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Porous solids that contain accessible, coordinatively unsatu-
rated (open) metal sites within a rigid framework show great
potential for applications in catalysis, absorption of gases (H,
and CH,), and small-molecule recognition," as highlighted
in recent reviews."° There is a growing interest to improve
catalytic and gas-absorption selectivity through the immobi-
lization of reactive transition-metal centers inside highly
functionalized, size-selective pores. This is envisioned as an
extension of the well-known catalysis mediated by zeolite
solids and coordination compounds. However, only a few
mixed examples of open-framework solids with access to
open metal sites have been reported, including open Zn, Cu,
and Tb sites in three distinct metal-organic frameworks,**7!
and Ni and Co sites within separate metal-hydroxycarbox-
ylate solids.®”] These open metal coordination sites are
typically obtained post-synthesis upon removal of a terminal
ligand (such as H,O or pyridine) from the metal without
irreversible destabilization or collapse of the pore structure.
The carboxylate functional groups of the ligands convey much
of the structural stability in the above examples.
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By contrast, our research efforts are directed toward the
use of metal oxide/organic assemblies, in which a robust metal
oxide layer serves as the general platform to both immobilize
and help structurally stabilize the open metal sites. The
general approach is shown in Scheme 1, and arose from the
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Scheme 1. The general strategy of substituting a symmetrical bridging
ligand with an unsymmetrical ligand that results in access to open
metal sites between metal oxide layers.

discovery and subsequent structural analysis of Cu,(pzc),-
(H,0),Re0, (pzc =2-pyrazinecarboxylate),”] which consists
of CuReO, layers separated by pillars of [Cu(pzc),(H,0),].
The strategy is based on substitution of the simple bridging
ligand of a pillared solid for one that exhibits two different
bonding preferences: one that favors attachment to the metal
oxide layer and the other, to the desired transition metal. The
ligand-bonding preferences can be used to entrain specific
transition metals between the metal oxide layers. Further-
more, if the functional groups of the ligand satisfy the charge
requirements of the transition metal (for example, two
carboxylates for one M"), then other neutral terminal ligands
can be removed post-synthesis to yield open metal sites. The
potential application of this synthetic strategy to immobilize
open metal sites is also relevant to the large numbers of
pillared layered phosphonates, sulfates, and hydroxide struc-
tures such as those reported earlier."" ) Herein we report the
first description and application of this novel general strategy
to target open Co and Ni sites stabilized between AgReO,
layers.

The starting point of our synthesis was the simple, recently
synthesized!"® AgReO,(pyz) (pyz=pyrazine) pillared solid
shown in Figure 1a, which contains neutral AgReO, layers
pillared by pyrazine. As suggested in Scheme 1, this synthesis
was modified by using 2-pyrazinecarboxylate in place of
pyrazine and adding Co™ and Ni" for inclusion between the
layers. Standard hydrothermal techniques were used and the
reactants were heated at ~110-140°C for 24 h, followed by
slow cooling for 24 h. Orange Co(pzc),(H,0),AgReO, (1)
and irregular platelike green crystals of Ni(pzc),-
(H,0),AgReO, (2) were obtained and characterized by X-
ray diffraction.!'” The reversible removal of coordinated H,O
was detected by thermogravimetric analysis (TGA).

The structures of both solids (Figures 1b and c) derive
from that of AgReO,(pyz) in which AgReO, layers are
bridged through pzc to interlayer Co or Ni centers in 1 and 2,
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Figure 1. Layered structure views of a) AgReO,(pyz); b) Co(pzc),-
(H,0),AgReO,; and c) Ni(pzc),(H,0),AgReO,. AgReO, layers are illus-
trated with polyhedra; light polyhedra are Ag-centered, dark represent
ReO,”; interlayer atoms: black= 0, darkly shaded =N, white=C, and
lightly shaded =Co and Ni.

respectively. The [Co(pzc),] pillars in 1 are tilted with respect
to the AgReO, layers, resulting in a relatively smaller
interlayer spacing of ~13.58 A (b-axis/2), whereas the [Ni-
(pzc),] pillars in 2 buckle only slightly with a c-axis layer
spacing of ~14.00 A. The lone (para) N atoms of the pzc
ligands bond preferentially to the Ag sites of the AgReO,
layer with Ag—N bond lengths of 2.214(3) A in 1 and 2.246(6)
and 2.258(6) A in 2. Within the AgReO, layers of both
structures, the ReO,~ tetrahedra have regular Re—O bond
lengths in the range of 1.680(6)-1.765(7) A (Figure 2). The 2D
packing of the AgReQO, layers is structurally similar in 1 and 2,
with the ReO," tetrahedra in approximately body-centered
arrangements with Ag-centered polyhedra on the edges.
However, in 2 there are two distinct sets of tetrahedral
orientations that alternate, which causes the changes in local
Ag atom environments. A rotation of each ReO," tetrahe-
dron in 2 by ~20-25° that aligns them in a single direction
brings this layer into closer similarity to the topology of 1
(Figure 2b).

The COO™ groups and N atoms of the pzc ligand prefer-
entially coordinate to the equatorial positions of Co and Ni at
the usual distances (2.026(5)-2.169(2) A)'*'! as shown in
Figure 3. The COO™ groups and N atoms on opposing ligands
arrange trans with respect to each other. The axial positions of
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Figure 2. Polyhedral view normal to the AgReO, layers for a) 1 and
b) 2; dashed arrows denote rotations to interrelate the orientations of
ReO, tetrahedra between the two structures.

Figure 3. View of a single layer of M(pzc),(H,0), pillars drawn normal
to the layer plane with the unit cell outlined: a) M =Co and b) M=Njij
interlayer atoms: black=0, darkly shaded=N, white=C, lightly
shaded =Co and Ni, and gray=H.

the metals are bonded by H,0, at distances of 2.060(2) A for
Co and 2.033(6) and 2.086(6) A for Ni. In both 1 and 2, each
H,O molecule forms H bonds (Figure 3, thin lines: OH--O) at
distances of 1.75-2.13 A to both O atoms of the carboxylate
groups. However in 2, an O atom of one carboxylate group
has no H-bond contacts whereas the other has two. This
difference results from the tilt of the [Co(pzc),] pillars, in
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contrast to the nearly vertical pillars of [Ni(pzc),]. The metal-
bridged pillars are bonded to the AgReO, layers, which
structurally separate and hinder the Co/Ni sites from further
bonding to free carboxylate groups as frequently occurs in
metal-organic structures.*?") This feature also helps prevent
structural collapse upon removal of coordinated H,O from
the Co/Ni centers.

TGA performed under flowing N, showed a mass loss that
corresponds to the removal of coordinated H,O (caled, 5.1 %;
exptl, 5.2%) at 120°C for 1 and 170°C for 2. TGA curves for
both are shown as insets in Figure 4. Concomitant color

I+ .
I 09
W
0.8
100 200 300
L TIC —=

P
=
=
=

18 22 26 30 34 38 42
28" ——
Figure 4. Powder X-ray diffraction results for a) 1, and b) 2; directly

post-synthesis (1), after dehydration (I1), and after rehydration (ll1);
insets: respective TGA curves (w=mass fraction).

changes were observed as lighter shades of orange and green
for 1 and 2, respectively. Further decomposition occurred at
>300°C; the compounds exhibited a total range of stability
close to 200°C. Both could be rehydrated with drops of H,O
on a glass slide, and subsequent TGA again revealed the
characteristic 5% mass loss for all coordinated H,O, an
indication for porosity.?!! Full rehydration required only
minutes for 1, but up to 20 h for 2. This is likely the result of
the much larger crystal sizes of 2 (> x50, on average) and
longer H,O diffusion paths than present in 1.

Powder X-ray diffractometry was used to monitor the rate
and effect of rehydration and dehydration on both structures
(Figure 4). After one cycle of dehydration/rehydration, 1 and
2 showed almost no change in peak position, and slightly less
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crystallinity. Shifts in peak position were noticeable upon
dehydration, corresponding to decreases in the AgReO,
interlayer spacing (~0.73 A for the (020) and (040) planes
for 1; ~1.34 A for the (001) and (002) planes for 2). The
larger decrease in interlayer spacing for 2 is likely caused by
the nearly vertical orientation of the [Ni(pzc),] pillars in the
hydrated state, which results in a more dramatic tilt (and
compression) upon the removal of H,O. Both dehydrated
structures stabilize at a similar interlayer spacing of ~12.8—-
13.0A.

The substitution of pyrazine for 2-pyrazinecarboxylate
pillars between AgReO, layers, as diagrammed in Scheme 1,
results in solids 1 and 2 that are predisposed to the formation
of coordinatively unsaturated Ni and Co sites. Ongoing
investigations of the Cu analogue show structural similarity,
but a dehydrated and novel chiral framework that results
from significant tilting of the pillars.”? A recent synthesis of
sulfate analogues suggest that strong coordination preferen-
ces of the organic pillars will be essential for the success of this
strategy.” Notably, other examples of hybrid solids that use
2-pyrazinecarboxylate but contain tubelike structures have
been reported; such hybrids exhibit porosity.’” However,
very few synthetic approaches are known that enable access
to a similar diversity of open late-transition-metal sites within
closely related hybrid solids.

Experimental Section

1: Product was obtained by hydrothermal reaction (1 g total) of Ag,O
(0.313mmol), Re,O; (0313 mmol), 2-pyrazinecarboxylate
(1.251 mmol), Co(OH), (0.625mmol), and distilled H,O
(31.26 mmol). All chemicals were used as received with stated
purities of >99%. Reactants were loaded and sealed inside a teflon
pouch, which was placed inside a teflon-lined stainless-steel reaction
vessel (120 mL). The vessel was heated to and kept at 125°C for 36 h,
and gradually cooled to room temperature over 24 h. The products
consisted of large orange crystals and powder in typical yields of
>90% based on Co.

2: Product was obtained by hydrothermal reaction of starting
materials listed above for 1 in similar molar ratios and NiO
(0.633 mmol) in place of Co(OH),. The reactants were heated at
140°C for 36 h, and gradually cooled to room temperature over 24 h.
The products consisted of green crystals in > 90 % yield based on Ni.
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