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The application of crystal-to-crystal transformations involving
dimensionality changes of coordination polymers to generate
dynamic magnetic systems is currently a challenging topic in
molecular materials research. Although a few crystal-to-crystal
transformations have been reported in recent years, very few
examples involving crystal-to-crystal transformations exhibiting
drastic changes in magnetic properties are known.1 It is usually
difficult to obtain high-quality transformed crystals after removal
of the bonded waters or solvents because of the collapse of the
framework.2 Herein, we present two new compounds, CoCl2(1,4-
dioxane)(H2O)2 (1) and CoCl2(1,4-dioxane) (2), which undergo a
crystal-to-crystal transformation from 1D chains in 1 into a 3D
diamondoid network in 2 accompanied by a drastic change in
magnetic properties.

There are two methods for obtaining compounds 1 and 2. One
is the solvothermal method, through which 1 and 2 can be obtained
separately. The other is the hydration/dehydration method. Crystals
of 1 allowed to dehydrate in dry air or at elevated temperatures
undergo a transformation to yield 2, and conversely, crystals of 2
allowed to hydrate in wet air can also be transformed into 1. These
transformations were confirmed by powder X-ray diffraction [see
the Supporting Information (SI)]. The crystal color, structure (shown
in Figure 1), and cell parameters of 1 and 2 are different.

1 consists of neutral chains of CoCl2(1,4-dioxane)(H2O)2 along
the a axis. Within the chain, the Co2+ ions are bridged by 1,4-
dioxane molecules in the chair conformation, as in ZnCl2(1,4-
dioxane)2 and ZnBr2(1,4-dioxane).3 Each unique Co2+ is octahe-
drally coordinated by two Cl-, two H2O, and two O atoms (one
from each of two 1,4-dioxane molecules) trans to each other. There
are hydrogen bonds between the H2O molecules and Cl- on
neighboring chains (O1-H3 · · ·Cl1, 2.29 Å/166°; O1-H5 · · ·Cl1,
2.26 Å/164°). The shortest intrachain Co-Co distance is 6.859 Å,
and the shortest interchain distance is 6.132 Å.

The diamondoid framework of 2, with nodes of Co-centered CoCo4

tetrahedra, differs from that of the previously reported MCl2(1,4-
dioxane) systems.3a,4 In each tetrahedron, a Co ion is located at the
center and at each of the apexes (Figure S6 in the SI). By sharing
metal apexes, these tetrahedra form a diamondoid framework in which
all of the metal atoms possess octahedral coordination geometry.
This feature is similar to what is observed in CdCl2(C4H8N2),
CdBr2(C4H8N2) and porous magnetic Mn3(HCOO)6.

1a,5 Each unique
Co2+ is octahedrally coordinated by four Cl- ions and one O atom
from each of two 1,4-dioxane molecules. Cl- ions bridge neighboring
Co ions to form a CoCl2 zigzag chain along the c axis. The Co-Cl-Co
angle of 93.70° is comparable to the angles of 93.14° in linear
CoCl2(H2O)2 and 93.10° in CoCl2(4,4′- bipyridine).6 The Co-Co
distance between Co ions bridged by Cl- is 3.570 Å, which is shorter
than Co-Co distance in the linear chains in CoCl2(bpy) (3.618 Å),
[(CH3)3NH]CoCl3 ·3H2O (3.637 Å), and the tetrameric compound
Co4Cl8(THF)6 (3.630-3.686 Å).6 The Co-Co distance between Co
ions connected by 1,4-dioxane is 7.137 Å. There are no weak
interactions such as hydrogen bonds in the diamondoid framework
of 2.

In the CoO4Cl2 and CoO2Cl4 octahedra in 1 and 2, respectively,
the Co-O and Co-Cl distances fall into the ranges reported for
octahedral compounds.6 The crystal structures suggest that the
transformation from 1 to 2 involves changes in the connecting mode
of Cl-, i.e., Cl- acts as a µ-bridge in 2, while the µ-bridges are
interrupted by H2O molecules in 1.

On the basis of the extensive hydrogen bonds between chains in
1 and the three-dimensional diamondoid framework in 2, long-
range magnetic ordering could be expected in 1 and 2.1,7

At 300 K, the �T value for 1 was 3.01 cm3 K mol-1, which is
significantly larger than the value of 1.875 cm3 K mol-1 expected for
an isolated, spin-only ion with S ) 3/2 and g ) 2.00 and close to a
Co2+O6 octahedron, as a result of the significant orbital contribution
of Co2+ ion due to strong spin-orbit coupling in an octahedral
environment.6h,i The �T value decreased upon cooling and then
increased rapidly below 4.4 K (Figure 2). The susceptibility data above
50 K fit the Curie-Weiss law well, giving Curie and Weiss constants
of C ) 3.44(1) cm3 K mol-1 and θ ) -27.0(6) K, respectively, with
R ) 9.31 × 10-5. The negative Weiss value indicates antiferromagnetic
interactions between Co2+ ions. The zero-field-cooled magnetization
(ZFCM) and field-cooled magnetization (FCM) showed irreversibility
below 3 K. The FCM of 1 was 146 cm3 G mol-1 at ∼2 K, and the
remanent magnetization (RM) clearly indicated the spontaneous
magnetization, reaching 13 cm3 G mol-1 at ∼2 K. This was further
confirmed by ac measurements at 10, 100, and 1000 Hz, in which an
increase in �′ and �′′ below 3.0 K and a very weak frequency
dependence were observed (Figure 3). The isothermal magnetization
was measured at 2 K. The magnetization increased quickly with
increasing field, reaching 0.242 N� at 250 Oe, and then increased
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Figure 1. Crystal structures and appearances of 1 and 2. Color code: Co,
blue; C, gray; O, red; Cl, green; H, light gray. Hydrogen bonds in 1 have
been omitted for clarity.
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slowly, reaching 1.86 N� at 50 kOe. This behavior may suggest the
existence of weak ferromagnetism in 1.1f The spin canting with a
canting angle of 0.04° could be attributed to the local acentrosymmetry
induced by hydrogen bonding, which is the requirement for the
Dzyaloshinski-Moriya interaction.8

For 2, at 300 K, the �T value was 3.52 cm3 K mol-1. The �T value
decreased slowly upon cooling and then increased rapidly at 6.2 K
(Figure 2). The susceptibility data above 50 K fit the Curie-Weiss
law well, giving Curie and Weiss constants of C ) 3.56(1) cm3 K
mol-1 and θ ) -3.9(3) K, respectively, with R ) 4.69 × 10-5. The
negative Weiss value indicates antiferromagnetic interactions between
Co2+ ions. The ZFCM and FCM showed an irreversibility below 6
K. The FCM was 102 cm3 G mol-1 at ∼2 K, and the RM reached 54
cm3 G mol-1 at ∼2 K. The isothermal magnetization at 2 K displayed
ferromagnetic behavior. The magnetization increased quickly, reaching
2.0 N� at 10 kOe, and then increased slowly, reaching 2.5 N� at 50
kOe. Saturation was not reached, but an extrapolated value of 3 N� at
>100 kOe could be estimated.

It is well-known that the octahedrally coordinated Co2+ ion is
most frequently Ising-like with Seff ) 1/2 at low temperature. Thus,
the 1D Ising chain model was applied to estimate the intrachain
ferromagnetic coupling (J) and the deviation of the total weak
effective interchain magnetic exchange (zJ′) in the diamondoid
framework of 2.9 The best-fit results from the susceptibility data
between 12 and 40 K are J ) 17.4(4) cm-1, zJ′ ) -0.082(5) cm-1,
and g ) 5.01(3) with R ) 1.43 × 10-6. The J value is larger than
in other reported µ-Cl-bridged Co compounds,6f and the ferromag-
netic coupling between µ-Cl-bridged Co2+ ions with Co-Cl-Co
angles larger than 90° has been documented.7 The difference

between J and zJ′ confirms the strong ferromagnetic interaction
through (µ-Cl)2 and the weak antiferromagentic interaction through
1,4-dioxane. The ferromagnetic ordering occurring at 6 K was
further confirmed by ac measurements with an amplitude of 1 Oe
and oscillation frequencies of 10, 100, 100 Hz in a zero-dc field
(Figure 3, inset). Τhe frequency-dependent behavior was observed
from 2 to 8 K, The shift in the peak temperature of �′′ is in the
range of that for spin glass.

The magnetic ordering temperature of 1 is lower than that of 2,
and the situation is totally different from that in the binary CoCl2 ·xH2O
system, in which the ordering temperatures increase with the increasing
H2O content.10 The anomaly may be ascribed to the Co-Co-distance-
dependent magnetic interactions in 1 and 2. Further experiments on
single-chain magnets from the MCl2(1,4-dioxane) system and detailed
magnetic structures of 1 and 2 are in progress.
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Figure 2. �T-vs-T plot for compounds 1 and 2 under an applied field of
100 Oe. Red solid lines are fits to the Curie-Weiss law. Insets: ZFCM/
FCM/RM of (bottom) 1 and (top) 2 at 10 Oe.

Figure 3. Isothermal magnetization plots for 1 and 2 at 2 K. Insets:
Temperature dependence of ac susceptibility for (bottom right) 1 and (top
left) 2 at an amplitude of 1 Oe and oscillation frequencies of (black) 10,
(red) 100, and (blue) 1000 Hz in a zero-dc field.
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