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A novel layered and pillared topology in a 3D open framework:
synthesis, crystal structure and magnetic propertiest
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A one pot reaction of Cu(NQO3),, malonate dianion (mal) and
1,2-bis(4-pyridyl)ethane (bpe) leads to a novel 3D open frame-
work, [{Cuz(mal),(bpe)3;(H20):}(NO3)2(H;0)al, (1), composed
of Cu-malonate layers pillared by bidentate bpe ligands encapsu-
lating NO;~ and water molecules in bidirectional intersecting
channels; the framework’s secondary building unit comprises
unprecedented two hexa- and four penta-coordinate copper(ir)
nodes which are 6- and 4-connecting, respectively, and the mag-
netic properties of the complex show the highest overall ferro-
magnetic interaction (J = 22 cm ') of the previously reported
syn—anti carboxylate bridged complexes.

The success of the strategy for the synthesis of porous and
large channel with accessible metal sites containing materials
with specific properties using “node and spacer” is rare in
the literature.'™ However, the selectivity, especially in separa-
tion, catalysis and molecular recognition, for the reported
materials is still poor, limiting their practical applications.
One of the possible strategies to improve the selectivity and
reactivity is to synthesize inorganic-organic hybrid frame-
works with different metal coordination environments, as has
been observed in some metalloenzymes.* In contrast to rigid
organic spacers, a judicious use of flexible ligands may be use-
ful in synthesizing such environments, and in mimicking the
role of flexible amino acids (selectivity) in enzymes. Therefore,
synthesis of this kind of material can provide us with not only
the know-how about the formation of stable open frameworks
purely based on flexible ligands with different nodal geometry,
but also the properties that result in reversible guest exchange
and, possibly, higher selective catalytic activity. Though there
are several interesting reports of molecular architectures based
on mixed rigid and flexible ligands,® reports on the above-
mentioned type of frameworks have been absent largely,
apparently because these polymeric structures are difficult to
control. Herein, we report the synthesis, structure and mag-
netic properties of [{Cus(mal),(bpe)3(H;0),}(NO3),(H,0)s],
(1) [mal = malonate dianion and bpe = 1,2-bis(4-pyridyl)-
ethane] and the versatility and the flexibility of malonate and
bpe ligands towards Cu(1).

The structure determination reveals that the 3D open-frame-
work of 1 consists of [{Cus(malonate),(H,0),}], layers and
bpe pillars. In the layers, each mal dianion chelates a Cu2 cen-
tre, with the remaining two oxygen atoms bridging to two

1 Electronic supplementary information (ESI) available: Fig. S1:
showing the brick-walled shaped view of the [{Cujs(malonate),-
(H»0),}], layer; Fig. S2: space-filled diagram showing channels viewed
down x-axis. See http://www.rsc.org/suppdata/nj/b2/b208650f/
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adjacent Cul atoms, thus forming an infinite covalently
bonded cationic layer perpendicular to [100]. The coordinated
water oxygen lies in the plane of this layer. It should be noted
that most M—(mal) form layered structures.® The layer struc-
ture features a brick-wall network as shown in Fig. 1, in which
every six metal centres are interconnected to form a rhombic
ring in the bc-plane. Finally, adjacent layers are linked by
the bpe ligand as molecular pillars to furnish a 3D-open frame-
work with the shortest 6-gon circuit consisting of four 4-con-
necting Cul centres and two 6-connecting Cu2 centres. The
most prominent feature of complex 1 is the presence of a bi-
directional system of intersecting channels with dimensions
of 4.1x8.5 A and 4.5x6.5 A (atom to atom) along [100]
(Fig. 2) and [010] (Fig. 3) respectively. The nitrate anions com-
pensate for the cationic charge of the layers and reside together
with the water molecules in the interlayer space. Both of them
occupy the channels in the [100] direction but nitrate ions are
eclipsed by pyridines of the bpe ligand in the [001] direction.
The guest moieties establish O-H---O hydrogen bonds
[O---0O,, = 2.817 A] among themselves but not with the fra-
mework. There are two crystallographically independent Cu(ir)
atoms. Cul is coordinated by two oxygens from two malonate
groups, one oxygen from a water molecule in the layer and two
pyridyl nitrogen atoms from two p-bpe ligands in a distorted

Fig. 1 Brick-walled shaped view of the [{Cus(malonate),(H>O),}],
layer (symmetry code: *=1—x, 1—y, 2—z; #=1—-x, 1/2+y,
15—z #*=x,1/2—y,1/242).
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Fig. 2 View of complex 1 showing the bi-directional intersecting
channels with dimensions of 4.1 x 8.5 A and 4.5x 6.5 A along the
[100] direction.

square pyramidal environment. Cu2 is located at an inversion
centre and octahedrally coordinated by four oxygen atoms
from two chelated malonate ligands and two nitrogens from
two p-bpe ligands. The Cu-O(mal) and Cu-N(bpe) bond
lengths are in the ranges 1.951(2)-2.265(2) A and 1.869-
2.325 A respectively and the Cul-Olw bond length is
2.251(2) A. The bond angles between the cis ligands and the
Cul centres range from 83.86(9)-112.70(9)°, while the corre-
sponding angles for Cu2 range from 87.11(10)-92.89(10)°.
The malonate ligand adopts a planar conformation. The two
carboxylate bridges (Cul-O1-C13-02-Cu2 and Cu2-O3-
C15-04-Cul®) exhibit syn—anti conformations and the dihe-
dral angle between these two planes is 2.3°. The two intralayer
copper—copper  distances are 4.755(1) (Cul---Cu2) and
5.154(1) A, (Cul®...Cu2), whereas the Cu—bpe—Cu distance is
13.389(1) A.

Magnetic studies of the title complex were performed using a
SQUID magnetometer on a crystalline sample in the tempera-
ture range 300-2 K in an applied field of 0.5 T. The experimen-
tal magnetic data indicate global ferromagnetic coupling

Fig. 3 View of complex 1 along the [010] direction showing m—r inter-
actions.
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Fig. 4 ymT vs. T plot for complex 1. The solid line corresponds to the
best fit obtained (the dotted line corresponds to a simulation with
J=22cm !and g = 2.2).

(Fig. 4). Two kinds of magnetic pathways can be considered,
i.e. intralayer and interlayer. The magnetic coupling between
layers may be considered nil, owing to the large distance
between Cu(1) ions (13.4 A) through the bridging ligand, with-
out any important magnetic pathway. Thus the coupling is
considered only within each layer. In each layer there is only
one important magnetic pathway, i.e. Cul-O1-C13-02-Cu2—-
02*-C13*-O1*-Cul* (Fig. 1). This pathway is through car-
boxylate in syn—anti configuration and this configuration gives
a small ferromagnetic coupling.®® On the other hand, the pos-
sible Cul-O1-C13-C14-C15-04-Cul® pathway (Fig. 1) is
very weak as it is a coupling through three carbon atoms,
and thus almost nil. The Cu2-O3 distance is the long distance
(Jahn-Teller distortion in Cu2 = 2.265 A) and the possible
coupling Cul*-04-C15-03-Cu2 (Fig. 1) is small and, likely,
ferromagnetic, owing to the orthogonality of the orbitals
(dy2—)2 of Cul and d.. of Cu2). Thus, the “quasi-isolated”
magnetic entity is a Cu(i) trinuclear complex (Cul-Cu2—
Cul). The fit was made choosing all experimental points and
cutting the yy7 points at 15, 20, 30 and 40 K, because at
low temperatures the curve seems to indicate cooperative phe-
nomena. Effectively, the yy7 value for three unpaired elec-
trons (ferromagnetic coupling) would be close to 2 cm’
mol~! K (assuming g > 2.00, typical for Cu(i) ions). The
experimental datum is 7 cm® mol~' K, higher than that
expected. For the fit, the formula given by Kahn® was selected,
considering only a g value (to avoid over-parametrization with
two ¢ values very similar to each other). This formula was
modified according to the molecular-field approximation (to
interpret the intermolecular interactions), by adding a J' term.’
Cutting at 40 K the best fit gives: J = 21.3 cm™!, g = 2.2 and
R=10x107%for T=30K, J=21.1 ecm™!, g = 2.21 and
R=10x10"% for T=20 K, J=223 cm !, g=220
and R=10x10"% for T=15K, J=239 cm™!, g =22
and R = 7.3 x 10™*. Considering all points and introducing in
the formula the J' parameter, the best fit gives: J = 25.3 ecm™!;
J =0.77cm ', g =2.2and R = 1.9 x 1073, Thus, the consid-
eration of all points gives a similar ferromagnetic J value, small
“intermolecular” ferromagnetic interactions (J) but a worse R
factor. In fact, the best R factor is obtained when the ym7T
points are cut at 40 or 30 K. All these features clearly indicate
that the hypothesis of only a trinuclear system for the fit is not
perfectly valid. The omission of the other possible interactions
(mentioned above) affects the fit at lower temperatures. A curve
with the average J value 22 cm™! and ¢ = 2.2 was simulated
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together with the experimental points, showing the clear
separation in the low temperature region (Fig. 4). The value
of J (ca. 20 cm™') is greater than those reported in the litera-
ture for similar syn—anti carboxylate pridges.(”7 The short
Cu-0(1,2) distances (1.960 and 1.975 A) may be the origin
of this ferromagnetic J value.

Thermogravimetric analysis of 1, under a nitrogen flux,
show that both the solvated and the coordinated water mole-
cules are lost stepwise at ~50 and ~90°C respectively and
the dehydrated framework remains stable up to ~180°C with-
out any further weight loss. The dehydrated compound gets
rehydrated on keeping it in water overnight. It is observed that
the single crystallinity does not remain intact on elimination of
channel water at ~50°C. Since the catenation of polymeric
frameworks can allow a certain flexibility of the architecture,
it can potentially favour a solvent exchange process, investi-
gation of this is in progress.

Experimental

An aqueous solution (5 mL) of disodium malonate (1 mmol,
0.148 g) was added dropwise to a methanolic solution (10
mL) of Cu(NO3);-3H,0 (1 mmol, 0.241 g) producing a sky
blue solution which was allowed to stir for 30 min; to this a
methanolic solution (10 mL) of ligand bpe (1 mmol, 0.184 g)
was added slowly. The resulting deep blue solution was
refluxed for 4 h, cooled and filtered. The filtrate was kept in
a CaCl, desiccator and after a week suitable deep blue single
crystals for X-ray structure determination were obtained.
These were collected, washed with isopropanol and dried (yield
80%). Anal. Found (caled): C, 46.35 (46.38); H, 3.83 (3.86); N,
10.26 (10.30); Cu, 17.48 (17.53%).

Crystal data

C4HygCusNgO5, M = 1143.53, monoclinic, space group
P21/c  (No. 14), a=13.3890(14), b = 16.3111(16),
c=10.9990(11) A, f = 91.352(2)°, V = 2401.4(4) A’ Z = 2,
D.= 1582 g em™, u(Mo-Ka) = 1.399 mm™', T =293 K,
AMo-Ka) = 0.71073 A, 6 min-max = 1.5-28.3°, total
data = 14940, unique data 5727, R, = 0.060, observed data
[ > 2a(1)] = 3109, R = 0.0479, wR = 0.1110. The bpe ligand
on Cu2 is disordered over nearly perpendicular orientations
with 65:35 occupancy ratio.

CCDC reference number 183452. See http://www.rsc.org/
suppdata/nj/b2/b208650f/ for crystallographic data in CIF
or other electronic format.
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