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Interpenetrated Three-Dimensional Mn"M™ Ferrimagnets,
[Mn(4dmap),];[M(CN)],-10 H,O (M =Cr, Mn): Structures, Magnetic
Properties, and Pressure-Responsive Magnetic Modulation

Wakako Kaneko,®! Masaki Mito,™™ Susumu Kitagawa,*!*! and Masaaki Ohba*!*!

Abstract: Two novel cyanide-bridged
ferrimagnets, [Mn(4dmap),];[M(CN)g],-
‘10H,0 (4dmap =4-dimethylaminopyr-
idine, M=Cr (1) and Mn (2)), have
been prepared from the reaction of
MnCl,-4H,0O, a monodentate coligand
(4dmap), with K5[M(CN),]. X-ray crys-
tallographic results show that these are
isomorphous, and form a unique two-
fold interpenetrated three-dimensional
framework with a triconnected 6.10°

segmented by CN-Mn-NC linkages,
which are filled with lattice water mol-
ecules. The dimethylamino groups of
the 4dmap coligands are located
around a pore and form the basic inner
space.  Variable-temperature  X-ray
powder diffraction and thermogravi-
metric analysis results show that the
frameworks of both compounds are
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susceptible to dehydration through the
loss of strongly hydrogen-bonded lat-
tice water molecules. Magnetic meas-
urements on both compounds show a
ferrimagnetic ordering occurs at low
temperature, T-=17K for 1 and 6K
for 2. Application of hydrostatic pres-
sure showed a positive effect on the
magnetic ordering. Both values of T,
increased linearly, to 25K for 1 and
15K for 2 at 1.0 GPa. The magnetic

net. The framework contains two types
of one-dimensional channel: hexagonal
channels based on a cyanide-bridged
Mn¢M, hexagon, and triangle channels

interpenetrated
manganese
magnetism

Introduction

The diversity of frameworks is one of the most representa-
tive features of coordination polymers. The attainment of
multiple functions providing interlocking, coexistence or
control of magnetism, optical properties, ferroelectricity,
conductivity, and gas adsorption, is an attractive topic in the
field of material chemistry, in which coordination polymer
frameworks are expected to be platforms for such multifunc-
tionality."™ The characteristics of coordination polymers

[a] W. Kaneko, Prof. S. Kitagawa, Dr. M. Ohba
Department of Synthetic Chemistry and Biological Chemistry
Graduate School of Engineering, Kyoto University
Katsura, Nishikyo-ku, Kyoto 615-8510 (Japan)
Fax: (+75)383-2732
E-mail: ohba@sbchem.kyoto-u.ac.jp
[b] Dr. M. Mito
Department of Electronics, Faculty of Engineering
Kyushu Institute of Technology
Sensui-cho, Tobata-ku, Kitakyushu, 804-8550 (Japan)
Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2008, 14, 3481 —3489

frameworks
pressure-responsive

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

properties of both compounds were re-
versibly modulated by the external
stress.

are summarized as: 1) the chemical multiplicity of the con-
stitutive metal ions and ligands; 2) a designable and regular
framework based on the intrinsic topology of the constitu-
ents; and 3) a flexible framework based on the coordination
bonds.!! These characteristics enable us to provide desirable
materials based on coordination polymers by the modifica-
tion of the constituents using rational design. In particular,
the flexible framework allows responsivity to external physi-
cal and/or chemical stimuli (e.g., pressure, light, tempera-
ture, and guest molecules). These structural changes usually
lead to changes in the compounds’ physical properties. For
example, coordination polymer magnets (CPMs), also called
molecule-based magnets, sensitively respond to such struc-
tural changes, because structural perturbations directly
affect the local overlap integral of their magnetic orbitals
(i.e., magnetic interaction), which is reflected in the magnet-
ic properties in the bulk.”'! Above all, the structural flexi-
bility of coordination polymers is expected to be crucial for
multifunctionality based on a physical and/or chemical re-
sponse.

A large number of Prussian blue-inspired compounds—
more specifically, cyanide-bridged bimetallic assemblies—
consisting  of  hexacyanometalate  building  units,
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[MA(CN)¢]*", and cationic compounds, [Mg(L),]"* (L=or-
ganic co-ligand), have been widely investigated to date.?>%!
Most of these show ordered magnetism (ferromagnetism,
ferrimagnetism, and metamagnetism) with a multidimen-
sional framework, and are classified as CPMs. We have been
studying the systematic synthesis, crystal structures, and
magnetic and magneto-optical properties of CPMs, and have
managed to control their magnetism using an external stim-
ulus such as hydrostatic pressure and/or guest mole-
cules.111420.21.2431 The pressure responsivity is driven by the
flexibility of the M,-CN-Mj linkages and the internetwork
space. Low-dimensional frameworks allow marked magnetic
conversions on application of weaker external stimuli be-
cause of the internet interactions. However, such internet in-
teractions are disadvantageous for the long-range magnetic
ordering in the bulk, and their natures fluctuate between
ferromagnetic and antiferromagnetic depending on the dis-
tance between the neighboring networks.'*? On the other
hand, a three-dimensional (3D) framework composed of a
large number of connecting nodes, n (e. g., Ry, =6 for
[MA(CN)¢]>~ in face-centered-cubic structure), is advanta-
geous for magnetic ordering.">*! In addition, 3D CPMs
with a small number of n are more advantageous for reversi-
ble response to external pressure due to their structural flex-
ibility. In consideration of these aspects, interpenetrated 3D
frameworks can combine the assets of low- and high-dimen-
sional frameworks, and are expected to exhibit strong 3D
magnetic interactions and dynamic structural flexibility.*>]
The key for acquiring such a convertible structure is to con-
struct an interior void space in a CPM with weak internet
interactions, such as m—mn stacking and hydrogen bonds. In
regard to 3D interpenetrated CPMs, a relatively bulky pyri-
dine-derivative coligand would favor providing a spatial
margin and weak internet interaction between the frame-
works, in which the porosity and the interpenetrated frame-
work are regarded as devices equipped to respond to chemi-
cal and physical stimuli, respectively. There are few exam-
ples of such 3D interpenetrated CPMs, and systematic stud-
ies on the effect of pressure on CPMs have not been carried
out because of the lack of suitable compounds.

Here, we report on the structures and magnetic properties
of a new type of cyanide-bridged Mn"M™ ferrimagnet; [Mn-
(4dmap),];[M(CN)4],, 10H,0 (M=Cr (1) and Mn (2)). Com-
pounds 1 and 2 are isomorphous and form a unique twofold
interpenetrated 3D network with a triconnected 6.10* net
consisting of M™ ions as nodes (n=3) and CN-Mn-NC units
as linkers. The magnetic characteristics, which are depen-
dent on the constituent M™ ions, and a reversible pressure
effect are well demonstrated.

Results and Discussion

Preparation: [Mn(4dmap),];[M(CN)4],-10H,O (M=Cr (1)
and Mn (2)) were obtained as pale green (1) and reddish-
brown (2) cubic crystals from the reaction of MnCl,-4 H,O,
4dmap, and K;[M(CN),] in a deoxygenated water—ethanol
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mixture (2:1) in a molar ratio of 3:18:2 at room temperature
for 1, and in deoxygenated water in a molar ratio of 3:12:2
at 276 K for 2 (see Figure S1 in the Supporting Informa-
tion). The cold conditions were essential for the synthesis of
2, because K;[Mn(CN)4] decomposes readily in H,O, even at
room temperature.*!! These compounds showed two v(C=N)
bands at 2156 and 2131 cm™ for 1, and four v(C=N) bands
at 2141, 2135, 2120, and 2118 cm™* for 2, indicating the exis-
tence of bridging and terminal cyanide groups in their struc-
tures.[)

In previous cyanide-bridged CPs, much effort was devoted
to obtain single crystals suitable for structural determination
by using various chelate coligands (L), such as ethylenedia-
mine (bidentate), diethylenetriamine (tridentate), and their
derivatives, in which the slow dissociation of the coligands
from a precursor ML, avoided any immediate precipitation
of a by-product Mp;[MA(CN)y],:n H,0.24%! In this synthesis,
we used the monodentate coligand, 4dmap, which is not
convenient for reaction with Mn'" ions, because 4dmap does
not evoke stabilization energy from the chelate effect and so
the Mn" ion (d’, high spin) gains no ligand field stabilization
energy (LFSE) from complexation. In spite of such a disad-
vantage, the use of 4dmap enables us to obtain suitable crys-
tals of Mn"™M™ compounds in good yields. The X-ray crystal
structures revealed that C—H:-m contacts formed between
the basic dimethylamino group and the pyridine ring of
4dmap enable the formation of the framework.

Crystal structures: The X-ray crystal structure of 1 and 2
shows that they are isostructural, except for the different
[M(CN)¢]* unit (M=Cr (1) and Mn (2)). Hereafter, the
structure of 1 is discussed as being representative of both
structures (see Figure S2 and S3 in the Supporting Informa-
tion for 2). The asymmetric unit of 1 consists of one [Mnl-
(4dmap),]** unit, one half of a [Mn2(4dmap),]** unit, one
[Cr(CN)¢]*~ ion, and five lattice water molecules (Figure 1).
The [Cr(CN)¢]*~ bridges to two adjacent Mnl atoms and
one Mn2 atom in meridional mode. The Mn2 atom is locat-
ed at an inversion center. Both Mnl and Mn2 atoms are in
a pseudo-octahedral geometry, surrounded by the four pyri-
dine nitrogen atoms of the four 4dmap molecules (N7, N9,
N11, and N13 for Mnl; N15, N17, N152, and N17* for

Figure 1. Basic structure of [Mn(4dmap),];[Cr(CN),],-10H,0 (1). Hydro-
gen atoms and lattice water molecules are omitted for clarity.
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Mn?2) in the equatorial positions, and two cyanide nitrogen
atoms of the [Cr(CN)¢]*~ units (N1 and N5 for Mn1, and
N2 and N2* for Mn2) at the axial positions. (The numerals
#1 and #2 denote the symmetry operations of (y, —x+y-+1/
3, —z+1/3) and (—x, —y+1, —z+1), respectively.) The
Mn1-N1, Mnl1-N5", and Mn2-N2 bond lengths were
2.207(3), 2.216(3), and 2.194(3) A, respectively. The Mnl-
N1-C1, Mn1*-N5-C5, and Mn2-N2-C2 bond angles were
168.4(3), 161.8(3), and 168.6(3)°, respectively, (where #3=
(x—y+2/3, x+1/3, —z+1/3)). The Cr-CN-Mn1-NC- linkages
form a Mnl14Crs cyclohexane-
type hexagon extended along
the ab plane (Figure 2).

In the crystal lattice, the hex-
agons are connected by CN-
Mn2-NC linkages, and a 3D co-
ordination framework is
formed that is represented as a
triconnected 6,10° net with the
Cr"" ions acting as triconnected
nodes and the -CN-Mn-NC-
linkages as linkers (Figure 3).1*)
Two individual 6,10* nets are
aligned parallel and twofold in-
terpenetrated, with the hexa-
gon units of each framework
being alternately aligned along
the ¢ axis with intranet m—m in-
teractions (C25--C38% =
3.461 A). Narrow one-dimen-
sional hexagonal and trigonal
channels are formed along the
c axis. The basic dimethylamino
groups of 4dmap are located
inside both channels, and the
lattice water molecules are cap-
tured in these channels. The
lattice water molecules are dis-
ordered in these channels, and
form plural hydrogen bonds
with each other and with the coordination-free cyanide ni-
trogen atoms of the host framework (N3, N4, and N6). A
pyridine group of the 4dmap molecule on the [Mnl-
(4dmap),]** unit forms contacts with a methyl group of the
4dmap molecule on another [Mnl(4dmap),]** unit (C12—
H5--C7*=2.783 A and C20—H18--C25"=2.758 A, #4=(y +
2/3, x+1/3, —z+1/3) and #5=(—x, —y+1, —z)), which also
contributes to the framework formation based on the intra-
net CH:--m interactions. The shortest internet Mnl--Cr,
Mn2--Cr, Cr--Cr, Mnl-+-Mnl, Mn2---Mn2, and Mnl:-Mn2
distances were 10.917, 11.265, 10.646, 11.890, 13.121, and
14.467 A, respectively, for 1. Taking the van der Waals radii
into consideration, the guest accessible volume of both 1
and 2 was estimated to be about 6.7 %, without any lattice
water molecules being present.[*!]
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Framework stability: To examine the structural stability of 1
and 2 towards dehydration, we carried out thermogravimet-
ric analysis (TGA) and measurements on the thermal de-
pendence of the X-ray powder diffraction (XRPD) patterns.
The TGA data of both compounds showed a rapid and con-
tinuous loss of weight on heating (Figure 4). Compound 1
lost all its lattice water molecules at 370 K, and then decom-
posed in stages. In contrast, compound 2 lost all its lattice
water molecules at 370 K, and then immediately decom-
posed. Both these results suggest each framework had ther-

Figure 2. 3D network structure of [Mn(4dmap),]5[Cr(CN)¢],-10H,O (1) without hydrogen atoms and lattice
water molecules (A), with lattice water molecules (oxygen atoms are denoted by the red spheres) (B) and
without 4dmap molecules (C). Color code: Cr green, Mn pink, N blue, and C gray.

Figure 3. Twofold interpenetrated network of 1. The topology is repre-
sented by the triconnected 6,10* net with Cr'"" as the nodes (denoted by
the spheres) and CN-Mn-NC bonds as the linkers (denoted by the lines).
Hydrogen atoms, 4dmap, lattice water, and non-coordinated cyanide
groups are omitted for clarity.
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Figure 4. TGA profiles for 1 (thick line) and 2 (thin line).

mally fragile M-CN-Mn linkages, and the differing TGA be-
havior reflects the stability of the respective [M(CN)]*~
components. A thermally stable dehydrated state could not
be individually prepared, despite many trials under various
conditions (see Figure S4 in the Supporting Information),
which suggests that the lattice water molecules strongly con-
tribute to the stabilization of the porous framework through
hydrogen bonding.

The thermal variation of the XRPD pattern also supports
the structural decomposition of 1 and 2 on heating (see Fig-
ures S5 and S6 in the Supporting Information). The XRPD
patterns of both compounds at room temperature corre-
spond to simulated patterns calculated from the X-ray crys-
tal structures. The peak intensities immediately decreased
and broadened on heating. In particular, the (101), (20—1),
and (6—4—2) peaks, which are planes including the Mn"
centers, notably shifted to higher angles and broadened. The
initial patterns were not recovered on being exposed to
water vapor with cooling or even on soaking in water.

Magnetic properties: x,, versus 7T plots for 1 and 2 in an ap-
plied dc field of 500 Oe are shown in Figure 5.
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Figure 5. Temperature-dependence of the molar magnetic susceptibility
xu for 1 (o) and 2 (m) in an applied field of 500 Oe. Inset: dM/dT versus
T plots using the field-cooled magnetization data of 1 (o) and 2 (e).
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Mn",Cr'"™, compound (1): The value of y, at 300K per
Mn",Cr™, unit was 0.0537 emumol ™' (11.4 ), which corre-
sponds to the spin-only value (0.0563 emumol !, 11.6 p;) ex-
pected for three magnetically isolated Mn" (§=5/2) ions
and two magnetically isolated Cr'™ (S=3/2) ions. The p.g
value gradually decreased with temperature to a minimum
value of 0.180 emumol™ (9.60 uz) at 64 K, and then in-
creased very rapidly below 20 K up to a maximum value of
56.4 emumol ' (73.6 ug) at 12 K (see Figure S7 in the Sup-
porting Information). The 1/y,, versus T plot in the tempera-
ture range of 100-300 K obeys a Curie—Weiss law with a
Weiss constant 6 of —67 K. The negative value of 8 suggests
an antiferromagnetic interaction operates between the Mn'
and Cr'™ ions through the cyanide bridges. The rapid in-
crease of the p.; value below 20 K indicates a long-range
ferrimagnetic ordering. The magnetic phase transition tem-
perature, T., was determined to be 17.0 K from weak-field
magnetization measurements in an applied dc magnetic field
of 5 Oe (see Figure S8 in the Supporting Information), the
dM/dT differential plot (inset in Figure 5), and from ac mag-
netic measurements (Figure 6). The in-phase signal (y,,)
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Figure 6. Temperature dependence of the ac magnetic response of 1 in an
applied ac field of 3 Oe at frequencies of 1, 5, 10, 50, 100, and 250 Hz.

and the out-of-phase signal (y,/’) components increased
abruptly below 17.0 K, which also defines the value of T as
17.0 K.

The T, is approximately represented by using the molecu-
lar field theory as given in Equation (1):F*%!

Te = 2(neetn) P H{Sce(Ser + 1) Sun(Sun + 1)}2/3ks - (1)

where n; denotes the number of the nearest magnetic center
around / ion, J is the exchange interaction constant, S is the
spin quantum number, and kz is Boltzmann’s constant.
Compared with the corresponding cyanide-bridged Mn"Cr™
compounds, the 7 value of 1 is remarkably low; for exam-
ple, (¢, nym) = (6, 4) and To=63 K for the related Prussian
blue analogue, Mn;[Cr(CN)y],-12H,O (where n; is an aver-
age value),”¥ (ng, ny,)=(6, 4) and T.=69K for the
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three-dimensional ~ complex  [Mn(en)];[Cr(CN)4],-4 H,O
(en=ethylenediamine),® (n¢, ny,)=@4, 4) and To=35-
38K for the two-dimensional complex [Mn(HL)(H,O)]
[Cr(CN)¢]'H,O (L=(—)-(S)-1,2-diaminopropane, N,N-dime-
thylethylenediamine),?*"! whereas (ng, ny,)=(3, 2) and
T-=17K for 1. The decrease in both n. and ny, is the
major reason for the notable decrease in 7. On the other
hand, J is approximately defined as the product of the intra-
net interaction (J/;,,,) and the internet interaction (J;,.,); for
example, |J|= (Sl [Jiner|)'"™ for a 1D system, (|J;p|?
[Jier|)? for a 2D system, and |J,,,| for an ideal 3D
system. In the case of an interpenetrated 3D system, a weak
internet interaction would give rise to a small contribution
to the value of T Although, in general, |J,,,,| is much
smaller than |J,,,.|, the J;,., value is the dominant factor for
magnetic ordering in a low-dimensional system.

Besides the ferrimagnetic transition at 17 K, a minor mini-
mum was observed at 12 K in the dM/dT differential plot.
The zero field-cooled magnetization and y,,’ signals also
showed an inflection point around 11 K. The anomaly ap-
pearing around 12 K was attributed to the coexistence of a
partially dehydrated compound, because the intensity of the
minor peak was dependent on the sample, and 1 easily loses
some of its lattice water molecules under low humidity con-
ditions.

The field-dependence of the magnetization at 2K is
shown in Figure 7. The M versus H curve showed a high gra-
dient increase and became saturated below 1 kOe. The satu-
ration magnetization value per Mn",Cr™, unit at 50 kOe
was 8.73 NP, which corresponds to the value of S=9/2 ex-
pected for three antiferromagnetically coupled Mn" ions
and two antiferromagnetically coupled Cr' ions. The theo-
retical curve based on the Brillouin function for §=9/2 (g=
1.96) is shown as the solid line in Figure 7. The M versus H
curve demonstrates the ferrimagnetic ordering. The magnet-
ic hysteresis loop at 2K is shown in the inset in Figure 7.
The residual magnetization and coercive field were close to
zero, which means that 1 is a typical soft magnet because of
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Figure 7. Field-dependence of the magnetization of 1 at 2 K. The solid
line denotes the Brillouin function for S=9/2 using g=1.96. The inset
shows the hysteresis loop measured at 2 K. The solid line is for guidance
only.
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the isotropic electronic configuration of the Mn™ and Cr™
ions, and the symmetrical 3D network topology.

Mn";Mn", compound (2): The value of y, at 300 K per
Mn";Mn", unit was 0.0524 emumol™' (11.2 ), which corre-
sponds to the spin-only value (0.0504 emumol ™, 11.0 pz) ex-
pected for three magnetically isolated Mn" (§=5/2) ions
and two low-spin Mn™ (§=2/2) ions (Figure 5). The ¢
value gradually diminished with decreasing temperature
down to a minimum value of 0.267 emumol™ (10.1 ;) at
48 K, and then rapidly increased below 20 K up to a maxi-
mum value of 45.1 emumol ™" (42.5 p;) at 5 K (see Figure S9
in the Supporting Information). This behavior also indicates
ferrimagnetic ordering. A Curie-Weiss plot in the tempera-
ture range of 100-300 K gave a negative Weiss constant of
0=-25K, which reflects an antiferromagnetic interaction
operating between the Mn" and Mn™ ions through the cya-
nide bridges and a spin-orbit coupling of the low-spin Mn™"
ions (ground state °T)).

The T, value was determined to be 6.4 K from weak field
magnetization measurements under 5 Oe (see Figure S10 in
the Supporting Information), a dM/dT differential plot
(inset Figure 5), and from ac magnetic susceptibility meas-
urements (Figure 8). Compared with the corresponding cya-
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Figure 8. Temperature dependences of the ac magnetic response of 2 in
an applied ac field of 3 Oe at frequencies of 1, 5, 10, 50, 100, and 250 Hz.

nide-bridged Mn"Mn™ compounds, the T value of 2 was
also remarkably low for the same reason as discussed for 1;
for example, (A, Awnqn) = (6, 4) and T¢=37 K for the re-
lated Prussian blue analogue, Mn;[Mn(CN)],-xH,O (n; is an
average value)," ¥ (ny, . M) = (4, 4) and T,=21K for
[Mn(HL)(H,0)][Mn(CN)-H,0 (L =(-)-(S)- or (+)-(R)-
1,2-diaminopropane),’'! whereas (R, Pvman) = (3, 2) and
T-=6.4K for 2.

Below T, the y,,/ signal rapidly decreased, which is a dif-
ferent behavior from that of 1. This difference reflects the
magnetic anisotropy of the Mn'" ions, which hardens the
magnetic domain structure. In addition, the ac response
showed a small frequency dependence below 7. The secon-

3485

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

M. Ohba, S. Kitagawa et al.

A EUROPEAN JOURNAL

dary anomaly that appeared around 11 K in 1 was also ob-
served around 3 K in 2.

The value of T and |6| for 2 were lower than those of 1.
A similar trend was confirmed in the 2D cyanide-bridged
ferrimagnets [Mn(HL)(H,0)][M(CN)¢]-H,O (L=1,2-diami-
nopropane, Tc=38K for M=Cr"™ and 21 K for Mn"™),
which was explained by considering the electronic configura-
tion and magnetic orbitals of the M™ ions.”* The ex-
change interaction constant, J,,, was described by (9|J,¢| +
6|Jr|)/15 for 1 and (6|J4r| + 4|Jp|)/10 for 2, where J,p
and J; denote the magnitude of the antiferromagnetic and
the ferromagnetic interaction between each unpaired elec-
tron, respectively. In the case of the low-spin Mn™, |J |
was smaller than the magnetically isotropic Cr'™ ion because
of the different electronic distribution of the [M(CN)g]*~
unit in the pseudo C,, symmetric environment and the con-
tribution of the spin-orbit coupling, which is applicable to
the case of the low-spin Fe'! ion. In addition, the mixed va-
lence Mn"Mn™ compound 2 potentially provides a ferro-
magnetic contribution based on the double exchange inter-
action.””) These factors give negative contributions to both
J,,and T¢in 2.

The field-dependence of the magnetization at 2 K of 2 is
shown in Figure S11 in the Supporting Information, with the
Brillouin function for §=11/2 (g=2.04) shown by the solid
line. The value of M increased rapidly below 500 Oe, and
then gradually increased up to 50 kOe. The magnetization
value per Mn";Mn", unit at 50 kOe was 11.1 NB, which cor-
responds to the expected value of S=11/2. The high gradi-
ent of the M versus H curve in the low magnetic field
region demonstrated the ferrimagnetic ordering in the bulk,
and the gradual increase with an inflection point above
500 Oe reflected the magnetic anisotropy of the Mn™ ions.
A typical magnetic hysteresis loop was observed at 2 K (see
Figure S11 in the Supporting Information). Compared with
1, the remnant magnetization (2.5x10*emuOemol™') and
the coercive field (400 Oe) of 2 were higher, because of the
contribution of the magnetic anisotropy of the incorporated

Mn'™ ions instead of the magnetically isotropic Cr™ ions in
1.0931.43

Effect of pressure on the magnetic properties: The static
magnetic susceptibility of 1 and 2 under various hydrostatic
pressures (up to 1.0 GPa) is shown in Figure 9 and Fig-
ure S13 in the Supporting Information in the form of M
versus 7T plots, where M is the magnetization value per
sample mass (ca. 5mg). The hydrostatic pressure was ap-
plied by using a piston-cylinder type of pressure cell em-
ploying Apiezon grease J as a pressure-transmitting
medium, and the effective pressure at low temperature was
calibrated by using the superconducting transition of
Pb.[* The magnetization of Pb vanished on applying a dc
magnetic field of 1kOe (critical field at 7=0 is ca.
0.8 kOe). In both 1 and 2, the reversibility in the magnetic
behavior was confirmed by releasing pressure after succes-
sive measurements up to 1.0 GPa.
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Figure 9. Temperature dependence of the magnetization (M) of 1 at vari-
ous hydrostatic pressures.

The M versus T curve of 1 under ambient pressure corre-
sponds to the y,, versus T curve shown in Figure 5. It gradu-
ally shifted towards higher temperatures with increasing
pressure. The value of 7. under pressure was determined
from the ac magnetic measurements in an ac field of 3 Oe
and frequency of 10 Hz (Figure 10 and Figure S12 in the

r 11

LS

- : : M SR S LS S
10 15 20 25 30
T/K

Figure 10. Temperature dependences of the in-phase and the out-of-
phase magnetization (M'(open) and M"(closed)) of 1 in an ac field of
30e¢ at a frequency of 10 Hz, under ambient pressure (square) and
1.00 GPa (circle), respectively.

Supporting Information). The value of T, at 0 GPa was
17.0 K and this increased to 25.4 K at 1.00 GPa. The pres-
sure dependence of T is shown in Figure 11, which clearly
demonstrates the linear relationship of T with the applied
pressure, with dT/dP=8.43 K/GPa (see Figure S15 in the
Supporting Information). When the pressure was released at
1.00 GPa, the M-T curves traced back to the initial profile,
and the 7 value recovered to 17.0 K. These results indicate
a reversible 7T modulation without any structural decompo-
sition under an external pressure up to 1.00 GPa. The pre-
cise Tc modulation resulting from the external pressure re-
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Figure 11. Pressure dependences of T(P)/T(P,) of 1 (open squares) and
2 (closed squares).

flects the increased overlap integrals between dm(Cr™) and
*(CN~) and between dm(Mn") and w*(CN~) orbitals, ac-
companied by a shrinkage of the Cr-CN-Mn linkages.! The
maximum magnetization value at 2 K was constant for all
pressures, which suggests that the magnetic domain structure
was not changed under stress. The internet interaction was
negligible in the initial interpenetrated structure, because
the nearest internet separation of 10.646 A (between the
nearest Cr'" and Cr'" ions) was enough long. In this case,
the internet interaction is weakly ferromagnetic based on
the dipolar interaction and might be enhanced on applica-
tion of external pressure.'""'” However, in practice, the con-
tribution of the internet interaction is not so large, because
the bulky 4dmap coligands separate the two independent
nets well, and prevent shrinkage of the internet space. In ad-
dition, the constant magnetization value at 2 K indicates
that there was no pressure-induced linkage isomerism of the
cyanide groups in 1 at pressures up to 1.00 GPa, while this
phenomenon has been reported in other Prussian-blue ana-
logues."

A similar T enhancement associated with applying an ex-
ternal pressure was observed in 2 (see Figure S13-15 in the
Supporting Information). The T, value of 2 increased to
15.0K at 1.04 GPa, with a linear correlation of dT./dP=
8.41 K/GPa. The applied pressure makes the antiferromag-
netic pathway including magnetically anisotropic Mn™ ions
more effective. To elucidate the origin of the T enhance-
ment more directly, structural analysis of both 1 and 2 under
an applied external pressure is in progress.

Here we compare the rates of 7 change of 1, 2 and previ-
ously reported CPMs, and discuss the effect of pressure. The
rate of T change (the initial slope a) in the small P region
can be estimated by Equation (2):1*7

Tc(P)=(1 + aP) x Tc(Py) (2)
where T¢(P,) is T under ambient pressure.

In the case of 1, the initial slope a is estimated to be
0.49 GPa™!, where T(P))=17.0K and T(1.00)=254K

Chem. Eur. J. 2008, 14, 3481 —3489

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

(Figure 11). With 2, a is estimated to be 1.29 GPa™
(T(Py)=6.4K and T(1.04)=15.0 K).

The effect of pressure on CPMs,
[Mn(en)]5[Cr(CN)gl,-4 H,O 3), Mn;[Mn(CN)gl,
‘12H,0-1.7CH;0H (4), and Cos(OH)«(SO,),(H,0); (5)
have already been reported.”**! Compound 3 has a 3D
network based on a defective cubane structure extended by
Cr'™.CN-Mn" linkages with (ng, #y,)=(6, 4), and the
Tc(Py) value of 69K increased up to 102 K at 1.36 GPa,
which gives an a value of 0.35 GPa~!. Prussian-blue ana-
logue 4 shows an increase of 7. from 29K to 40K at
1.00 GPa, where the a value is estimated to be 0.38 GPa™".
Compound 5 forms a 3D pillared layer structure based on
p;-OH-bridged Co" layers and [Co"(H,0),(SO,),] pillars,
and gives an a value of 0.097 GPa™' (T«(P;)=12.6 K and T-
(0.98)=13.8 K). The results are summarized in Table 1. The
a value can be treated as a measure of the compressibility of

Table 1. T and initial slope a of compounds 1-7.

T(Py) T(P) (P a

K]  [K]  [GPa]) [GPa]
[Mn(4dmap),],[Cr(CN);10H,01  17.0 254  (1.00) 049
[Mn(4dmap),],[Mn(CN)];-10H,O 2 6.4 15.0 (1.04) 129

Compound

[Mn(en)]5[Cr(CN)y|,-4H,0 3 69 102 (136) 035
Mn;[Mn(CN);],-12H,0-1.7CH,0H 4 29 40 (1.00) 038
Cos(OH)4(SO,),(H,0), 5 126 138 (0.98) 0.097
(R)-3MLNN-Mn(hfac), 6 47 57 (0.98) 022
p-NCC4F,CNSSN 7 36 72 (164) 061

the structure with regard to its magnetic properties. The low
a value of § reflects its structural hardness and its well-sepa-
rated 2D magnetic structure. The cyanide-bridged CPMs, 3
and 4, give comparable a values. Compared with Mn"Cr™
ferrimagnets 1 and 3, the higher a value (higher compressi-
bility) of 1 is consistent with its flexible porous framework.
It should be noted that the a value of 2 is remarkably higher
than that of 1 in spite of the same flexible framework. The
high a value of 2 suggests that the magnetic interaction
pathway including magnetically anisotropic Mn'" ions in the
C,, symmetry was made more effective by structural com-
pression. The a values of 1 and 2 are also comparable or
higher than those of compound 6 having a 1D alternate
array of [M(hfac),] (Hhfac=hexafluoroacetylacetone) and
chiral a-nitronyl nitroxide radical ((R)-3MLNN) with ferro-
magnetic ordering (T(P))=47K, T0.98)=57K in
120 Oe),* and a pure organic weak ferromagnet, f-phase
of 1,2,3,5-Dithiadiazol-3-yl,4-(4-cyano-2,3,5,6-tetrafluoro-
phenyl) radical (p-NCC(F,CNSSN (7)), providing the high-
est T value of genuine organic magnet (T¢(Py)=36 K, T
(1.64)=72 K) (Table 1).4%41 In the interpenetrating flexible
porous magnets 1 and 2, the spatial margin between frame-
works plays an important role for the high compression.
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Conclusion

Two novel 3D cyanide-bridged ferrimagnets, [Mn-
(4dmap),]5s[M(CN)4],-10H,O (M=Cr (1) and Mn (2)) have
been prepared by using monodentate 4dmap as a coligand.
Both compounds form a twofold interpenetrated 3D net-
work based on triconnected 6,10% nets with M™ nodes and
CN-Mn"-NC linkers. The frameworks exhibit porosity with
two types of 1D basic channels, and these channels are filled
with lattice water molecules. The compounds exhibit a ferri-
magnetic ordering (T-=17.0 K (1) and 6.4 K (2)) at ambient
pressure, and a reversible 7. modulation on applying an ex-
ternal hydrostatic pressure. The value of T increased linear-
ly to 25.4 K for 1 and 15.0 K for 2 on applying pressure up
to 1.0 GPa. This is because of the enhancement of the anti-
ferromagnetic interaction by structural compression associ-
ated with an increase in the overlap integral between the
magnetic orbitals of M™ and Mn" ions. The frameworks
also provided chemically modified inner pores with the
basic dimethylamino groups. Such modification of porous
coordination polymers (PCPs) is an intriguing subject, be-
cause it has a crucial effect on guest adsorption, separation,
and catalytic reactions in the specific coordination
space.”>! In addition, interpenetrating porous frameworks
are significant in that they exhibit guest-induced functions
because of their dynamic coordination space.’>*¢*!l Com-
pounds 1 and 2 demonstrate an advantage for attaining mul-
tifunctionality, such as physical (pressure) and chemical
(guest molecules) responsive magnets, except for their insta-
bility towards dehydration. The preparation of such materi-
als, providing interpenetrated rigid magnetic frameworks
and a specific inner space, is in progress to achieve multi-
functionality based on reversible physical and/or chemical
responses.

Experimental Section

Physical measurements: Elemental analyses of carbon, hydrogen, and ni-
trogen were carried out on a Flash EA 1112 series, Thermo Finnigan in-
strument. Infrared spectra were measured by using KBr disks with a Per-
kinElmer Spectrum 2000 FT-IR system. Variable-temperature X-ray
powder diffraction was collected on a Rigaku RINT 2000 Ultima diffrac-
tometer with Cug, 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 Kmin~". The ac and dc magnetic susceptibility measurements under an
ambient pressure were carried on a Quantum Design MPMS-XL5R
SQUID magnetometer in the temperature range 2-300 K. Crystals of 1
and 2 were well ground and mixed into the commercially available Apie-
zon J Oil (Apiezon Products M&I Materials Ltd, UK) to fix the sample
and to avoid the dehydration under a He atmosphere (low humidity)
during the measurement. The respective mixture was placed in a gelatin
capsule, mounted inside a straw, and fixed to the end of a sample trans-
port rod. Effective magnetic moments were calculated by applying the
equation p,;=(8y,T)"?, where y, is the molar magnetic susceptibility
corrected for diamagnetism of the constituting atoms.®! Field-dependen-
ces of magnetization were measured under the field range of 0-50 kOe.
The magnetic measurements under a hydrostatic pressure up to 1.04 GPa
were carried out by using a piston-cylinder type of pressure cell made of
Cu-Be alloy, which can be inserted into a SQUID magnetometer. Apie-
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zon J oil was used as a pressure-transmitting medium. The sample (5-
10 mg) was well ground and dispersed into the apiezon oil with a piece of
Pb, whose superconducting transition temperature served as the probe of
the actual pressure at low temperature. The mixture was placed in the
Teflon bucket and fixed in the clamp cell.**7

Materials: All reagents except for K;[Mn(CN)¢] were purchased from
commercial sources and used without further purification. Ks[Mn(CN)]
was prepared according to the literature./”! All preparations were carried
out under anaerobic conditions (Ar flow) using standard Schlenk appara-
tus and degassed solvents to avoid oxidation by atmospheric dioxygen.
Caution: Cyanide-containing compounds are potentially toxic and should
be handled in small quantities.

Preparations

[Mn(4dmap),];[Cr(CN)¢],-10H,0 (1): MnCl,-4H,0 (59 mg, 0.3 mmol)
was dissolved in a degassed water—ethanol (2:1) solution (10 mL). A
water—ethanol (2:1) solution (10 mL) of 4dmap (220 mg, 1.8 mmol) and
that of K;[Cr(CN)4] (65 mg, 0.2 mmol) were added to this solution in
turn. The resulting turbid mixture was allowed to stand for over two
weeks to obtain pale green cubic crystals. They were separated, collected
by suction filtration, washed with water, and dried in vacuo. All the oper-
ations for the synthesis were carried out in the dark to avoid the decom-
position of K;[Cr(CN)y]. Yield: 169 mg (76 %). Elemental analysis (%)
caled for CygH,4N340,,Cr,Mn;: C 51.77, H 6.34, N 22.64; found: C 51.61,
H 6.11, N 22.40. Selected FT-IR data(KBr disk): #=2156, 2131 cm™*
(Ven)-

[Mn(4dmap),1;[Mn(CN)4],-10H,0 (2): This compound was synthesized
in a way similar to that for 1 except for using K;[Mn(CN)s] (65 mg,
0.2 mmol), a different amount of 4dmap (147 mg, 1.2 mmol), and de-
gassed water as solvent at 276 K instead of K;[Cr(CN)], 4dmap (220 mg,
1.8 mmol) and the water—ethanol mixture at room temperature. The re-
sulting turbid mixture was allowed to stand for a week to obtain resulting
reddish-brown cubic crystals. They were separated, collected by suction
filtration, washed with water, and dried in vacuo. All the operations for
the synthesis were carried out under cold condition in the dark to avoid
the decomposition of K;[Mn(CN)]. Yield: 168 mg (75%). Elemental
analysis (%) caled for CoH4N3;O;Mns: C 51.63, H 6.32, N 22.58;
found: C 51.39, H 6.01, N 22.63. Selected FT-IR data(KBr disk): #=2141,
2135, 2120, 2118 em ™" (vey)-

X-ray crystallography: The data of 1 and 2 were collected on a
RIGAKU/MSC Mercury diffractometer to a maximum 26 value of 55.0°
with graphite-monochromated Moy, radiation (A=0.71070 A). A total of
720 oscillation images were collected. The data sets were recorded as w
scans at 0.3° steps and the exposure rate was 180.0 (s/°). An absorption
correction based on the crystal shape was applied. The data were correct-
ed for Lorentz and polarization effects. The structure was solved by
direct methods and expanded by using Fourier techniques. Non-hydrogen
atoms were refined anisotropically, while hydrogen atoms were placed at
calculated positions and refined isotropically. All calculations were per-
formed by using the teXsan crystallographic software package of Molecu-
lar Structure Corporation.*!

Crystal data for [Mn(4dmap),];[Cr(CN)],-10H,0 (1) at 243 K: A pale
green cubic crystal, CyH;4N30,,Cr,Mn;, FW =2227.20, crystal size
0.30x0.25x0.25 mm, space group R3 (No. 148), Z=9, a=b=38.759(9),
c=20559(5) A, a=p=90°, y=120°, V=267472(8) A%, pou=
1.244 gcm >, p(Mog,)=5.53 cm™'. The refinement converges with R=
0.062, R, =0.046 for 8352 reflections (I>0.70(I), F*) and R,=0.032 for
1>2.00 (I).

Crystal data for [Mn(4dmap),l;[Mn(CN)4],-10H,O0 (2) at 243 K: A red-
dish-brown block crystal, CosH,4N3sOMns, FW =2233.09, crystal size
0.15x%0.12x0.13 mm, space group R3 (No. 148), Z=9, a=b=238.46(1),
c=20287(6) A, a=p=90°, y=120°, V=25982(12) A%  pua=
1.284 gem ™, w(Mog,)=6.00 cm™'. The refinement converges with R=
0.116, R,,=0.089 for 5478 reflections (I>0.70(I), F*) and R,=0.045 for
1>2.00().

CCDC-658663 and CCDC-658664 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
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from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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