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A novel bimetallic [Mn(11)-Fe(ux)] 3D biporous pillared-
layer metal-organic coordination framework constructed by
a cyanometallate anion ([Fe(CN),]*") and an organic linker
(4,4-bipy) is found to exhibit permanent porosity with
excellent size selective vapour sorption properties and
H,-storage capability.

The design and synthesis of metal-organic coordination frame-
works has attracted much attention as promising functional
materials.! Porous frameworks with novel spin carriers may exhibit
dual functionality in a single system and guest-induced magnetic
modulation have recently been demonstrated.? The well-studied
inorganic metalloligand, hexacyanometallate ((M(CN),]"), forms
versatile networks with different metal ions, giving rise to a
family of magnetic materials®>** and Prussian blue analogues
also exhibit porous functionality.* Metal-organic frameworks,
with tunable pore sizes, have been found to exhibit size selective
adsorption and separation of small molecules' and as a promising
H,-storage materials.® Selective separation and isolation of small
molecules on the basis of polarity or size, such as separation
between alcohols are of great industrial, and environmental
importance.® On the other hand, for storage of a large amount
of H,, one of the strategies is to embed coordinatively unsaturated
metal sites on the pore surfaces, which can interact more strongly
than that the weak dispersion forces or the H-bond. Evidence of
stronger binding of H, to the Cu(ir)/Ni(i1)/Mn(11) open metal
sites have been reported.” In this communication, we report
the rational design, synthesis, structure and magnetic properties
of a bimetallic pillared-layer framework compound, {[Mn;(4,4"-
bipy);(H,0),][Fe(CN);],.2(4,4’-bipy).3(H,0)}, (1) with a 3D
porous structure exhibiting selective sorption properties as well as
hydrogen storage characteristics. The systematic design of 3D mi-
croporous framework of M(11) exploiting the bridging potential of
[M(CN)]" in combination with organic pillar modules is yet to
be reported.

Brown-coloured square block type single crystals of 1 were
grown by the slow diffusion of K;[Fe(CN),] and 4,4’-bipy with
MnCl, in EtOH/H,0 medium (see ESI).f The IR spectrum
of 1 shows two V(C=N) bands at 2067 cm™ and 2129 cm™
corresponding to the bridging and terminal cyanide groups,
respectively (Fig. S1).
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X-ray crystallographic structure determinationi reveals that
1 is a neutral 3D coordination architecture of Mn(ir) built
by ([Fe(CN)]*") and 4,4’-bipy with the formulation {[Mn;(4,4"-
bipy);(H,0),][Fe(CN),],.2(4,4’-bipy)-3(H,0)}, (1). There are two
crystallographically independent Mn (Mnl and Mn2) atoms in
the asymmetric unit and each octahedral Mnl is coordinated
to three CN groups from three different Fe(CN),*, one water
molecule (O1) and two 4,4'-bipy, whereas each octahedral Mn2
is coordinated two CN groups, two 4,4-bipy and two water
molecules (02, 02*%) (Fig. S2 and la).f Both Mnl and Mn2
are slightly distorted from the perfect octahedron as reflected in
the cisoid angles (83.45(17)-92.34(19)° for Mnl and 85.08(13)—
94.92(13)° for Mn2). The Mn-N and Mn-O bond distances are in
the range of 2.158(5)-2.269(3) A and 2.200(4)-2.263(3) A, respec-
tively. In the 2D layers, the twelve membered Mn1,Fel,(CN), ring
surrounded by six eighteen-membered Mn1Mn2,Fel;(CN),, rings
and each 2D layer connected by the 4,4’-bipy linker through the
Mn(11) centres forms a 3D pillared-layer network with two kind
of channels along the c-axis (Fig. 1 and Fig. S3).f Examination
with TOPOS? reveals that 1 is a tri-nodal (4-c)3(5-c)2-periodic 3D
net formed by 5-connected (5-c) Mn- nodes, 4-c Fe-nodes and 2-c
4,4-bipy and CN linkers. In a layer, the vertex symbol for Mn1,
Mn2 and Fel points are represented by Schléfli symbols, {4.6%.8},
{6°.8} and {4.6%}, respectively. Further examination shows that 1
adopts a unprecedented network topology with the Schlafli symbol
{4.6°}2{4.6°.8}2{6°.8}. The square-shaped smaller channel (2.8 x
2.2 A?) contains two water molecules and the large channel (7.7 x
5.5 A?) contains one water and 4.4’-bipy molecule as guests, both
of which providing about 35.1% void spaces to the total crystal
volume.® Thus, 1 acts as a biporous host (Fig. 1a). Upon removal
of the coordinated water molecules, framework shows 40.3% void
space to the total volume with coordinatively unsaturated Mn(i1)

Fig. 1 (a) 3D network of 1 showing two kinds of channels along the
crystallographic c-axis. The square small channel accommodates water
molecules and the larger channel is occupied by the free 4,4’-bipy and
water molecules; (b) Views of the pore: stick diagram of 1 showing two
different pores along the c-axis. The guest molecules (water and 4,4’-bipy)
and coordinated water molecules have been omitted.
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centres on the pore surface (Fig. 1b and S4). There is also a
small channel along the b-axis (3.1 x 2.2 A2) and no effective
channel along the a—axis (Fig. S3).T The guest water molecules
03 and 04 are H-bonded (O3 - - - 04, 3.027 A) to each other, and
03 also making a bridge between the two layers through N1 of
the pendant CN group (N1--- 03, 2.944 A). The guest 4,4’-bipy
undergoes strong face to face and edge to face m—m interactions
with two different coordinated 4,4’-bipy (cg---cg distances are
in the range of 3.689-5.210 A) linkers connected to Mnl and
Mn2 centres. In the 3D network, separation between the layers
through Mn(11)-4,4’-bipy-Mn(11) is 11.628 A while in the 2D layer,
the Mnl-Fel and Mn2-Fel distances are 5.230 A and 5.240 A,
respectively.

Thermogravimetric analysis of 1 was performed under a ni-
trogen atmosphere (Fig. S5)T and shows that the framework is
stable up to 285 °C (see details in ESI).T Powder X-ray diffraction
(PXRD) of the sample at 190 °C shows noticeable variations in
the intensity of the reflections, accompanied by slight shifts of
the Braggs peaks (Fig. S6).1 This change corresponds to a small
structural rearrangement upon the loss of the guest as well as the
coordinated water molecules.

N, (77 K), CO, (195 K), and H, (77 K) sorption mea-
surements were carried out in Quantachrome-1. Prior to the
sorption measurement, the as-synthesized sample was treated at
473 K under vacuum and the resulting compound {[Mn;(4,4"-
bipy);][Fe(CN)g], }, (1) was used for the sorption study. As shown
in Fig. 2, the framework exhibits a typical type-1I isotherm for
N, (kinetic diameter, 3.6 A)™ and type-I profile for CO, (3.4 A)
and the surface areas calculated from Langmuir equation is about
20 m* g!' and 157 m? g, respectively. Hysteretic sorption with
CO, molecules suggests strong interaction with the pore surfaces.
The channels along the b-axis and square-shaped channel along
the c-axis are smaller than the kinetic diameter of N, and CO,
and the larger 1D channels are available for the adsorption which
is realized by the smaller uptake of N, and CO,. Hydrogen
sorption at 77 K and up to 1 atm is found to be 0.52 wt%
without saturation (Fig. S7).f The isosteric heat of hydrogen
sorption is about 4.1 kJ mol™', which is comparable to other metal—
organic systems.** Table S1 shows H, uptake (wt%) versus specific
surface area (<1000 m? g) of porous coordination framework in
the condition of 77 K and 1 atm and exhibits H, uptakes are
substantially proportional to the specific surface area of porous

A/ mol/mol

Fig.2 N, (77K, black) and CO, (195 K, blue) adsorption and desorption
isotherms for 1”. P, is saturated vapour pressure of the adsorbates.

coordination framework.} The greater deviation was observed for
surface area >1000 m? g'.%

Inspired by the two different channels with different size and
chemical environment, we anticipated that 1’ could selectively
adsorb solvents molecules on the basis of size and polarity.
Water (H,O), methanol (MeOH), acetonitrile (CH;CN), ethanol
(EtOH), and benzene (C¢Hg) vapor sorption isotherms were
measured. As shown in Fig. 3, the sorption profiles of H,O (kinetic
diameter 2.8 A), MeOH (4.0 A) and CH,CN (4.3 A) reveal a type-
I curve and steep uptake in the low P/ P, region indicates strong
affinity with the pore surfaces. The H,O sorption profile (Fig. 3a)
shows two step sorption, indicating different sorption sites in the
framework. The large hysteresis in all cases is realized by the strong
interaction and confinement on the pore surfaces decorated by the
coordinative unsaturated Mn(11) sites and guest induced structural
modification was displayed by the PXRD patterns (Fig. S6).1 All
the profiles were analyzed by the DR equation and suggesting
7.6, 3.08, and 1.89 molecules of H,O, MeOH, and CH;CN were
adsorbed per formula unit of 1’, respectively. The values of BE,,
which reflect adsorbate-adsorbent affinity, are 7.44 kJ mol™, 5.51
kJ mol™, and 3.79 kJ mol™" for H,O, MeOH, and CH;CN,
respectively, reflecting strong hydrophilic character of the pore
surfaces. Very small uptake (saturated amount ~18 mL) and long
diffusion time of the EtOH molecules can be correlated by the
weak hydrophilicity and comparable size (kinetic diameter 4.8 A)
to the channel aperture of 1’ (Fig. 3d). Consistent with the smaller
pore size, 1’ completely excludes benzene (C,Hy) (kinetic diameter
5.8 A) molecules at 298 K (Fig. 3e).
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Fig. 3 Vapour sorption isotherm for 1. (a) H,O (298 K); (b) MeOH
(293 K); (c) CH;CN (298 K); (d) EtOH (298 K) and (e) C¢H (298 K). P, is
the saturated vapour pressure of the adsorbates at respective temperature.

The magnetic properties of 1 are shown in Fig. 4 and exhibit
that on lowering the temperature, yy 7 values (yu 7 at 300 K
14.55 cm® mol™ K) decreases and at around 45 K, yu7T =
12.20 cm® mol™ K and then it increases to 13.96 cm® mol™ K
at 20 K and finally it decreases to 7.93 cm® mol™? K at 2.3 K.
The Plot of 1/yy versus T (Fig. 4) obeys the Curie—Weiss law
in the temperature range 300-45 K with a Weiss constant 6 =
—13.24 K and a Curie constant C = 15.19 cm® mol™ K (expected
spin only value for three S = 5/2 Mn(11) and two low spin S =
1/2 Fe(i1) centres is 13.87 cm® mol™ K). The negative sign of the
Weiss constant indicates antiferromagnetic exchange interactions
as expected for Fe(ir)-CN-Mn(11) bridges where there is direct
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Fig. 4 Plot of yu T versus T and 1/ yy versus T for 1 in the temperature
range of 300 to 2.5 K.

overlap of the t,, magnetic orbitals.**" The sudden increase of
xwmT value at 45 K indicates the ferrimagnetic type behaviour due
to the complete non-cancellation of spins, i.e, spin canting in the
layers. Further connection of the layers through 4,4’-bipy induces
antiferromagnetic interactions as indicated by decreases of the
xmT value from 20 K. As Fig. S8 shows, the magnetization value
gradually increases, but saturation is incomplete and far from the
expected value at 5T (M = 7 N and the expected valueis 13 Nf) is
consistent with the antiferromagnetic system.{ Other reported 2D
CN- bridged Mn(11)-Fe(111) system shows ferrimagnetic ordering
due to the competing interactions with some degree of spin
canting.’®" In this system the residual spin in the layers is further
cancelled by 4,4’-bipy pillar module.

In summary, we have successfully designed and synthesized
a novel 3D pillared-layer framework of Mn(11)-Fe(11) with two
different channels by making use of a mixed inorganic (Fe(CN),)*
and organic (4,4’-bipy) ligand system. The framework shows
permanent porosity and good H, storage capacity and the vapour
sorption studies reveal strong hydrophilic pore surfaces and would
be useful in discriminating the MeOH molecule from a mixture of
MeOH and its higher homologues. Such bimetallic assembly using
cynametallate inorganic and organic bridging linkers may open up
a new route in fabricating porous magnetic materials. The detail
study by changing [M(CN),]"~ or organic linker is under progress,
which will be reported as a full paper.
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i Crystal data for 1. FW = Cg,HsyFe,Mn;N,,0,, M, = 1495.74,
Orthorhombic, space group Pham (no. 55), a = 16.3148(8) A,

b =17.8861(11) A, ¢ = 11.6284(6) A, V = 3393.3(3) A, Z = 2, poac =
1.458 g cm™, 1 (Mo Kar) = 1.028 mm™, F(000) = 1514, T = 100 K, A (Mo
Ka) = 0.7103 A, 6,., = 24.9°, total data = 24 867, unique data = 3109,
Ri,, = 0.109, observed data [/ > 20(1)] = 2077, R =0.0471, R, = 0.1130,
GOF = 1.02.
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