061(5) 12.917(1) 12.597(5) 12.9486(7) 12.8586(4) 12.768(3)
b/ �A 12.3550(4) 12.0440(6) 12.001(6) 12.2052(6) 11.9268(4) 12.121(2)
c/ �A 9.2235(4) 9.2575(8) 9.461(4) 9.4499(6) 9.2126(2) 9.292(2)
V/ �A3 1482.1(1) 1440.2(2) 1430(1) 1493.5(2) 1412.86(7) 1438.1(9)
Dcalcd/g cm

�3 1.560 1.449 1.523 1.584 1.491 1.530
T/K 90 100 90 90 100 90

a) The space groups are orthorhombic Pnma with Z ¼ 4 unless otherwise noted. Pm stands for pyrimidine.
b) Only the cell parameters were determined. c) Determined by elemental analysis (C, H, N).

Fig. 2. (a,b) ORTEP drawings of [Fe{N(CN)2}2(pm)](pm) (1), viewed along the b axis (a) and a axis (b). Thermal ellipsoids are
drawn at the 50% probability level for non-hydrogen atoms. The guest pyrimidine molecules are omitted for the sake of clarity. A
one-dimensional Fe–pm chain is shaded in (b). (c) A stereo-view of the crystal structure of 1. Pm stands for pyrimidine.
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the b axis to form a trans zigzag Fe–pm chain, as indicated by
the shaded pm rings in Fig. 2(b). Thus, the N(CN)2

� and pm
moieties contribute �-1,5-bridged two-dimensional and �-
1,3-bridged one-dimensional structures, respectively, con-
structing a three-dimensional framework (Fig. 1).

Important geometries are described for 1. Four nitrile nitro-
gen atoms are coordinated at the equatorial sites with the Fe–
Nnitrile distances of 2.126(1) and 2.141(1) �A, and by two pm ni-
trogen atoms at the axial sites with the Fe–Npm distance of
2.219(1) �A. The Nnitrile–Fe–Npm angles range from 88.87(5)
to 91.13(5)�. The amide nitrogen atom does not participate in
coordination. The central C–N–C angle is 120.3(1)�, the N–
C�N angles are 173.4(2) and 173.7(2)�, and the C�N–Fe an-
gles are 163.6(1) and 167.1(1)�. The Fe���Fe separation of
6.1775(2) �A across the pm bridge is shorter than the intra-sheet
Fe���Fe separation of 7.9723(2) �A across the N(CN)2

� bridge,
and accordingly the pm bridge may afford a principal magnetic
exchange pathway. Owing to the strong directionality of the pm
lone-pairs, the elongated octahedral axes of neighboring Fe
ions are relatively inclined by 118�.

The guest molecule in 1 was characterized to be an uncoor-
dinated pm (Fig. 2(c)). The hydrogen atoms in the guest pm
were experimentally found and the positional parameters were
optimized successfully. The analysis revealed no disorder of
the nitrogen position. Although the R factors in the refinement
were satisfactorily lowered, thermal ellipsoids in the guest pm
are somewhat larger, even at 90 K, than those in the host. The
site occupancy of the guest pm was refined to be almost unity,
in good agreement of the elemental analysis.

The [Fe{N(CN)2}2(pm)] skeletons are essentially the same
among 1–4, except for the small change of the cell lengths
(Table 1). The solvent molecules in 2–4 were found in differ-
ence Fourier maps but their positional and thermal displace-
ment parameters could not be completely determined owing
to disorder. In addition to the guest disorder, the skeletal
N(CN)2

� bridges in 2–4 also showed disorder. The detailed
crystal structure of 2 measured at 100 K was published else-
where.10 The equatorial Fe–Nnitrile distances are 2.138(4) and
2.142(4) �A, and the axial Fe–Npm distance is 2.202(4) �A. The
Nnitrile–Fe–Npm angles range from 89.6(2) to 90.4(2)�. The
intra- and inter-sheet Fe���Fe separations are 7.9458(5) and
6.0220(3), respectively.

The crystal structure of 5 is also isomorphous to that of 2.10

The guest ethanol molecules and the host N(CN)2
� bridges are

disordered. The Co–Nnitrile bond lengths are 2.103(4) and
2.105(4) �A and the Co–Npm bond length 2.154(4) �A. The slight-
ly elongated octahedron was characterized with the pm nitro-
gen atoms at the axial positions, in the same way as 1 and 2.
The intra- and inter-sheet Co���Co separations are 7.9091(2)
and 5.9634(2), respectively. The metal–nitrogen bond lengths
for 1, 2, and 5 are summarized in Table 2. The Co–N bond
lengths are shorter than the Fe–N bond lengths in an isomor-
phous series,5 and accordingly the cell volume of 5 is smaller
than that of 2.

Magnetic Properties for Polycrystalline Samples. We
measured field-cooled magnetization (FCM), remnant magnet-
ization (RM), and zero-field-cooled magnetization (ZFCM) of
randomly oriented polycrystalline specimens of 1–4. The tem-
perature dependence of the FCMs at 5 Oe showed clear upsurg-

es at about 5.6, 3.7, 4.6, and 3.6 K for 1–4, respectively, and,
after the applied field was removed, the RMs disappeared at
the same temperatures. The FCM results are summarized in
Fig. 3(a). We measured the ac magnetic susceptibility (Figs.
3(b) and 3(c); �ac

0 and �ac
00 for the real and imaginary parts,

respectively) of 1–4. As Fig. 3(b) shows, the �ac
0 measurements

(100 Hz) exhibited peaks at 5.6, 3.3, 4.4, and 3.6 K, respective-
ly, supporting the occurrence of the magnetic phase transition.
We found no frequency dependence of TN.

In order to clarify the nature of magnetism below TN, we
measured M–H curves at 2.0 K for the polycrystals of 1–4.
As reported in the previous communication,10 the FeII ion in
2 has a high-spin state (S ¼ 2) and dominant antiferromagntic
interactions were clarified with a negative Weiss temperature
(�7:0 K) in the paramagnetic phase. Figure 4 shows that 1–4
behave as weak ferromagnets, as indicated by spontaneous
magnetizations (MS) in a low field region. Stepwise saturation
behavior was observed, the origin of which can be proposed as
spin-flip transition from a canted antiferromagnetic phase to a
canted ferromagnetic phase. The smaller MS implies a smaller
cant angle in a canted antiferromagnetic phase, and after a pos-
sible spin-flip transition the saturation magnetization should be
larger in a canted ferromagnetic phase. This interpretation is
supported by comparison of the M–H curve of 1 with those of
2–4. TheMS of 1 was the smallest and the strong antiferromag-
netic nature seems responsible for the small �ac

0 and�ac
00 peaks

of 1. The MS’s at 2.0 K were found to be 0:2� 103 and 5:8�
103 ergOe�1 mol�1 for 1 and 2, respectively, indicating that the
cant angles for 1 and 2 are 0.6 and 14� at the ground state. The
coercive fields were<20 Oe, indicating a soft character of 1–4.
Small hysteresis-like behavior was found during the metamag-
netic transition, but it is not intrinsic because the single-crystal
magnetic study exhibited no hysteresis behavior (see below).

The magnetic properties of 5 have been described else-
where.10 The antiferromagnetic interactions among the high-
spin CoII ions (S ¼ 3=2) were characterized for 5 with a nega-
tive Weiss temperature of �4:4 K.10 The magnetization curve
measured at 2.0 K showed an MS of 2:5� 103 ergOe�1 mol�1

(Fig. 5(a)), indicating the cant angle of 7�. The coercive field
was <20 Oe. The transition temperature was near 2.0 K, as de-
termined by the FCM, RM, and ZFCM measurements together
with the �ac

0 and �ac
00 measurements. The [Co{N(CN)2}2-

(pm)](guest) series also exhibited guest dependence of the
magnetic phase transition phenomena. Actually, the sample
prepared from propanol (6) showed theM–H curve with a more
distinguished metamagnetic transition than that for 5 (Fig.
5(b)). The MS of 6 at 2.0 K was almost the same as that of 5.
The transition temperature of 6 was 2.1 K, as determined by
the FCM, RM, ZFCM, and ac susceptibility measurements.

Table 2. The Metal–Nitrogen Bond Lengths ( �A) of
[M{N(CN)2}2(pm)](guest) (1, 2, and 5)

Compound 1 2 5

M Fe Fe Co
guest pyrimidine ethanol ethanol
M–Nnitrile 2.126(1) 2.138(4) 2.103(4)

2.141(1) 2.142(4) 2.105(4)
M–Npm 2.219(1) 2.202(4) 2.154(4)
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However, the Co series is supposed to be rather inadequate for
the detailed study of the guest dependence because the TN’s
were too low for us to measure their magnetic properties pre-
cisely on our apparatus.

Magnetic Properties for Single-Crystal Samples. We
measured FCM, RM, and ZFCM of a single crystal of 1. As
Fig. 6(a) shows, only when an external field was applied paral-
lel to the crystallographic c axis did the magnetization show an
obvious upsurge near TN (5.6 K) upon cooling. The estimated
mass of the single crystal specimen was 0.0475 mg. A rather

large magnetic field (500 Oe) was applied because sufficient
SQUID responses were recorded for the small crystal. Some
biases were found for the data measured at the applied field par-

Fig. 3. (a) Field-cooled magnetization of 1–4 measured at 5
Oe. (b,c) Temperature dependence of �ac

0 (b) and �ac
00 (c)

for 1–4 (� ¼ 100 Hz). Comparison of relative intensity is
valid in the arbitrary scale.

Fig. 4. (a–d) M–H curves of 1–4 measured at 2.0 K. Solid
lines are shown for a guide to the eye.
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allel to the b and a axes and these are not essential; the magnet-
ization upsurge is very small so that these biases seemed rela-
tively large. Small kinks are found in the data measured with
H k a and H k b but these are negligible within experimental
error since the crystal was mounted manually under a micro-
scope.

One may wonder whether the small ferromagnetic compo-
nent observed for the polycrystalline samples is intrinsic in
the crystal structure, especially for 1 showing the extremely
small spontaneous magnetization (MS). If we argue from the
above results, however, the highly anisotropic FCM upsurge
observed can be attributed genuinely to the crystal of 1 and
not to impurities that contaminate.

This experiment clearly tells us that the spin canting direc-
tion is the c axis, and the magnetic easy axis is expected to re-
side perpendicular to that axis. We measured the precise angu-
lar dependence of FCM as a function of a rotation angle within
the ac and bc planes. We found that they showed monotonic be-
havior and that the maximum and minimumwere located just at
the axis directions.

Figure 6(b) shows the M–H curves for 1 with the applied
fields parallel to the a, b, and c axes. The magnetization along
the c axis was the most insensitive to the applied field. This
finding indicates that the magnetically hard axis should be as-
signed to the c axis, in good agreement of the canting direction
determined from the FCM results. We can find an S-shaped
magnetization curve in the data of H k b. Therefore the mag-

netic structure of 1 at the ground state was described as a dom-
inantly antiferromagnetic structure along the b axis with a small
spin canting toward the c direction. The anisotropic bulk mag-
netism with respect to the magnetic unique b axis may be relat-
ed to the Ising (Sz) spin character of the Fe

II ion (see Discussion
section). The angle of spin canting was estimated to be 1.3� to-
ward the c axis from the basal alignment on the b axis.

We similarly measured anisotropic properties in the FCM
and M–H curves for 2. Interestingly, the angular dependence
of 2 was quite different from that of 1 despite the isomorphous
crystals with the same metal ions. Figure 7(a) shows the FCM
results on 2 at 500 Oe when the magnetic fields were applied
along the a, b, and c axes. The magnetization due to spin cant-
ing was observed for the measurement with H k c just like 1,
and also relatively small magnetization for the measurement
with H k b. Practically no magnetization was observed in the
measurement with H k a. Figure 7(b) shows the M–H curves
for 2 with the applied fields parallel to the a, b, and c axes.
An MS was clearly observed in the data of H k c, and the data
of H k a traced an S-shaped curve typical of metamagnetic be-
havior, obviously indicating that the a and c axes can be defined

Fig. 5. (a,b) M–H curves of 5 and 6 measured at 2.0 K.
Solid lines are shown for a guide to the eye.

Fig. 6. (a) Field-cooled magnetization measurements of a
single crystal of 1 with the applied fields of 500 Oe parallel
to the a, b, and c axes. (b) Magnetization curves of 1 at 5 K
with the applied field parallel to the a, b, and c axes. Solid
lines are shown for a guide to the eye. Inset depicts the
relation between the crystal habit and axis directions.
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as magnetically easy and hard axes, respectively. On the other
hand, the data on H k b shows both features; i.e., the presence
of MS near 0 Oe and an S-shaped transition around 30 kOe. In
general, MS due to the spin canting should be observed in the
perpendicular direction of dominant anitferromagnetic mo-

ments, but such a simple scheme can not explain the behavior
of H k b.

To clarify the magnetic structure when a magnetic field is ap-
plied along the b axis, we measured the angular dependence of
FCM of 2. Figure 7(c) shows the plot of the magnetization after
a field-cooled process from 4.5 to 1.8 K at 50 Oe for each angle
measurement. The c axis direction shows a maximum of mag-
netization and the b axis direction a minimum. The observed
magnetization was substantial even at the minimum (parallel
to the b axis) in the bc plane. Since the magnetization minima
were assigned to be the a axis in both ab plane and ac plane,
appreciable magnetization was present in any direction within
the bc plane. This finding suggests an Sxy character of Fe

II spins
in 2 (see Discussion section). Assuming that the spin is canted
toward the c axis direction, one can estimate the cant angle to
be 16�.

We investigated the FCM andM–H curves of a single crystal
of 5, which contain cobalt(II) ions in place of iron(II) ions of 2
in an isostructural crystal. Figure 8(a) shows the FCM results
on 5 at 500 Oe. The magnetizations due to spin canting were

Fig. 7. (a) Field-cooled magnetization measurements of a
single crystal of 2 with the applied fields of 500 Oe parallel
to the a, b, and c axes. (b) Magnetization curves of 2 at 2.0
K with the applied fields parallel to the a, b, and c axes. (c)
Angle dependence of the field-cooled magnetization of 2 at
1.8 K. Solid lines are shown for a guide to the eye.

Fig. 8. (a) Field-cooled magnetization measurements of a
single crystal of 5 with the applied fields of 500 Oe parallel
to the a, b, and c axes. (b) Magnetization curves of 5 at 2.0
K with the applied fields parallel to the a, b, and c axes.
Solid lines are shown for a guide to the eye.
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observed for the data on the b and c axes, and no magnetization
was observed for the data on the a axis. It should be noted that
the largest magnetization was found for the data in H k b for 5,
in sharp contrast to the largest magnetization in H k c for 2.
Figure 8(b) shows the M–H curves for 5. MS’s were observed
in the b and c axis directions and S-shaped magnetization
curves were obtained along the a and c axes. Thus, the a and
b axes can be defined as magnetically easy and hard axes, re-
spectively. Anomalous behavior of H k c showing both MS

and metamagnetic behavior are found for 5, like H k b in 2,
but the roles of the b and c axes are exchanged between 2
and 5. The cant angle was estimated as 7.1� from the data of
H k b.

Discussion

We have found that the magnetic phase transition phenom-
ena of 1–4, such as the transition temperatures (TN), metamag-
netic transition critical fields, and the spontaneous magnetiza-
tions (MS) (which correlate to the cant angles of spins), depend
on the guest molecules from the experimental results on 1–4.
Actually, the TN’s of 1 and 2 were determined to be 5.6 and
3.3 K, respectively. The TN difference of 2.3 K is relatively
large in a liquid He temperature region. The magnetic proper-
ties are ascribed only to the host of the [M{N(CN)2}2(pm)]
skeleton, but the guest molecule affects the structure of the
host. The coordination geometries around the metal ions are
most likely deformed by the strain of the host through van
der Waals repulsive or attractive interactions between the host
and guests. The presence of the van der Waals interactions is
supported by the disorder of the host N(CN)2 skeletons in the
compounds that include alcohol and by orderly arranged pm
in 1. This deformation may give rise to changes of single-ion
properties (see below) as well as changes of the magnitude of
spin–spin exchange coupling.

The present compounds [M{N(CN)2}2(pm)](guest) are
weak ferromagnets with a low coercive field and a very large
ferromagnetic component (spontaneous magnetization) corre-
sponding to a cant angle of up to 16� for 2. This is one of the
largest values reported. Such a large spin canting has been ob-
served and well discussed for the non-centrosymmetric crystals
such as [MCl2(pm)2] (M = Fe,17 Co18) and [Fe(N3)2(bpy)] (bpy
= 4,40-bipyridyl).19 However, the present compounds belong to
a centrosymmetric Pnma space group. The magnetic structure
might be acentric as a sublattice. Now we discuss possible ori-
gins of the spin cantings and ground spin structures in 1, 2, and
5 which significantly differs from each other. The difference
between 1 and 2 is interesting in particular because 1 and 2
are isomorphous with the same metal ions. As described above,
their single-crystal magnetic study revealed that the magnetic
structures of the ground state were essentially different.

As for 1, the anisotropy of the FCM andM–H curves may be
basically interpreted in terms of the single-ion anisotropy. If we
assume that FeII ions in 1 have an axial anisotropy, i.e., that the
effective zero-field splitting (D) is negative, the moment on FeII

tends to turn in the axial direction. We use the D parameter for
convenience in discussion, though it is not accurately defined
for iron(II) ions. The axial anisotropy is suggested for the cant-
ed antiferromagnet [FeCl2(pm)2]

17 and for other FeII coordina-
tion compounds.20

The X-ray crystallographic study indicates that the FeII ion
has an elongated octahedron and that the pm nitrogen atoms
are coordinated at the axial positions (Table 2). The pm bridge
works as an antiferromagnetic coupler when pm nitrogen atoms
are coordinated to form �-type orbital overlaps between the
metal eg orbitals and nitrogen n orbital on both sides, leading
to an antiferromagnetic superexchange through the pm molecu-
lar orbitals.5 This interaction favors the antiparallel spin align-
ment between the neighboring spins. On the other hand, the pm
has a rigid direction of 120� between two lone pairs and accord-
ingly the axial anisotropy favors a 120� alignment across the
pm bridge (Fig. 9(a)). As a consequence, from a balance of
two contributions, J < 0 and D < 0, the spin is canted with
an angle between 0 and 60�. As Fig. 2(b) shows, the pm–Fe zig-
zag chain is located almost on the bc plane, and the axial direc-
tion is nearer the b axis than the c axis. Therefore, this interpre-
tation is consistent with the observed magnetic anisotropy; the
dominant antiferromagnetic structure is defined to be the b axis
and the spin canting direction is the c axis.

Table 2 shows slight changes of the metal–nitrogen bonds
between 1 and 2. In 2, one of the equatorial Fe–Nnitrile bonds
is longer, while the axial Fe–Npm bond is shorter, than those
in 1. The single-ion anisotropy of FeII may be changed by the
geometrical changes around the FeII coordination sphere. The
experimental results on 2 and 5 indicate that the moment can
easily rotate depending on the direction of the applied magnetic
field. This finding suggests the xy-character of the spin, i.e., the
metal spin has an in-plane anisotropy (effectively D > 0) in 2
and 5.

The spin of CoII in 5 favors residing at the equatorial plane as
depicted in Fig. 9(b). When an external magnetic field was ap-
plied parallel to the a axis, the moment can rotate and form an
antiparallel alignment in the �a directions. This situation fully
satisfies the requirement, J < 0 and D > 0, and accordingly 5
behaves as a genuine antiferromagnet along the a axis. When
an external field was applied in the b direction, the antiferro-
magnetic structure is ruled by a competition between J < 0

and D > 0. In a low field region, the antiferromagnetic struc-
ture is formed along the a axis, and the residual moment due
to the spin canting can be observed in both b and c directions.
On the other hand, with an increase of the applied field, the spin
can rotate in an equatorial plane. The antiferromagnetic interac-
tion favors the 180� alignment, but the in-plane anisotropy al-
lows the 120� alignment. The cant angle becomes between 0�

and 60�. This situation was observed as the principal antiferro-
magnetic structure along the c axis with the spin canting toward
the b axis. Actually the experimental results on 5 can be ex-
plained by the above argument. The in-plane anisotropy of
the CoII ion has been discussed recently.21

The Sxy-characters were found in 2 and 5 but the roles of the
b and c axes are changed. The reason is not clear so far. The a
axis is unique and the b and c axis characters are similar to each
other for 2 and 5. Both 2 and 5 have the severe disorder of
N(CN)2 bridges,10 which brings about a further deformation
of the metal coordination sphere. The degree of the disorder
may affect the magnitude and direction of in-plane anisotropy
in 2 and 5. One possibility is that the in-plane anisotropy of
FeII ions in 2 is not located in the equatorial plane defined by
the crystallographic bond lengths. Nevertheless, the experimen-
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tal results suggest the in-plane anisotropy of FeII in 2, leading to
the following conclusion: the guest molecule tunes the single-
ion anisotropy of the host. Consequently, the magnetic phase
transition phenomena were drastically different depending on
the guest molecules.

The transition temperatures (TN’s) of 2, 5, and the nickel(II)
analogue [Ni{N(CN)2}2(pm)](H2O)

11 were 3.6, 2.0, and 8.3 K,
respectively. We have reported another isomorphous series of
[MCl2(pm)2], whose TN’s are 6.1, 4.4, and 16 K for M =
Fe,17 Co,18 and Ni,17 respectively. Interestingly, the dependen-
ces of TN upon metal ion species are parallel to each other. Fur-
thermore, the transition temperatures of [M{N(CN)2}2] (M =
Fe: TN ¼ 18:5 K; M = Co: TC ¼ 9:2 K; M = Ni: TC ¼ 20:6
K)6 show a similar tendency of the metal ion dependence.
These findings support the conclusion that the transition phe-
nomena are dominantly affected by the single ion properties.
However, the proposed mechanism can only account for mag-
netic behavior within a pm-bridged zigzag chain. Problems
about bulk residual moments surviving in a centrosymmetric
crystal still remain.

Conclusion

Nano-porous materials generally tend to form interpenetrat-
ed structures, such as the nested rutile-like compounds,6–8 or to
include small guest molecules, as shown in the present study. In
the latter case, we have a chance to control the physical proper-

ties of the host compounds by means of supramolecular tech-
niques. We have shown that the solvated magnets
[M{N(CN)2}2(pm)](guest) are characterized as weak ferro-
magnts (canted antiferromagnets): 1 (M = Fe, guest = pm),
TN ¼ 5:6 K, � (cant angle) = 1.3� at 2 K with H k c; 2 (M =
Fe, guest = ethanol), TN ¼ 3:3 K, � ¼ 16� at 2 K with H k c;
5 (M = Co, guest = ethanol), TN = ca. 2 K, � ¼ 7:1� at 2 K
with H k b. The proposed mechanism of spin-canting based
on the single-ion anisotropy is plausible. The Sz-character is
suggested for the iron(II) ions in 1 for the definite anisotropic
magnetization observed. On the other hand, the Sxy-character
should be taken into consideration for the iron(II) ions in 2
and the cobalt(II) ions in 5 because the anisotropic magnetiza-
tion measurements indicated that the spin could rotate accord-
ing to the applied field. The magnetic phase transition phenom-
ena were tuned by the guest molecules. The origin of the tuning
is the variable single-ion anisotropy of the metal ions, which is
susceptible to delicate coordination geometry changes.

Experimental

Preparation of Single Crystals. [Fe{N(CN)2}2(pm)](pm)
(1): An aqueous solution (6 mL) containing pm (0.11 g; 1.4
mmol) and NaN(CN)2 (0.25 g; 2.8 mmol) was added to an aqueous
solution (2 mL) containing FeCl2�4H2O (0.28 g; 1.4 mmol). The
mixture was allowed to stand for a day at room temperature to give
yellow single crystals of 1. Elemental analysis, X-ray crystallo-

Fig. 9. Schematic drawings of the spin structures for 1 (a) and 5 (b).
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graphic analysis, and magnetic measurements of these compounds
were done immediately after the isolation on a filter. In some cases
practically colorless thin needles were obtained as a by-product;
these were characterized as an isomeric one-dimensional com-
pound [Fe{N(CN)2}2(pm)2].

22

[Fe{N(CN)2}2(pm)](EtOH) (2): Pm (0.080 g; 1.0 mmol) and
NaN(CN)2 (0.18 g; 2 mmol) were dissolved in a mixed solvent of
ethanol (5 mL) and water (5 mL) and added to an aqueous solution
(5 mL) containing FeCl2�4H2O (0.20 g; 1.0 mmol). The mixture
was allowed to stand for a day at room temperature to give yellow
single crystals of 2. The single crystals of 3 and 4 were similarly
prepared from n-PrOH–H2O (1/4), and n-BuOH–H2O (1/15)
mixed solutions, respectively, by using pm/NaN(CN)2/FeCl2 with
a ratio of 1/2/1.

[Co{N(CN)2}2(pm)](EtOH) (5): Pm (0.080 g; 1.0 mmol) and
NaN(CN)2 (0.18 g; 2 mmol) were dissolved in a mixed solvent of
ethanol (5 mL) and water (25 mL) and added to an aqueous solu-
tion (5 mL) containing CoCl2�6H2O (0.24 g; 1.0 mmol). The mix-
ture was allowed to stand for two days at room temperature to give
pink single crystals of 5. The single crystals of 6 were similarly
prepared from a n-PrOH–H2O (1/10) mixed solvent.

Elemental Analysis. Elemental analysis (C,H,N) on a Fisons
EA-1108 by a usual combustion method revealed that the compo-
sition formulae were [Fe{N(CN)2}2(pm)](guest), where guest =
pm, EtOH, n-PrOH, and (n-BuOH)1=2 for 1–4, respectively, and
[Co{N(CN)2}2(pm)](guest) where guest = EtOH and n-PrOH for
5 and 6, respectively. Anal. Calcd for 1: C, 41.4; H, 2.3; N,
40.2%. Found: C, 40.6; H, 2.2; N, 40.8%. Calcd for 2: C, 38.2;
H, 3.2; N, 35.7%. Found: C, 38.6; H, 3.2; N, 36.6%. Calcd for 3:
C, 39.3; H, 3.4; N, 33.3%. Found: C, 40.3; H, 3.7; N, 34.2%. Calcd
for 4: C, 40.6; H, 3.4; N, 35.0%. Found: C, 39.4; H, 3.0; N, 36.7%.
Calcd for 5: C, 37.2; H, 3.4; N, 39.8%. Found: C, 37.5; H, 3.4; N,
39.9%. Calcd for 6: C, 38.9; H, 3.3; N, 34.1%. Found: C, 39.9; H,
3.7; N, 33.8%.

X-ray Crystallographic Analysis. Diffraction data of single
crystal of 1 were collected on a Rigaku R-axis RAPID diffractom-
eter with graphite monochromated MoK� radiation (� ¼ 0:71069
�A) at 90 K. The structures were directly solved by a heavy-atom
Patterson method in the teXsan program package.23 Numerical ab-
sorption correction was used. All of the hydrogen atoms could be
found in difference Fourier maps, and the parameters of the hydro-
gen atoms were included in the refinement. The thermal displace-
ment parameters were refined anisotropically for non-hydrogen
atoms and isotropically for hydrogen atoms. Full-matrix least-
squares methods were applied using all of the unique diffraction
data. The selected data for 1 are: C12H8Fe1N10, orthorhombic,
Pnma, a ¼ 13:0061ð5Þ, b ¼ 12:3550ð4Þ, c ¼ 9:2235ð4Þ �A, V ¼
1482:1ð1Þ �A3, Z ¼ 4, Dcalc ¼ 1:560 g cm�3, � ¼ 1:033 mm�1,
R1ðI > 2�ðIÞÞ ¼ 0:0265, and Rw(all data) = 0.0707, for 1771 dif-
fractions (2� � 55�) at T ¼ 90 K. The crystallographic data of 1 in
a cif format have been deposited with the CCDC (# 222024). The
detailed results of the crystal structure analysis on 2 and 5 have
been described elsewhere.10 The analyses on 3 and 4were also suc-
cessful and their cell parameters were refined using all of the reflec-
tion data.

Magnetic Measurements. Dc and ac magnetic susceptibilities
of polycrystalline samples of 1–6 were measured on Quantum De-
sign MPMS SQUID and PPMS magnetometers equipped with 7
and 9 T coils, respectively, in a temperature range down to 1.8
K. The magnetic responses were corrected with diamagnetic blank
data of the sample holder measured separately. The diamagnetic
contribution of the sample itself was estimated from Pascal’s con-

stant. Ac magnetic susceptibilities were measured on a PPMS ac/
dc magnetometer. An ac magnetic field (amplitude: 10 Oe, fre-
quency: 100, 1000, and 10000 Hz) was applied to polycrystalline
samples.

Single-crystal magnetization data of 1, 2, and 5 were obtained
on the SQUID magnetometer. The sample was mounted inside
on a probe tube with a slight amount of Apiezon H grease and
the crystal axis was carefully oriented under a microscope. The
crystal planes were defined with Miller indexes by means of X-
ray diffraction, and the crystallographic axes could be assigned
in a single crystal. The needle-like crystal was characterized with
(0�1 0) basal planes and (�1 0�1) lateral faces. The sample mass
was estimated from the sample dimensions and the density (Dcalc in
the X-ray diffraction study) and also from comparison of the mag-
netization averaged over the three axes with that of the randomly
oriented polycrystalline sample.
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