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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 Mn"Cr'" coordination
polymer, [Mn(NNdmenH)(H-O)][Cr(CN)g]-H20 (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)e] (1a). The structural change was reversible and accompanied with generation/
cleavage of CN—Mn bonds between 2D sheets by dehydration/hydration. Compounds 1 and 1la 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 mentally responsive products. Above all, porous coordination
Reversible structural conversion is one of the key functions POlymers (PCPs) are the most favorable candidates because their

for preparing environmentally responsive materials that show [ar9€ and versatile pores allow not only expansion/shrinkage
specific outputs to external stimuli, e.g., light, heat, pressure of their framework but also generation/cleavage of coordination

guest, etd=4 How can we construct such a convertible structure? bonds associated with guest adsorption/desorpoi.

Much effort has been devoted to establish a rational design for 10 combine the physical and porous properties, the PCPs
such structures, but it is still a challenging issue, especially €Xhibiting ordered magnetism, so-called porous magnets, have
producing reversibility: 10 been preparet—36 Guest adsorption/desorption act as chemical

Coordination pOIVm?rS (CPS) are among the promising (15) M&inen, S. K.; Melcer, N. J.; Parvez, M.; Shimizu, G. K.€hem. Eur—
compounds for the achievement of reversible structural conver- ~ J. 2001, 7, 5176.

sions because they naturally provide structural flexibility as an (16) Yemura, K.; Kitagawa, S.; Kondo, M.; Fukui, K.; Kitaura, R.; Chang, H.-

C.; Mizutani, T.Chem—Eur. J. 2002 8, 3586.
inherent characteristic of coordination bortéis'* 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-

(1) Irie, M. Chem. Re. 200Q 100, 1685.
(2) Halder, G. J.; Kepert, C. J.; Moubaraki, B.; Murray, K. S.; Cashion. J. D.
Science2002 298 1762.
(3) Kitaura, R.; Seki, K.; Akiyama, G.; Kitagawa, 8ngew. Chem. Int. Ed.
2003 42, 428.
(4) Maji, T. K.; Matsuda, R.; Kitagawa, SNature Mater.2007, 6, 142.
(5) Matsumoto, A.; Odani, TMacromol. Rapid Commur2001, 22, 1195.
(6) Hu, C.; Englert, UAngew. Chem., Int. ER005 44, 2281.
(7) Zhang, J.-P.; Lin, P.-P.; Zhang, W.-X.; Chen, X.-M.Am. Chem. Soc.
2005 127, 14162.
(8) Chu, Q.; Swenson, D. C.; MacGillivray, L. Rngew. Chem., Int. E2005
44, 3569.
(9) Varshney, D. B.; Gao, X.; Fi&&, T.; MacGillivray, L. R.Angew. Chem.,
Int. Ed. 2006 45, 646.
(10) Eubank, J. F.; Kravtsov, V. C.; Eddaoudi, M. Am. Chem. SoQ007,
129 5820.
(11) Yaghi, O. M.; O’'Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.;
Kim, J. Nature 2003 423 705.
(12) Hosseini, M. W.Coord. Chem. Re 2003 240, 157.
(13) Kitagawa, S.; Kitaura, R.; Noro, S.Angew. Chem., Int. EQR004 43,
2334.
(14) Feey, G.; Mellot-Dranznieks, C.; Serre, C.; Millange, F.; Dutour, J.; Surble
S.; Margiolaki, I.Science2005 309, 2040.
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(21) Maji, T. K.; Mostafa, G.; Matsuda, R.; Kitagawa, &.Am. Chem. Soc.
2005 127, 17152.
(22) Takaoka, K.; Kawano, M.; Tominaga, M.; Fujita, Mngew. Chem., Int.
Ed. 2005 44, 2151.
(23) Takamizawa, S.; Nakata, E.-i.; AkatsukaAhgew. Chem., Int. EQ006
45, 2216.
(24) Takamizawa, S.; Kojima, K.; Akatsuka, Thorg. Chem 2006 45, 4580.
(25) Brandshaw, D.; Warren, J. E.; Rosseinsky, MSdience2007, 315, 977.
(26) Heo, J.; Jeon, Y.-M.; Mirkin, C. AJ. Am. Chem. So@007, 129, 7712.
(27) Coronado, E.; GaleMascafs, J. R.; Gmez-Gar@a, C. J.; Laukhin, V.
Nature 200Q 408 447.
(28) Maspoch, D.; Ruiz-Molina, D.; Wurst, K.; Domingo, N.; Cavalliano, M.;
Biscarini, F.; Tejada, J.; Rovira, C.; VecianaNht. Mater.2003 2, 190.
(29) Feey, G.Nat. Mater.2003 2, 136.
(30) Ohkoshi, S.; Arai, K.; Sato, Y.; Hashimoto, Kat. Mater.2004 3, 857.
(31) Wang, Z.; Zhang, B.; Fujiwara, H.; Kobayashi, H.; Kurmoo, ®hem.
Commun2004 416.
(32) Kurmoo, M.; Kumagai, H.; Chapman, K. W.; Kepert, CChem. Commun.
2005 3012.
(33) Cui, H.; Wang, Z.; Takahashi, K.; Okano, Y.; Kobayashi, H.; Kobayashi,
A. J. Am. Chem. So@006 128 15074.
(34) Ohkoshi, S.; Tsunobuchi, Y.; Takahashi, H.; Hozumi, T.; Shiro, M.;
Hashimoto, K.J. Am. Chem. So2007, 129, 3084.
(35) Yanai, N.; Kaneko, W.; Yoneda, K.; Ohba, M.; Kitagawa,JSAm. Chem.
S0c.2007, 129, 3496.

10.1021/ja074915q CCC: $37.00 © 2007 American Chemical Society



Reversible Structural and Magnetic Conversions ARTICLES

stimuli in the CP magnets’ (CPMs’) framework and provide (65 mg, 0.2 mmol) were added to this solution in turn under Ar at
structural and magnetic modulation. Here, the single-crystal- room temperature. A small excess of NNdmen is useful to avoid

to-single-crystal (SCSC) transformation is particularly important immediate aggregation of [Cr(CHj~ and Mr¢" ions producing the
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

related Prussian blue-type compound, "ME&r'" (CN)g]-nH,0. The
resulting turbid mixture was allowed to stand for over 2 weeks to obtain
pale-green crystals of [Mn(NNdmenH){&)][Cr(CN)]-nH.O. They
were separated, collected by suction filtration, washed with water, and

magnetic conversion. To achieve this aim, we have focused ONgried invacua All the operations for the synthesis were carried out in

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 separatidn?' 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 ) )
d Physical MeasurementsElemental analysis of carbon, hydrogen,

tors using magneto-optical properties, and so on. A sophisticate

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 fd#:43

We have extensively studied and established a rational
synthesis method for cyanide-bridged CPMs by the use of
[M(CN)g]"™ and various organic coligandé394448 The revers-

the dark to avoid the decomposition o§[Kr(CN)e]. The number of
lattice water molecules fluctuated between one and two, depending
on the state of preservation, which was confirmed by the elemental
analysis, TGA, and the adsorption isotherm @OHThe composition
was finally defined to be [Mn(NNdmenH)@®)][Cr(CN)g]-H20 (1) by
consideration of all results. Yield: 16 mg (19%). Elemental analysis
(%) calcd for GoH1oNsOsCrMn: C, 29.57; H, 4.71; N, 27.58. Found:
C, 29.73; H, 4.31; N, 27.65 (see Table S2). SelectedIRTdata pcn/
cm1] using KBr disk: 2155, 2131.

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 FTR system. Variable-temper-
ature X-ray powder diffraction was carried out on a Rigaku RINT-
2000 Ultima diffractometer with Cu & 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

ible magnetic conversion has been achieved in some CPMs byatmosphere at a heating raté & K min~%. TGA repeatability

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 responsivi#3>48-51 |n this paper, we report

a 2D Mr'Cr!' ferrimagnet, [Mn(NNdmenH)(ED)][Cr(CN)g]-
H20 (1) (NNdmen= N,N-dimethylethylenediamine), and an
anhydrous 3D ferrimagnet, [Mn(NNdmenH)][Cr(Ci\j1a). A

measurements were performed in the temperature range 33K

at heating and cooling rate$ ® K min~. The adsorption isotherms of
H>O, MeOH, EtOH, and CECN at 298 K were measured with
BELSORP18 volumetric adsorption equipment from Bel Japan, Inc.
The anhydrous sampld &) was obtained by treatment under reduced
pressure €102 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,

reversible SCSC structural conversion is demonstrated betweennounted inside straw, and then fixed to the end of the sample
these novel compounds, producing magnetic modulation andtransport rod. Diamagnetic correction was made with the Pascal's
size-selective guest adsorption. Removable water coligands thatonstants. The molar magnetic susceptibility, was corrected for the

are elaborately arranged on Mrsites play a key role for
reversible opening/closing of their pores accompanied with
generation/cleavage of coordination bonds.

Experimental Section

Syntheis of [Mn(NNdmenH)(H;O)][Cr(CN) ¢]-nH20. MnCl*4H,0O
(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) gfG£(CN)g]

(36) Cheng, X.-N.; Zhang, W.-X.; Lin, Y.-Y.; Zheng, Y.-Z.; Chen, X.-Mdv.
Mater. 2007, 19, 1494.

(37) Nakatani, K.; Bergerat, P.; Codjovi, E.; Mathoniere, C.; Pei, Y.; Kahn, O.
Inorg. Chem.1991, 30, 3978.

(38) Turner, S.; Kahn, O.; Rabardel, I. Am. Chem. So0d.996 118 6428.

(39) Ohba, M.; Gawa, H.; Fukita, N.; Hashimoto, YJ. Am. Chem. S0d.997,
119 1011.

(40) Fujita, W.; Awaga, KJ. Am. Chem. S0d.997 119 4563.

(41) Shimizu, H.; Okubo, M.; Nakamoto, A.; Enomoto, M.; Kojima, INorg.
Chem.2006 45, 10240.

(42) Niel, V.; Thompson, A. L.; Miioz, M. C.; Galet, A.; Goeta, A. E.; Real,
J. A. Angew. Chem., Int. EQR003 42, 3760.

(43) Kepert, C._ JChem. Commur2006 695.

(44) Ohba, M.; Gawa, H.Coord. Chem. Re 2000 198 313.

(45) Ohba, M.; Maruono, N.; kawa, H.; Enoki, T.; Latour, J. Ml. Am. Chem.
Soc.1994 116, 11566. _

(46) Inoue, K.; Kikuchi, K.; Ohba, M.; ®awa, H.Angew. Chem., Int. E2003
42, 4810.

(47) Kaneko, W.; Kitagawa, S.; Ohba, M. Am. Chem. So007, 129, 248.

(48) Usuki, N.; Ohba, M.; ®awa, H.Bull. Chem. Soc. Jpr002 75, 1693.

(49) Miyasaka, H.; Matsumoto, N.; Re, N.; Gallo, E k&@va, H.Inorg. Chem.
1997 36, 670.

(50) Larionova, J.; Chavan, S. A.; Yakhmi, J. V.; Frgystein, A. G.; Sletten, J.;
Sourisseau, C.; Kahn, @norg. Chem.1997, 36, 6374.

(51) Miyasaka, H.; leda, H.; Matsumoto, N.; Re, N.; Crescenzi, R.; Floriani, C.
Inorg. Chem.199§ 37, 255.

diamagnetism of the constituent atoms. DC magnetic measurements
were performed in the temperature range3R0 K in an applied dc
field of 500 Oe. AC magnetic measurements were performed in the
frequency range 1000 Hz in an applied ac field of 3 Oe. Field
dependences of magnetization were measured in the field rang@ O
kOe at 2 K.

Crystal Structure Determination. X-ray diffraction data oflL and
la were collected on a Rigaku Mercury CCD system with graphite-
monochromated Mo K radiation ¢ = 0.710 70 A). A single crystal
of 1 was mounted on a glass fiber with a thin coat of resin and kept at
243 K under flowing N. 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 atémall the hydrogen
atoms were placed in the calculated positions and refined using a riding
model.

Crystal data for [Mn(NNdmenH)(#D)][Cr(CN)e]-H2O (1) at 243
K: pale-green crystals, 1H17CrMnNsO,, M, = 388.23, monoclinic,
space groufP2:/n (No. 14),Z = 4,a= 7.681(3) A,b = 14.498(5) A,
¢ = 16.598(6) A, = 97.326(53, V = 1833(1) &, Dcaca = 1.407 g
cm3, u(Mo Ka) = 12.98 cntt. R= 0.076,R, = 0.079 (all data) and
R, = 0.061 ( > 2.00(1)). Crystal data for [Mn(NNdmenH)][Cr(CN)
(1a) at 343 K: pale-green crystals,148:3CrMnNg, M, = 352.20,
monoclinic, space group2i/c (No. 14),Z = 4,a= 7.85(1) A,b =
14.31(3) A,c = 12.97(2) A, = 90.10(3}, V = 1456.2(4) &, Dcalcd
= 1.606 g cm?, u(Mo Ka) = 16.15 cm®. R= 0.155,R, = 0.115 (

(52) teXsan: Crystal Structure Analysis Packagéhe Molecular Structure
Corporation: Woodlands, TX (1985 and 1992).

J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007 13707
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Figure 1. Asymmetric unit of [Mn(NNdmenH)(KO)][Cr(CN)e]-H20 (1; a) and [Mn(NNdmenH)][Cr(CNj (1&; b) with the atom numbering scheme and
projections of the 2D sheet dfonto theac plane (c) and the 3D network df 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).

> 0.50(1)) and Ry = 0.096 ( > 2.00(1)). The symmetry operations:
for 1#1: Yo —x,Yo+y, Yo—z #2: =1+ XY,z #3: 3 — X, Yo+
YV, Yo—z #4: Yy — X, =Y+ y, Yo —z #5: 1+ XY, Z #6: 3, — X,
ot y, Y=z #7: =+ X, Y=y, Yo — Z #8: =Yy + X, Y —
y, =Y+ z Forla#l: x,3% —y, =Y+ z #2: 1—x, =Y +vy, Y%
—Z#3: 1+ XY, Zz#4 1+ X% -y, Y+ z#5: %% -y, 2
+zZ#6: 1—X Yo+ y, o=z #7: 1— XY,z #8: =1+ X3, —y,
1/2 + z

Results and Discussions

Crystal Structure. [Mn(NNdmenH)(HO)][Cr(CN)g]-nH,O

Mn' ions to form a 2D corrugated sheet structure on abe
plane (Figures 1c, 2a). The 2D corrugated sheets form 1D
channels segmented by NNdmen alongafexis. The averaged
Mn—N bond distance and MAN—C bond angles are 2.205 A
and 166.0, respectively. Bent CrCN—Mn linkages (C2-N2—
Mn# = 151.2(4Y, C6-N6—Mn*® = 161.0(4}) form the
corrugated sheet. A water molecule is located at the axial
positions of the octahedral Mrion as monodentate coligands.
An NNdmen is protonated and occupied the other axial position
of Mn'" as a cationic monodentate ligand in two disordered

was obtained as pale-green efflorescent crystals by the re‘,jlcﬂor{:.onfigurations. The coordinated water coligand forms bidirec-

of K3[Cr(CN)g], MnCl,4H,0, and coligand (NNdmen) in a

tional hydrogen bonds with a lattice water (D24 = 2.829

deoxygenated aqueous solution at room temperature (Figure S1)2) and a coordination-free cyano nitrogen atom (N3) in the next

The crystal structures of [Mn(NNdmenH)}8)][Cr(CN)g]-H>0

(1) and anhydrous formia were determined by X-ray crystal-
lographic analyses. To prepare the anhydrous fdanthe
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 angled @nd 1a are listed in
Table S1.

The asymmetric unit ofl consists of [Mn(NNdmenH)-
(H20)1** cation, [Cr(CN}]®~ anion, and a lattice water molecule
(Figure 1a). Both Mt and CH' ions are in a pseudo-octahedral
geometry. Four cyano nitrogen atoms (N1, N2, N5, and N6) in
the equatorial position of [Cr(CNJ~ coordinate to adjacent

13708 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007

sheet (03:-N3#*” = 2.753 A). 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 (R4:02 = 2.836 A).
Only one lattice water was crystallographically determined,
which suggests that the other lattice water was partially released
and disordered under,Mlow conditions. The shortest intrasheet
Mn---Mn, Cr---Cr, and Mn--Cr distances are 7.299, 7.378, and
5.239 A, and those of the intersheet distances are 8.917, 8.133,
and 7.378 A, respectively. The topology between the sheets is
adjusted by the hydrogen bond between the water coligand and
the coordination-free cyanide group (N3).
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Figure 2. Projections ofl onto thebc plane (a) and.a onto thebc plane

(b).

The crystal structure dfawas solved in space grolg2,/c,
which is different from the case fdr(P2;/n). Theb andc axes
in 1 correspond to the andb axes inla, respectively. The
asymmetric unit ofla consists of [Mn(NNdmenH§} cation
and [Cr(CN}]®~ anion with no lattice and coordinated water

Figure 3. TGA repeatability measurements of The sample oflL 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 procédsooh

300 to 700 K at 1 K/min.

linkages, and the existence of a narrow channel would be crucial
factors for the restoration to a 2D sheetlafentioned 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 MiMN3 bond (opening the
gate). In addition, the single crystaa gives the same crystal
parameter ofl after rehydration 1b).

Structural Stability. The TGA curve indicated a slight
weight loss around room temperature underfidw (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 df is taken to be one,
because all measurements were carried out unger Ne (low

molecules (Figure 1b). The 2D corrugated sheet is formed on humidity conditions). No additional weight loss was observed

theac plane in a similar way td (Figures 1d, 2b). The water
coligand on MHf in 1 was removed by heating, and the cyano
nitrogen (N3?) of [Cr(CN)g]®~ on the adjacent sheet directly
bound to the Mh ion, instead of the water coligand. The
intersheet CrC3—N3—Mn linkages construct a 3D pillared-
sheet framework in the lattice (Figure 2b). The average
equatorial MA-N bond distances and MifN—C angles are
2.212 A and 1634 respectively. The topology of the 2D sheet
in 1 was carried on intda The shortest intrasheet MrMn,
Cr-+-Cr, and Mn--Cr distances are 6.958, 6.700, and 5.199 A,

while the sample was maintained at 373 K for 1 h. The
anhydrousla showed no weight increase on cooling to 298 K
under N. When la was exposed in the open air or to water
vapor, it immediately reproduced the initial weightlodlmost
completely. Here, the rehydrated form is defined ldwsfor
conveniencelb was converted tda again by heating to 373
K. The reversibility betweerib and 1a was confirmed many
times. The anhydrou$a was stable up to 500 K and decom-
posed on further heating (Figure 3, insert). To confirm the
simultaneous structural transformation with the dehydration/

and the shortest intersheet distances are 7.164, 7.358, and 5.07@ydration process and the framework stability lpfvariable-

A, respectively. The cell volume dfawas reduced by c20%
compared with that ol with remarkable shrinking in thbc
plane. It is remarkable that the bond angle of-C3—N3 was
far from being linear (169.4(9), which means a structural strain
around [Cr(CNg]3~. The new intersheet MA—N3—C3 linkage
is also bent with a bond angle of 146.6{8)he bond angles of
intrasheet MfP—N2—C2 (155.0(10)) and Mr®—~N6—C6 (154.4-
(9)°) linkages became larger than thoselofThese three bent
Cr—CN—Mn linkages cause shrinkage in theplane and form
a narrow 1D channel based on a highly distorted,Gtn
quadrangular gate (0.8 1.6 A2 based on van der Waals radii)
along thea-axis. These structural strains, flexible-GZN—Mn

temperature X-ray powder diffraction (VT-XRPD) was per-
formed under vacuum in the temperature range-333 K
(Figure 4). The pattern of the as-synthesiZzedhowed 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 datalaf This 3D network

of 1la was maintained upon cooling to 303 K under vacuum.
By exposure to air or water vapor at 303 Ka immediately
reproduced the same XRPD patternlasthe TGA and VT-
XRPD results clearly demonstrate a repetitive structural conver-

J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007 13709
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Figure 4. Temperature dependence of the XRPD patterng.f@rystalline 0 0.2 0.4 0.6 0.8 1

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 resultslfand 1a are also

presented. (b) 25

Relative pressure (Pl Pg)

sion between 2D [Mn(NNdmenH)@)][Cr(CN)e]-H20 (1, 1b)
and 3D [Mn(NNdmenH)][Cr(CNy] (1a) by the dehydration/
hydration process.

Guest Adsorption. The adsorption isotherms of various
solvent vapors on anhydrods were measured at 298 K (Figure
5a). The profile of water adsorption shows a steep increase in
the low relative pressurd®(Pg) region, which suggests a high
affinity of la 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 0 ——*
region, a small and reproducible step was observddRt = 0 0.05 0.1 0.15 0.2
0.08, where the adsorption amount corresponds to one watet Relative pressure (P/ Po)

molecule per unit (Figure 5b). From the structural insights Figure 5. Adsorption and desorption isotherms for vapor adsorption in

gained forl and 1a, it is assumed that the framework b& 1a (a) Water (red), MeOH (blue), EtOH (green), and i (orange) at

provides two kinds of water sorption sites, namely, (1) a 298 K in the relative pressure range from*i@o 1.0 @ andO express

chemisorption site on the Mnion and (2) a vacancy for adsorption and desorption process, respectivel{p, is the relative pressure,
hvsi p_ b he 2D sh B( )h b y id where saturated vapor pressueg,at 298 K are 3.53 kPa for water, 16.94

physisorption between the 2D sheets. By the above consider-yp, for MeOH, 7.87 kPa for EtOH, and 11.79 kPa for CN. (b)

ations, the anomaly @&/Py = 0.08 should reflect the different  Expansion in the low relative pressure region for the water adsorption

adsorption types. From the structural aspects, the narrow 1Disotherm.

channels that are formed by €€2N2—Mn, Cr—C3N3—Mn, ) ]

and Cr-C6N6-Mn linkages inlacan act as an accessible gate tural change to the water adsorption. Compared with the small

to Mn" sites upon breaking the M3 bond and expanding water molecule, the larger MeOH molecule needs a higher
the intersheet space. From these results, it is a reasonabldnduction pressure because of the narrow accessible space of

deduction that adsorption in the region lower tfR{R, = 0.08 la In the desorption process, one MeOH remained per unit
occurred at the chemisorption site of (1) and the subsequent€VeN in the lowP/Po region, which suggests that the MeOH
adsorption is attributed to physisorption at (2) as lattice water. Melecule can also access and coordinate to the Mn ion with
The isotherm was analyzed using the Dubirtadushkevich ~ Preaking of the Mr-N3 bond. It is also noted thdia showed
(DR) equation to estimate the zeolitic propertyl@53-54 The negligible EtOH and CkCN adsorption in the time scale
DR plot of 1lashowed a linear relationship in the IdP, range, (equilibrium time= 600-1200 s) at 298 K. ,Th's IS begause
which establishes the strong affinity for water (Figure S2).  these adsorbates are too large to proceed into the void space.
In the case of MeOH adsorption, the profile showed a gradual ! @ddition, (i) the low affinity of the cyano nitrogen donation
increase in the lowP/P, region, an induction pressure BfPo to manganese(ll) compared with oxygen and (ii) the rigid linear
= 0.6 and absorption of ca. 1.5 mol of MeOHR#P, = 0.95. ~ Shape of CHCN are also crucial reasons for the GIN

e

1.5

Amount adsorbed (mol / mol)

0.5

This behavior demonstrates thiea undergoes the same struc- Sn€dding.. , o
Magnetic Properties. To obtain insight into the structural
(53) Dubinin, M. M.Chem. Re. 196Q 60, 235. transformation by magnetic information, we successively mea-

(54) Lin, X.; Blake, A. J.; Wilson, C.; Sun, X. Z.; Champness, N. R.; George, ; ;
M. W.; Hubberstey, P.; Mokaya, R.; Sclder, M.J. Am. Chem. So2006 sured magnetic data d, 1a, and1b with the same samples.

128 10745. The sample was placed in a gelatin capsule, mounted inside
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(a) 20 tibility (Figures S3, S6). The out-of-phase signal of ac suscep-
60 " " " tibility (yxm'") 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 strucfaré.
40 laalso showed a typical ferrimagnetic ordering at higher

) ) (60.4 K) than that ofl. (Figures S4, S7). The Weiss constént
1 =»1a = 1b=+1a=1b=1a was calculated as160 K in 300-150 K. AC susceptibilities
' of la showed a single peak at 60 K and no anomaly was
observed around 35 K, which clearly suggests flzatontains
a single magnetic phase without contamination 1of The
1b remarkable increase dfc in 1la can be roughly explained by

considering molecular field theory, which is expressed as eq
157,58

"
e/
T./ K

|

m/ emu-mol”
=

-=-la

0 . L e o g S . P,

0 20 40 60 80 100
T/K Te = 2(NeMun) A9 Sol(Ser + 1)Sun(Sun + D73k (1)

whereng, and nyy, mean the number of the nearest magnetic
centers around Cr and Mn ions, respectiv&y, and Sy, are
the spin quantum numbers of the metalsis the exchange
interaction constant, anks is the Boltzmann constant. The
increase of the number of the nearest magnetic centelsat
is, high dimensionality, is the effective factor for the increase
in Tcin 13 e.g., @icr, mn) = (5, 5) for 1a, while (ncr, Nun) =
(4, 4) for 1. The absolute value @8] also strongly contributes
to Te, which is the product of overall magnetic interaction and
represented agXnial2|Jinter] )3 for a 2D structure, while) =
Jintra for an ideal 3D structure, whetd 4 is the through-bond
0 . . . . . interaction andliner is the through-space interaction, adge
0 100 200 300 < |Jintral. However, compared with, |Jinral in the 2D sheet of
TIK la should be decreased because the ©X—Mn linkages are
Figure 6. (a) Temperature dependence of molar magnetic susceptibiliy Fémarkably bent, which means a decrease in the overlap integral
ym for as-synthesized formi (red), dehydrated fornia (blue), and between the d orbitals of the Cr and Mn ions. The intersheet

rehydrated formilb (green) in an applied dc field of 500 Oe. The insert Cr—C3N3—Mn linkage is also far from linear, which provides

demonstrates the reversible switching by dehydration/hydration treat- ! i . .
ments (red/blue arrows, respectively). (b) Temperature dependence ofweal_( Jinra bUL str_onger th_an]'_”mf in 1. The Strucwr"’_‘l strain
effective magnetic momente for 1 (red), 1a (blue), andlb (green). provides a negative contribution . Therefore, the increase

in Tc in 1a is the result of the overall contribution of the
straw, and then fixed to the end of the sample transport rod. parametersic;, Nyn, andJ.
Anhydrouslawas prepared by heating at 400 K foh in the After rehydration, it is worth emphasizing that tpg vs T
SQUID sample chamber after measurement.dfhe released  plot of 1b almost fully traces the initial profile ol. The ac
water from1 was effectively purged from the sample space by susceptibility results showed the generation of single-phase
vacuuming and He substitution at 400 K to measure the magnetic structure witific = 35 K (Figures S5, S8). One of

Herr I U

magnetic properties ofla After measurement ofla, the the major reasons for the difference betwéemd1b is a slight

capsulated sample was aerated sufficiently before being usedstructural difference concerning the number of lattice waters,

for measurement akb. which would affect the propagation of the magnetic domain
The dc magnetic susceptibilities bf the anhydrouda, and between the 2D sheets. Judging from the VT-XRPD and

the rehydrated formib are shown in the form ofv vs T and magnetic resultslb can be essentially identified ds and the

uett Vs T plots (Figure 6 and Table S3). The value per MAi- reversible interlocked structural and magnetic conversions were

Cr!" unit of 1 was 0.0217 emuol™! (7.22 ug) at room achieved. The reversible magnetic performance betdaamnd

temperature, which agrees well with the spin-only value (0.0208 1b was confirmed repeatedly. (Figure 6a, inset).

emumol™1, 7.07 ug) expected for magnetically isolated Mn The field dependence of the magnetization curves ahd

(S = %) and CH' (S = 3/,) ions. Theuer value gradually  1aat 2 K showed a rapid increase to saturate above 10 kOe
decreased with decreasing temperature to reach a minimum(Figure S9). The saturation magnetization values petGA#
value of 5.67ug at 84 K, and themr increased rapidly below  unit at 50 kOe are 2.121), 2.15 (La), and 2.11 {b) NB, which

50 K to a maximum value of 51.4g at 28 K. The Iym vs T correspond to the valugr = 2/2 expected for antiferromag-
plot in the temperature range of 36050 K obeys the Curie netically coupled M# and Ct' ions with an averagg value
Weiss law with a Weiss constaéitof —164 K, which suggests  of 2.17 (1), 2.19 (La), and 2.17 {b), respectively. The larger
the operation of an antiferromagnetic interaction between

; [ H H i (55) Salah, M. B.; Vilminot, S.; AndreG.; Richard-Plouet, M.; Mhiri, T.; Takagi,
adjacent MH and Ct' ions through cyanide bridges. The rapid S5 Kurmoo. M0, Am. Chem. Se@006 128 7672,

increase inuest suggests a ferrimagnetic ordering, which was (56) Coronado, E.; Guez-Garca, C.; Nuez, A.; Romero, F. M.; Waerenborgh,
; _fi i J. C.Chem. Mater2006 18, 2670.

o_letermlned accu_rately as 35.2 K by the weak-field _magnet|za (57) Nesl, L. Annals Phys1948 3, 137.

tion, the dM/dT differential plot, and the ac magnetic suscep- (58) Kahn, O.Molecular MagnetismVCH: Weinheim, 1993.
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3 removable water and protonated NNdmen coligands in the axial
positions of the Mt ion. The 2D sheet of showed an SCSC
structural transformation to the 3D pillared-sheet framework of
[Mn(NNdmenH)][Cr(CN)}] (1a) by elimination of the water
coligands, a formation of a new ECN—Mn linkage between
the neighboring sheets, and shrinkage of the intersheet space.
The anhydrouda swiftly adsorbed two water molecules per
formula unit and reconstructed the 2D she&b)( which is
almost identical tol. Reversible structural and magnetic
conversion betweed and 1a accompanied with generation/
cleavage of Ma-N bond was also confirmed by TGA, VT-
XRPD, and various magnetic results. Adsorption measurements
-3 demonstrated characteristic chemi- and physisorption processes
8 6 -4 2 0 2 4 6 8 toward water with high affinity and size selectivity of guest
H/kOe molecules (MeOH, EtOH, and GBN). The cyanide-bridged
Figure 7. Magnetic hysteresis loops fdr(red), 1a (blue), andlb (green) CPM 1 clearly demonstrated a guest response with changing
at 2 K (the solid lines are for visualization). 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.

M/ NS

gradients of theM vs H curves than the Brillouin function for
Sr = 2/2 strongly support the ferrimagnetic ordering in these
compounds.

The magnetic hysteresis loops2aK are given in Figure 7.
The remnant magnetization and coercive fiett})(of 1 are
extremely small (640 emmol™! and 12 Oe, respectively), Acknowledgment. The authors thank D. Tanaka for the
resembling those of other M&r'"" compound$#4° The soft- adsorption measurements. This work was supported by a Grant-
magnet type hysteresis loop must be associated with the isotropidn-Aid for Science Research in a Priority Area “Chemistry of
electronic configuration of Mhand CH' ions. The hysteresis ~ Coordination Space (No. 16074209)", a Grant-In-Aid for
loop of lawas slightly broadened with as; of 60 Oe by the Scientific Research Program (No. 18750046), and CREST/JST
structural change. It is notable that the hysteresis shapés of programme from the Ministry of Education, Culture, Sports,
and 1b are essentially the same, which also supports the Science and Technology of Japan. W.K. is grateful to JSPS
reversible magnetic change associated with the structuralResearch Fellowships for Young Scientists.
transformation. The small differences betwdeand1b in the
low-field region are also reflected in the above-mentioned small
structural difference.

Supporting Information Available: Photo of crystals; Du-
binin-Raduskevich plot of KO adsorption data; weak-field
magnetization data, AC magnetic responsesMnd H curves
Conclusion of 1, 1a and1lb. X-ray crystallographic data of and 1a as
CIF. This material is available free of charge via the Internet at

We have successfully prepared a novel guest-responswehttp: JIpubs.acs.org.

ferrimagnetic coordination polymer, [Mn(NNdmenHY®)][Cr-
(CN)g]-H2O (). Initially, the 2D sheet was formed with  JA074915Q
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