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Planar honeycomb-like coordination network {[Ni(cyclam)]3-
[W(CN)8]2}n (cyclam ) 1,4,8,11-tetraazacyclotetradecane) was
obtained in the self-assembly reaction of [Ni(cyclam)]2+ and
[W(CN)]83-. Its structure is characterized by void channels along
the a axis. The compound shows reversible water adsorption in
the temperature range of 25−40 °C with the formation of {[Ni-
(cyclam)]3[W(CN)8]2}n‚16nH2O, accompanied by single-crystal-to-
single-crystal transformation. The structural transformation signifi-
cantly changes the character of intraplane magnetic exchange
interactions.

To successfully compete with classical inorganic materials,
coordination compounds must offer a variety of functions
combined in one material, together with relative robustness
and an easy synthetic route. From the point of view of
multifunctionality, porosity is a very attractive feature of
coordination frameworks.1 Combining porosity with mag-
netic properties is a difficult task because high porosity in
coordination frameworks is usually realized by the use of
long bridging ligands, while magnetic exchange between
metal centers is favored by shorter distances. This problem
can be addressed by the use of organic radicals instead of
diamagnetic molecules as bridging ligands.2 Another ap-
proach is the incorporation of paramagnetic metal ions in
both the linker and connector of the structure.3 [Ni(cyclam)]2+

(cyclam ) 1,4,8,11-tetraazacyclotetradecane) is known to
react with hexacyanometalates to form two-dimensional
honeycomb-like structures, which show ferromagnetic cou-
pling at low temperatures and a changeable amount of water
of crystallization.4,5 We have previously observed reversible

dehydration in the materials obtained from [Ni(cyclam)]2+

and [MIV(CN)8]4- (M ) Mo, W).6 This prompted us to
investigate the reaction of [Ni(cyclam)]2+ with [MV(CN)8]3-.
Here we report on microporous magnetic coordination
network{[Ni(cyclam)]3[W(CN)8]2}n.

Slow diffusion of an ethanolic solution of [Ni(cyclam)]-
Cl2, prepared in situ from NiCl2 and cyclam, into an aqueous
solution of Na3[W(CN)]8 over 2 weeks resulted in a brown
crystalline product of the formula{[Ni(cyclam)]3[W(CN)8]2}n‚
pnH2O‚qnC2H5OH (p ) 14-15; q ) 0.5-1). The amount
of solvents of crystallization (determined by elemental
analysis)7 varied, depending on the exact synthesis conditions
and the size of the crystals. After drying at 40°C for 20
min, anhydrous product{[Ni(cyclam)]3[W(CN)8]2}n (1) was
obtained. When exposed to humid air at room temperature,
1 adsorbed a stoichiometric amount of water, giving{[Ni-
(cyclam)]3[W(CN)8]2}n‚16nH2O (2). The hydration-dehy-
dration process is fully reversible in the temperature range
of 25-40 °C and can be repeated several times without
noticeable damage to the crystal structure, which was
confirmed by single-crystal X-ray diffraction measurements.
Thermogravimetric analysis of1 (Figure S1 in the Supporting
Information) shows that the compound is stable to 180°C
when the first decomposition process begins with a sharp
peak in differential thermal analysis at 208°C and a mass
loss of 5.1% corresponding to the removal of three CN
groups. At 330°C, the final decomposition occurs. Dif-
ferential scanning calorimetry measurement on2 (Figure S2
in the Supporting Information) reveals an endothermal
process between-30 and+45 °C with a minimum at 29
°C. The heat of the process estimated at 706 kJ mol-1 gives
44 kJ mol-1 per water molecule, which is comparable to the
sublimation enthalpy of water of 50 kJ mol-1.* To whom correspondence should be addressed. E-mail: burda@

chemia.uj.edu.pl.
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The structure of2 was determined after sudden freezing
of the crystal to 100 K. Then the temperature was raised to
313 K to remove water, and the crystal was cooled again to
100 K in the flow of dry nitrogen and the structure of
anhydrous compound1 determined. The structure of18

consists of honeycomb-like layers spreading in the (101)
plane (Figure 1and S3 in the Supporting Information), with
each W ion positioned in grid nodes and surrounded by three
CN-Ni-NC connectors, binding it to neighboring nodes.
The W-C-N bonds are nearly linear (173.3-178.9°), while
Ni-N-C are significantly bent (149.7-158.1°), allowing
the Ni-cyclam planes to fit best into the available space.
The structure resembles those observed for Ni(cyclam)
hexacyanochromate(III)4 and -ferrate(III);5 however, a side
view (Figure 2) reveals a marked difference: while{[Ni-
(cyclam)]3[M(CN)6]2}n planes are corrugated, forming a
stairlike structure with right angles between the folds,{[Ni-
(cyclam)]3[W(CN)8]2}n planes are flattened, with an angle
between the folds of 146°. This alteration can be attributed
to the difference in the geometrical arrangement of cyano
ligands in hexa- and octacyanometalates. The presence of
five terminal CN ligands enables the formation of hydrogen
bonds to NH groups of cyclam. Eight such bonds additionally
link neighboring Ni and W ions, enhancing the stability of
the structure (Figure S4 in the Supporting Information). In
contrast, the interplane interactions are realized by only two
hydrogen bonds. The striking features of the structure are
empty channels of 5.4 Å diameter, going through the layers
along thea axis. The structure of211 (Figure 1) shows that
during the process of water inclusion the bond structure and
the conformation of cyclam are retained. The water molecules
are located exclusively in the channels, forming a net of

hydrogen bonds to N atoms of selected terminal cyano
groups. The incorporation of water molecules causes adapta-
tion of the structure, which is reflected by the difference in
the cell parameters.8,11 The most noticeable change is the
elongation in the [2,-2, 1] direction. The angle of the most
bent Ni3-N-C cyano bridge changes from 149.7° to 159.5°,
becoming more linear. It causes visible tilting of the cyclam
plane on Ni3 (Figure 1) and breaking of two out of the eight
intraplane hydrogen bonds. The increase in the cell volume
of 2.6% is attributed to the increase in the space occupied
by water: 30.3% of the crystal volume for2 compared to
26.9% void space in1 (calculated byPLATON12).

Magnetic measurements13,14 of 2 were performed on a
powdered sample encapsulated in gelatin and inserted into
the magnetometer at 150 K to ensure that the water content
was intact during purging of the sample space. The suscep-
tibility was recorded upon cooling in the field of 1000 Oe
(Figure 3), and then the magnetization was measured at 2 K
from 50 to 0 kOe (Figure 4). Then the same sample was
annealed in the magnetometer (at low pressure of He gas)
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Figure 1. Repeating motif in the structures of1 and2. View along thea
axis. Water molecules are omitted for clarity. Selected distances [Å] and
angles [deg]: W1-Ni2 5.285 (1) and 5.290 (2), W1-Ni3 5.181 (1) and
5.282 (2), W1-Ni4 5.233 (1) and 5.272 (2), W1-C-N(mean) 176.4 (1)
and 176.8 (2), Ni2-N11-C11 157.9(5) (1) and 161.0(6) (2), Ni3-N13-
C13 149.7(4) (1) and 159.5(6) (2), Ni4-N16-C16 158.1(4) (1) and 160.1-
(7) (2).

Figure 2. Structure of1. View along theb axis.

Figure 3. Temperature dependence oføΤ for 1 and 2. Inset: low-
temperatureø vs T showing distinct antiferromagnetic phase transitions.
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at 320 K for 15 min, giving anhydrous compound1, and
the same measurement sequence was repeated (Figures 3 and
4). We have also checked that, following the exposition of
1 sample to humid air at room temperature for 2 days, the
originally measured data points of2 were again reproduced.
Finally, the high-temperature susceptibility of2 was obtained
by placing the sample in the magnetometer and evacuating
the sample space at 300 K. The low-temperature results were
the same as those for frozen2, proving that evacuation did
not remove water. The high-temperature limit oføT for both
2 and1 is about 4.8 cm3 K mol-1 at 300 K, which is close
to the theoretical value of 4.4 cm3 K mol-1 calculated
assuming per formula unit three NiII (S) 1; gNi ) 2.2) and
two WV (S) 1/2; gW ) 2.0). As the temperature is lowered,
øT increases significantly for2 but only slightly for 1. In
both cases, a sharp peak is observed in theø(T) curve, at
8.0 K (2) and 5.0 K (1), which is characteristic for the phase
transition to an antiferromagnetically ordered structure. The
magnetization data obtained at 2 K show upturns at 12 kOe
(2) and 9 kOe (1), which also is typical for the ordered
antiferromagnetic structure undergoing a spin-flip transition.
At 50 kOe, the magnetic moment of2 is almost saturated at
a value close to the predicted 8.6â per formula unit of
ferromagnetically coupled spins, whereas the curve for1 is
much lower and far from saturation. This striking difference
in magnetic behavior between hydrated and anhydrous
compounds reflects the structural changes. It is known that
the sign and strength of the exchange interaction mediated
through -CN- bonds strongly depends on the bridge
geometry. The density functional theory calculations for
NiII-N-C-CrIII predict a ferromagnetic interaction between
two metal ions when Ni-N-C angles are greater than about
148° and an effective antiferromagnetic exchange for more
bent cyanide bridges.15 A similar situation takes place in the
case of NiII-N-C-WV bonds;16 the limiting angle may,
however, be different. For1, the intraplane exchange
interactions can be divided into two groups because of
significantly different Ni-N-C angles:J1 for Ni2-N11-

C11-W1 (157.9°) and Ni4-N16-C16-W1 (158.1°) and
J2 for Ni3-N13-C13-W1 (149.7°). In the hydrated com-
pound2, the Ni3-N13-C13 bridge is less bent (159.5°)
and, consequently,J2 becomes close toJ1. The ordering
temperature and the spin-flip field are determined in the
main respect by the weak interplane interactionJ′ because
three-dimensional exchange paths are necessary to obtain a
long-range magnetic ordering. In the case of2, the positive
J1 andJ2 and negativeJ′ lead to a structure with all spins in
one plane ferromagnetically ordered, while two neighboring
planes have opposite magnetization directions. In this situ-
ation, following the spin-flip transition, the magnetic
moment gradually saturates at the maximal value with all
spins aligned parallel. On the contrary, in1 the constantsJ1

andJ2 are of opposite signs, which leads to a ferromagnetic
or canted antiferromagnetic structure within every plane.
Thus, following the spin-flip transition of whole planes,
spins within one plane still need to be rotated by a much
stronger field to obtain full saturation of 8.6â. The temper-
ature dependence oføT above the phase transition is a net
result of all of theJ1, J2, andJ′ interactions. Thus, dominant
ferromagnetic interactions are observed for2, while for 1,
the effects ofJ1 andJ2 incidentally almost cancel. The model
sketched above qualitatively explains differences between
magnetic properties of1 and2. The numerical estimation of
J1 andJ2 from magnetic data is not straightforward because
exchange paths create the infinite two-dimensional magnetic
network. The net exchange interaction can be obtained by
fitting 1/ø(T) with the Curie-Weiss dependence 1/ø ) (T
- θCW)/C. Using the data above 50 K, we obtainedθCW )
14 K (2) and 6 K (1).

{[Ni(cyclam)]3[W(CN)8]2}n is a rare example of a coor-
dination network that shows reversible structural single-
crystal-to-single-crystal transformation upon inclusion of
water and can be classified as a third-generation microporous
material.1 Adsorbing water, the structure expands to accom-
modate more guest molecules; however, the changes are
small enough to allow the compound to retain its crystalline
form. Interestingly, the seemingly subtle structural transfor-
mation causes significant changes in the magnetic struc-
ture: from antiferromagnetically to ferromagnetically ordered
planes. The unusual dynamic stability of the framework and
easy way of tuning magnetic properties, together with a
straightforward synthetic procedure, make{[Ni(cyclam)]3-
[W(CN)8]2}n an interesting candidate for potential applica-
tions. The possibility of different guest molecule incorpo-
rations is currently under study.
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Figure 4. Magnetization of1 and2.
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