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Abstract: Structural flexibility is a remarkable characteristic of coordination polymers and significant for
the attainment of environmental responsivity. We have prepared a 2D cyanide-bridged MnIICrIII coordination
polymer, [Mn(NNdmenH)(H2O)][Cr(CN)6]‚H2O (1; NNdmen ) N,N-dimethylethylenediamine), with sophis-
ticatedly arranged removable water coligands. The compound clearly showed a reversible single-crystal-
to-single-crystal transformation between the 2D sheet and a 3D pillared-sheet framework of dehydrated
[Mn(NNdmenH)][Cr(CN)6] (1a). The structural change was reversible and accompanied with generation/
cleavage of CN-Mn bonds between 2D sheets by dehydration/hydration. Compounds 1 and 1a also
exhibited a ferrimagnetic ordering at 35.2 and 60.4 K, respectively, and the magnetic characteristics were
reversibly converted by guest adsorption/desorption. In addition, the dehydrated 1a demonstrated a size-
selective solvent adsorption linking chemi- and physisorption processes and shrinkage/expansion of its
framework. The flexible magnetic framework incorporating removable coligands delivered multifunctions
with chemical response.

Introduction

Reversible structural conversion is one of the key functions
for preparing environmentally responsive materials that show
specific outputs to external stimuli, e.g., light, heat, pressure,
guest, etc.1-4 How can we construct such a convertible structure?
Much effort has been devoted to establish a rational design for
such structures, but it is still a challenging issue, especially
producing reversibility.5-10

Coordination polymers (CPs) are among the promising
compounds for the achievement of reversible structural conver-
sions because they naturally provide structural flexibility as an
inherent characteristic of coordination bonds.11-14 In addition,
CPs can combine various components, e.g., bridging ligand,
metal ion, coligand, etc., with sophisticated design of their
frameworks, which is expected to be a platform for environ-

mentally responsive products. Above all, porous coordination
polymers (PCPs) are the most favorable candidates because their
large and versatile pores allow not only expansion/shrinkage
of their framework but also generation/cleavage of coordination
bonds associated with guest adsorption/desorption.15-26

To combine the physical and porous properties, the PCPs
exhibiting ordered magnetism, so-called porous magnets, have
been prepared.27-36 Guest adsorption/desorption act as chemical
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stimuli in the CP magnets’ (CPMs’) framework and provide
structural and magnetic modulation. Here, the single-crystal-
to-single-crystal (SCSC) transformation is particularly important
for gaining insights into the correlation between structure and
magnetic properties. However, there are still only a few
examples that deliver simultaneous and reversible SCSC and
magnetic conversion. To achieve this aim, we have focused on
the flexible open space between the 2D magnetic layers in
CPMs, in which interlayer interaction plays a major role in
controlling bulk magnetic properties and strongly correlates with
the interlayer topology and separation.37-41 In particular,
structural conversion from 2D to 3D, accompanied by the
generation of a new coordination bond, should result in major
magnetic changes with interlayer shrinkage and volume reduc-
tion. Such a material would be applicable for environmental
responsive molecular actuators, magnetic sensors, optical isola-
tors using magneto-optical properties, and so on. A sophisticated
molecular design is indispensable for such a structural conver-
sion, whereas the SCSC conversion in 2D/3D frameworks is
very few even in CPs so far.42,43

We have extensively studied and established a rational
synthesis method for cyanide-bridged CPMs by the use of
[M(CN)6]n- and various organic coligands.35,39,44-48 The revers-
ible magnetic conversion has been achieved in some CPMs by
the hydration/dehydration process, which highlighted that
incorporating removable coligands in the CPMs’ framework and
flexible cyanide-bridged linkages are crucial factors to deliver
the environmental responsivity.34,35,48-51 In this paper, we report
a 2D MnIICrIII ferrimagnet, [Mn(NNdmenH)(H2O)][Cr(CN)6]‚
H2O (1) (NNdmen ) N,N-dimethylethylenediamine), and an
anhydrous 3D ferrimagnet, [Mn(NNdmenH)][Cr(CN)6] (1a). A
reversible SCSC structural conversion is demonstrated between
these novel compounds, producing magnetic modulation and
size-selective guest adsorption. Removable water coligands that
are elaborately arranged on MnII sites play a key role for
reversible opening/closing of their pores accompanied with
generation/cleavage of coordination bonds.

Experimental Section

Syntheis of [Mn(NNdmenH)(H2O)][Cr(CN) 6]‚nH2O. MnCl2‚4H2O
(59 mg, 0.3 mmol) was dissolved in degassed water (10 mL) using a
standard Schlenk apparatus. An aqueous solution (5 mL) of NNdmen
(53 mg, 0.6 mmol) and an aqueous solution (5 mL) of K3[Cr(CN)6]

(65 mg, 0.2 mmol) were added to this solution in turn under Ar at
room temperature. A small excess of NNdmen is useful to avoid
immediate aggregation of [Cr(CN)6]3- and Mn2+ ions producing the
related Prussian blue-type compound, MnII

3[CrIII (CN)6]2‚nH2O. The
resulting turbid mixture was allowed to stand for over 2 weeks to obtain
pale-green crystals of [Mn(NNdmenH)(H2O)][Cr(CN)6]‚nH2O. They
were separated, collected by suction filtration, washed with water, and
dried inVacuo. All the operations for the synthesis were carried out in
the dark to avoid the decomposition of K3[Cr(CN)6]. The number of
lattice water molecules (n) fluctuated between one and two, depending
on the state of preservation, which was confirmed by the elemental
analysis, TGA, and the adsorption isotherm of H2O. The composition
was finally defined to be [Mn(NNdmenH)(H2O)][Cr(CN)6]‚H2O (1) by
consideration of all results. Yield: 16 mg (19%). Elemental analysis
(%) calcd for C10H19N8O3CrMn: C, 29.57; H, 4.71; N, 27.58. Found:
C, 29.73; H, 4.31; N, 27.65 (see Table S2). Selected FT-IR data [νCN/
cm-1] using KBr disk: 2155, 2131.

Physical Measurements.Elemental analysis of carbon, hydrogen,
and nitrogen was carried out on a Flash EA 1112 series, Thermo
Finnigan instrument. Infrared spectra were measured using KBr disks
with a Perkin-Elmer Spectrum 2000 FT-IR system. Variable-temper-
ature X-ray powder diffraction was carried out on a Rigaku RINT-
2000 Ultima diffractometer with Cu KR radiation. Thermogravimetric
analyses were recorded on a Rigaku Thermo plus TG 8120 apparatus
in the temperature range between 300 and 700 K under a nitrogen
atmosphere at a heating rate of 1 K min-1. TGA repeatability
measurements were performed in the temperature range 303-373 K
at heating and cooling rates of 5 K min-1. The adsorption isotherms of
H2O, MeOH, EtOH, and CH3CN at 298 K were measured with
BELSORP18 volumetric adsorption equipment from Bel Japan, Inc.
The anhydrous sample (1a) was obtained by treatment under reduced
pressure (<10-2 Pa) at 373 K for more than 10 h. Magnetic
measurements were carried out on a Quantum Design MPMS-XL5R
SQUID susceptometer. Samples were put into a gelatin capsule,
mounted inside straw, and then fixed to the end of the sample
transport rod. Diamagnetic correction was made with the Pascal’s
constants. The molar magnetic susceptibility,øM, was corrected for the
diamagnetism of the constituent atoms. DC magnetic measurements
were performed in the temperature range 2-300 K in an applied dc
field of 500 Oe. AC magnetic measurements were performed in the
frequency range 1-1000 Hz in an applied ac field of 3 Oe. Field
dependences of magnetization were measured in the field range 0-50
kOe at 2 K.

Crystal Structure Determination. X-ray diffraction data of1 and
1a were collected on a Rigaku Mercury CCD system with graphite-
monochromated Mo KR radiation (λ ) 0.710 70 Å). A single crystal
of 1 was mounted on a glass fiber with a thin coat of resin and kept at
243 K under flowing N2. All the structures were solved by a standard
direct method and expanded using Fourier techniques. Full-matrix least-
squares refinements were carried out using teXsan with anisotropic
thermal parameters for all non-hydrogen atoms.52 All the hydrogen
atoms were placed in the calculated positions and refined using a riding
model.

Crystal data for [Mn(NNdmenH)(H2O)][Cr(CN)6]‚H2O (1) at 243
K: pale-green crystals, C10H17CrMnN8O2, Mr ) 388.23, monoclinic,
space groupP21/n (No. 14),Z ) 4, a ) 7.681(3) Å,b ) 14.498(5) Å,
c ) 16.598(6) Å,â ) 97.326(5)°, V ) 1833(1) Å3, Dcalcd ) 1.407 g
cm-3, µ(Mo KR) ) 12.98 cm-1. R ) 0.076,Rw ) 0.079 (all data) and
R1 ) 0.061 (I > 2.0σ(I)). Crystal data for [Mn(NNdmenH)][Cr(CN)6]
(1a) at 343 K: pale-green crystals, C10H13CrMnN8, Mr ) 352.20,
monoclinic, space groupP21/c (No. 14),Z ) 4, a ) 7.85(1) Å,b )
14.31(3) Å,c ) 12.97(2) Å,â ) 90.10(3)°, V ) 1456.2(4) Å3, Dcalcd

) 1.606 g cm-3, µ(Mo KR) ) 16.15 cm-1. R ) 0.155,Rw ) 0.115 (I
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> 0.5σ(I)) and R1 ) 0.096 (I > 2.0σ(I)). The symmetry operations:
for 1 #1: 1/2 - x, 1/2 + y, 1/2 - z; #2: -1 + x, y, z; #3: 3/2 - x, 1/2 +
y, 1/2 - z; #4: 1/2 - x, -1/2 + y, 1/2 - z; #5: 1 + x, y, z; #6: 3/2 - x,
-1/2 + y, 1/2 - z; #7: -1/2 + x, 1/2 - y, 1/2 - z; #8: -1/2 + x, 1/2 -
y, -1/2 + z. For 1a #1: x, 3/2 - y, -1/2 + z; #2: 1 - x, -1/2 + y, 1/2
- z; #3: 1 + x, y, z; #4: 1 + x, 3/2 - y, -1/2 + z; #5: x, 3/2 - y, 1/2
+ z; #6: 1- x, 1/2 + y, 1/2 - z; #7: 1- x, y, z; #8: -1 + x, 3/2 - y,
1/2 + z.

Results and Discussions

Crystal Structure. [Mn(NNdmenH)(H2O)][Cr(CN)6]‚nH2O
was obtained as pale-green efflorescent crystals by the reaction
of K3[Cr(CN)6], MnCl2‚4H2O, and coligand (NNdmen) in a
deoxygenated aqueous solution at room temperature (Figure S1).
The crystal structures of [Mn(NNdmenH)(H2O)][Cr(CN)6]‚H2O
(1) and anhydrous form1a were determined by X-ray crystal-
lographic analyses. To prepare the anhydrous form1a, the
crystal of 1 was slowly and carefully heated to 343 K on
the glass fiber, and then the data were collected at 343 K.
Selected bond distances and angles of1 and 1a are listed in
Table S1.

The asymmetric unit of1 consists of [Mn(NNdmenH)-
(H2O)]3+ cation, [Cr(CN)6]3- anion, and a lattice water molecule
(Figure 1a). Both MnII and CrIII ions are in a pseudo-octahedral
geometry. Four cyano nitrogen atoms (N1, N2, N5, and N6) in
the equatorial position of [Cr(CN)6]3- coordinate to adjacent

MnII ions to form a 2D corrugated sheet structure on theab
plane (Figures 1c, 2a). The 2D corrugated sheets form 1D
channels segmented by NNdmen along thea-axis. The averaged
Mn-N bond distance and Mn-N-C bond angles are 2.205 Å
and 166.0°, respectively. Bent Cr-CN-Mn linkages (C2-N2-
Mn#4 ) 151.2(4)°, C6-N6-Mn#6 ) 161.0(4)°) form the
corrugated sheet. A water molecule is located at the axial
positions of the octahedral MnII ion as monodentate coligands.
An NNdmen is protonated and occupied the other axial position
of MnII as a cationic monodentate ligand in two disordered
configurations. The coordinated water coligand forms bidirec-
tional hydrogen bonds with a lattice water (O1‚‚‚O2#4 ) 2.829
Å) and a coordination-free cyano nitrogen atom (N3) in the next
sheet (O1‚‚‚N3#7 ) 2.753 Å). The lattice water molecules reside
in the space between the sheets forming bidirectional hydrogen
bonds with a water coligand and a coordination-free cyano
nitrogen atom (N4) in the next sheet (N4#8‚‚‚O2 ) 2.836 Å).
Only one lattice water was crystallographically determined,
which suggests that the other lattice water was partially released
and disordered under N2 flow conditions. The shortest intrasheet
Mn‚‚‚Mn, Cr‚‚‚Cr, and Mn‚‚‚Cr distances are 7.299, 7.378, and
5.239 Å, and those of the intersheet distances are 8.917, 8.133,
and 7.378 Å, respectively. The topology between the sheets is
adjusted by the hydrogen bond between the water coligand and
the coordination-free cyanide group (N3).

Figure 1. Asymmetric unit of [Mn(NNdmenH)(H2O)][Cr(CN)6]‚H2O (1; a) and [Mn(NNdmenH)][Cr(CN)6] (1a; b) with the atom numbering scheme and
projections of the 2D sheet of1 onto theac plane (c) and the 3D network of1a onto theab plane (d). NNdmenH coligands are omitted for clarity in (c) and
(d). Atoms: Mn (yellow), Cr (green), N (blue), O (red), C (gray).
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The crystal structure of1a was solved in space groupP21/c,
which is different from the case for1 (P21/n). Theb andc axes
in 1 correspond to thec and b axes in1a, respectively. The
asymmetric unit of1a consists of [Mn(NNdmenH)]3+ cation
and [Cr(CN)6]3- anion with no lattice and coordinated water
molecules (Figure 1b). The 2D corrugated sheet is formed on
the ac plane in a similar way to1 (Figures 1d, 2b). The water
coligand on MnII in 1 was removed by heating, and the cyano
nitrogen (N3#2) of [Cr(CN)6]3- on the adjacent sheet directly
bound to the MnII ion, instead of the water coligand. The
intersheet Cr-C3-N3-Mn linkages construct a 3D pillared-
sheet framework in the lattice (Figure 2b). The average
equatorial Mn-N bond distances and Mn-N-C angles are
2.212 Å and 163.4°, respectively. The topology of the 2D sheet
in 1 was carried on into1a. The shortest intrasheet Mn‚‚‚Mn,
Cr‚‚‚Cr, and Mn‚‚‚Cr distances are 6.958, 6.700, and 5.199 Å,
and the shortest intersheet distances are 7.164, 7.358, and 5.070
Å, respectively. The cell volume of1awas reduced by ca. 20%
compared with that of1 with remarkable shrinking in thebc
plane. It is remarkable that the bond angle of Cr-C3-N3 was
far from being linear (169.4(9)°), which means a structural strain
around [Cr(CN)6]3-. The new intersheet Mn#6-N3-C3 linkage
is also bent with a bond angle of 146.6(8)°. The bond angles of
intrasheet Mn#5-N2-C2 (155.0(10)°) and Mn#8-N6-C6 (154.4-
(9)°) linkages became larger than those of1. These three bent
Cr-CN-Mn linkages cause shrinkage in thebcplane and form
a narrow 1D channel based on a highly distorted Mn2Cr2
quadrangular gate (0.8× 1.6 Å2 based on van der Waals radii)
along thea-axis. These structural strains, flexible Cr-CN-Mn

linkages, and the existence of a narrow channel would be crucial
factors for the restoration to a 2D sheet of1 mentioned below.
Although the 1D channel is too narrow to admit guest molecules,
it is a key ingredient for guest-induced structural transformation
accompanied with breaking the Mn-N3 bond (opening the
gate). In addition, the single crystal1a gives the same crystal
parameter of1 after rehydration (1b).

Structural Stability. The TGA curve indicated a slight
weight loss around room temperature under N2 flow (Figure
3), which suggests that one of the lattice water molecules per
unit can be easily removed under low humidity conditions,
consistent with the X-ray crystallographic results. In the heating
process from 298 K, the TGA curve showed a weight loss of
ca. 8.8% around 343 K, which substantially corresponds to one
lattice water and one water coligand per unit. Therefore, the
number of lattice water molecules of1 is taken to be one,
because all measurements were carried out under N2 or He (low
humidity conditions). No additional weight loss was observed
while the sample was maintained at 373 K for 1 h. The
anhydrous1a showed no weight increase on cooling to 298 K
under N2. When1a was exposed in the open air or to water
vapor, it immediately reproduced the initial weight of1 almost
completely. Here, the rehydrated form is defined as1b for
convenience.1b was converted to1a again by heating to 373
K. The reversibility between1b and1a was confirmed many
times. The anhydrous1a was stable up to 500 K and decom-
posed on further heating (Figure 3, insert). To confirm the
simultaneous structural transformation with the dehydration/
hydration process and the framework stability of1, variable-
temperature X-ray powder diffraction (VT-XRPD) was per-
formed under vacuum in the temperature range 303-373 K
(Figure 4). The pattern of the as-synthesized1 showed good
agreement with the simulated pattern based on its X-ray crystal
structure. Upon heating, the pattern suddenly changed between
333 and 343 K, which agrees with the TGA results. The pattern
of the anhydrous form was consistent with the simulated pattern
generated by the crystallographic data of1a. This 3D network
of 1a was maintained upon cooling to 303 K under vacuum.
By exposure to air or water vapor at 303 K,1a immediately
reproduced the same XRPD pattern as1. The TGA and VT-
XRPD results clearly demonstrate a repetitive structural conver-

Figure 2. Projections of1 onto thebc plane (a) and1a onto thebc plane
(b).

Figure 3. TGA repeatability measurements of1. The sample of1 was
heated from 298 to 373 K at 5 K/min, maintained for 1 h, then cooled to
298 K at 5 K/min, and exposed to the atmosphere for 2 h. These processes
were performed three times. Insert is the one-way heating process of1 from
300 to 700 K at 1 K/min.
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sion between 2D [Mn(NNdmenH)(H2O)][Cr(CN)6]‚H2O (1, 1b)
and 3D [Mn(NNdmenH)][Cr(CN)6] (1a) by the dehydration/
hydration process.

Guest Adsorption. The adsorption isotherms of various
solvent vapors on anhydrous1awere measured at 298 K (Figure
5a). The profile of water adsorption shows a steep increase in
the low relative pressure (P/P0) region, which suggests a high
affinity of 1a for water. The saturated amount of water
adsorption of 2.3 mol/mol in the measurement time scale
(equilibrium time) 800 s) agrees with the results of TGA and
EA (Table S2), that is, one water coligand and one lattice water.
The desorption profile showed a large hysteresis, because of
restoration of the 2D structure. In the low relative pressure
region, a small and reproducible step was observed atP/P0 )
0.08, where the adsorption amount corresponds to one water
molecule per unit (Figure 5b). From the structural insights
gained for1 and 1a, it is assumed that the framework of1a
provides two kinds of water sorption sites, namely, (1) a
chemisorption site on the MnII ion and (2) a vacancy for
physisorption between the 2D sheets. By the above consider-
ations, the anomaly atP/P0 ) 0.08 should reflect the different
adsorption types. From the structural aspects, the narrow 1D
channels that are formed by Cr-C2N2-Mn, Cr-C3N3-Mn,
and Cr-C6N6-Mn linkages in1acan act as an accessible gate
to MnII sites upon breaking the Mn-N3 bond and expanding
the intersheet space. From these results, it is a reasonable
deduction that adsorption in the region lower thanP/P0 ) 0.08
occurred at the chemisorption site of (1) and the subsequent
adsorption is attributed to physisorption at (2) as lattice water.
The isotherm was analyzed using the Dubinin-Radushkevich
(DR) equation to estimate the zeolitic property of1a.53,54 The
DR plot of1ashowed a linear relationship in the lowP/P0 range,
which establishes the strong affinity for water (Figure S2).

In the case of MeOH adsorption, the profile showed a gradual
increase in the lowP/P0 region, an induction pressure ofP/P0

) 0.6 and absorption of ca. 1.5 mol of MeOH atP/P0 ) 0.95.
This behavior demonstrates that1a undergoes the same struc-

tural change to the water adsorption. Compared with the small
water molecule, the larger MeOH molecule needs a higher
induction pressure because of the narrow accessible space of
1a. In the desorption process, one MeOH remained per unit
even in the lowP/P0 region, which suggests that the MeOH
molecule can also access and coordinate to the Mn ion with
breaking of the Mn-N3 bond. It is also noted that1a showed
negligible EtOH and CH3CN adsorption in the time scale
(equilibrium time) 600-1200 s) at 298 K. This is because
these adsorbates are too large to proceed into the void space.
In addition, (i) the low affinity of the cyano nitrogen donation
to manganese(II) compared with oxygen and (ii) the rigid linear
shape of CH3CN are also crucial reasons for the CH3CN
shedding.

Magnetic Properties. To obtain insight into the structural
transformation by magnetic information, we successively mea-
sured magnetic data of1, 1a, and1b with the same samples.
The sample was placed in a gelatin capsule, mounted inside

(53) Dubinin, M. M.Chem. ReV. 1960, 60, 235.
(54) Lin, X.; Blake, A. J.; Wilson, C.; Sun, X. Z.; Champness, N. R.; George,

M. W.; Hubberstey, P.; Mokaya, R.; Schro¨der, M.J. Am. Chem. Soc.2006,
128, 10745.

Figure 4. Temperature dependence of the XRPD patterns for1. Crystalline
1 was heated from 303 K (a) to 373 K (d) and cooled to 303 K (e) under
vacuum conditions, then exposed to the atmosphere at 303 K (f). Simulated
patterns generated by X-ray crystallographic results for1 and1a are also
presented.

Figure 5. Adsorption and desorption isotherms for vapor adsorption in
1a. (a) Water (red), MeOH (blue), EtOH (green), and CH3CN (orange) at
298 K in the relative pressure range from 10-3 to 1.0 (9 and 0 express
adsorption and desorption process, respectively).P/P0 is the relative pressure,
where saturated vapor pressures,P0, at 298 K are 3.53 kPa for water, 16.94
kPa for MeOH, 7.87 kPa for EtOH, and 11.79 kPa for CH3CN. (b)
Expansion in the low relative pressure region for the water adsorption
isotherm.
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straw, and then fixed to the end of the sample transport rod.
Anhydrous1a was prepared by heating at 400 K for 7 h in the
SQUID sample chamber after measurement of1. The released
water from1 was effectively purged from the sample space by
vacuuming and He substitution at 400 K to measure the
magnetic properties of1a. After measurement of1a, the
capsulated sample was aerated sufficiently before being used
for measurement as1b.

The dc magnetic susceptibilities of1, the anhydrous1a, and
the rehydrated form1b are shown in the form oføM vs T and
µeff vs T plots (Figure 6 and Table S3). TheøM value per MnII-
CrIII unit of 1 was 0.0217 emu‚mol-1 (7.22 µB) at room
temperature, which agrees well with the spin-only value (0.0208
emu‚mol-1, 7.07 µB) expected for magnetically isolated MnII

(S ) 5/2) and CrIII (S ) 3/2) ions. Theµeff value gradually
decreased with decreasing temperature to reach a minimum
value of 5.67µB at 84 K, and thenµeff increased rapidly below
50 K to a maximum value of 51.1µB at 28 K. The 1/øM vs T
plot in the temperature range of 300-150 K obeys the Curie-
Weiss law with a Weiss constantθ of -164 K, which suggests
the operation of an antiferromagnetic interaction between
adjacent MnII and CrIII ions through cyanide bridges. The rapid
increase inµeff suggests a ferrimagnetic ordering, which was
determined accurately as 35.2 K by the weak-field magnetiza-
tion, the dM/dT differential plot, and the ac magnetic suscep-

tibility (Figures S3, S6). The out-of-phase signal of ac suscep-
tibility ( øM′′) clearly showed the magnetic ordering at 35.2 K
and also indicated a secondary peak around 12 K. The behavior
below TC reflects a change in magnetic domain structure.55,56

1a also showed a typical ferrimagnetic ordering at higherTC

(60.4 K) than that of1 (Figures S4, S7). The Weiss constantθ
was calculated as-160 K in 300-150 K. AC susceptibilities
of 1a showed a single peak at 60 K and no anomaly was
observed around 35 K, which clearly suggests that1a contains
a single magnetic phase without contamination of1. The
remarkable increase ofTC in 1a can be roughly explained by
considering molecular field theory, which is expressed as eq
157,58

wherenCr and nMn mean the number of the nearest magnetic
centers around Cr and Mn ions, respectively,SCr andSMn are
the spin quantum numbers of the metals,J is the exchange
interaction constant, andkB is the Boltzmann constant. The
increase of the number of the nearest magnetic centersn, that
is, high dimensionality, is the effective factor for the increase
in TC in 1a; e.g., (nCr, nMn) ) (5, 5) for 1a, while (nCr, nMn) )
(4, 4) for 1. The absolute value of|J| also strongly contributes
to TC, which is the product of overall magnetic interaction and
represented as (|Jintra|2|Jinter|)1/3 for a 2D structure, whileJ )
Jintra for an ideal 3D structure, whereJintra is the through-bond
interaction andJinter is the through-space interaction, and|Jinter|
, |Jintra|. However, compared with1, |Jintra| in the 2D sheet of
1a should be decreased because the Cr-CN-Mn linkages are
remarkably bent, which means a decrease in the overlap integral
between the dπ orbitals of the Cr and Mn ions. The intersheet
Cr-C3N3-Mn linkage is also far from linear, which provides
weak Jintra but stronger thanJinter in 1. The structural strain
provides a negative contribution toTC. Therefore, the increase
in TC in 1a is the result of the overall contribution of the
parametersnCr, nMn, andJ.

After rehydration, it is worth emphasizing that theøM vs T
plot of 1b almost fully traces the initial profile of1. The ac
susceptibility results showed the generation of single-phase
magnetic structure withTC ) 35 K (Figures S5, S8). One of
the major reasons for the difference between1 and1b is a slight
structural difference concerning the number of lattice waters,
which would affect the propagation of the magnetic domain
between the 2D sheets. Judging from the VT-XRPD and
magnetic results,1b can be essentially identified as1, and the
reversible interlocked structural and magnetic conversions were
achieved. The reversible magnetic performance between1aand
1b was confirmed repeatedly. (Figure 6a, inset).

The field dependence of the magnetization curves of1 and
1a at 2 K showed a rapid increase to saturate above 10 kOe
(Figure S9). The saturation magnetization values per MnIICrIII

unit at 50 kOe are 2.12 (1), 2.15 (1a), and 2.11 (1b) Nâ, which
correspond to the valueST ) 2/2 expected for antiferromag-
netically coupled MnII and CrIII ions with an averageg value
of 2.17 (1), 2.19 (1a), and 2.17 (1b), respectively. The larger

(55) Salah, M. B.; Vilminot, S.; Andre´, G.; Richard-Plouet, M.; Mhiri, T.; Takagi,
S.; Kurmoo, M.J. Am. Chem. Soc.2006, 128, 7972.

(56) Coronado, E.; Go´mez-Garcı´a, C.; Nuez, A.; Romero, F. M.; Waerenborgh,
J. C.Chem. Mater.2006, 18, 2670.

(57) Néel, L. Annals Phys.1948, 3, 137.
(58) Kahn, O.Molecular Magnetism; VCH: Weinheim, 1993.

Figure 6. (a) Temperature dependence of molar magnetic susceptibility
øM for as-synthesized form1 (red), dehydrated form1a (blue), and
rehydrated form1b (green) in an applied dc field of 500 Oe. The insert
demonstrates the reversibleTC switching by dehydration/hydration treat-
ments (red/blue arrows, respectively). (b) Temperature dependence of
effective magnetic momentµeff for 1 (red),1a (blue), and1b (green).

TC ) 2(nCrnMn)
1/2|J|{SCr(SCr + 1)SMn(SMn + 1)}1/2/3kB (1)
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gradients of theM vs H curves than the Brillouin function for
ST ) 2/2 strongly support the ferrimagnetic ordering in these
compounds.

The magnetic hysteresis loops at 2 K are given in Figure 7.
The remnant magnetization and coercive field (Hc) of 1 are
extremely small (640 emu‚mol-1 and 12 Oe, respectively),
resembling those of other MnIICrIII compounds.44,45 The soft-
magnet type hysteresis loop must be associated with the isotropic
electronic configuration of MnII and CrIII ions. The hysteresis
loop of 1a was slightly broadened with anHc of 60 Oe by the
structural change. It is notable that the hysteresis shapes of1
and 1b are essentially the same, which also supports the
reversible magnetic change associated with the structural
transformation. The small differences between1 and1b in the
low-field region are also reflected in the above-mentioned small
structural difference.

Conclusion

We have successfully prepared a novel guest-responsive
ferrimagnetic coordination polymer, [Mn(NNdmenH)(H2O)][Cr-
(CN)6]‚H2O (1). Initially, the 2D sheet was formed with

removable water and protonated NNdmen coligands in the axial
positions of the MnII ion. The 2D sheet of1 showed an SCSC
structural transformation to the 3D pillared-sheet framework of
[Mn(NNdmenH)][Cr(CN)6] (1a) by elimination of the water
coligands, a formation of a new Cr-CN-Mn linkage between
the neighboring sheets, and shrinkage of the intersheet space.
The anhydrous1a swiftly adsorbed two water molecules per
formula unit and reconstructed the 2D sheet (1b), which is
almost identical to1. Reversible structural and magnetic
conversion between1 and 1a accompanied with generation/
cleavage of Mn-N bond was also confirmed by TGA, VT-
XRPD, and various magnetic results. Adsorption measurements
demonstrated characteristic chemi- and physisorption processes
toward water with high affinity and size selectivity of guest
molecules (MeOH, EtOH, and CH3CN). The cyanide-bridged
CPM 1 clearly demonstrated a guest response with changing
magnetic output. The simultaneous achievement of reversible
structural and magnetic changes and specific chemical respon-
sivity will open a new route to develop the environmentally
responsive materials. We also believe that the flexible magnetic
hosts will be evolved to a multifunction platform based on
correlation between physical properties of the hosts and guests.
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Figure 7. Magnetic hysteresis loops for1 (red),1a (blue), and1b (green)
at 2 K (the solid lines are for visualization).
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