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We report three new porphyrin-based, pillared paddie-wheel
homologous series: porphyrin paddle-wheel frameworks PPF-3,
-4, and -5. These compounds are assembled from free base or
palladium tetrakis(4-carboxyphenyl)porphine, M(NO;), (M = Co
and Zn), and 4,4’-bipyridine via solvothermal reactions. The
resulting solids exhibit 3D metal—organic frameworks, where 2D
layers are pillared by bipyridine with three different packing
arrangements.

The topological control of metal—organic frameworks
(MOFs) has become one of the most active areas in inorganic
materials chemistry because of potential applications of
MOFs in gas storage, molecular recognition, and catalysis.'
A daunting challenge has been how to create designed and
predictable topologies with desired physical properties.” A
key advantage of such isorecticular MOFs is their tunability:
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the final topology is easily tunable by the choice of organic
linkers and metal components, known as secondary building
units (SBUs), as demonstrated by a series of pillared paddle-
wheel frameworks.’® The 3D pillared paddle-wheel frame-
works previously demonstrated are assembled from three
independent structural components [i.e., My(COO), paddle-
wheel SBUs (M = Mn, Co, Ni, Cu, Zn, and Cd), dicar-
boxylate linkers, and dipyridyl pillars], making the size and
shape of the channels easily tunable. However, even in these
series, alteration of the interlayer stacking sequence has not
been established.’® Recently, we have become particularly
interested in a new synthetic strategy to build frameworks
with multiple ligand binding sites.”® To this end, porphyrins
are promising ligands because a metal center can be
incorporated in the center of the porphyrin ring, providing
an additional binding site to control the framework topology.
In this Communication, we present a new pillared homolo-
gous series that allows us to control the stacking sequence
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by the introduction of metallotetrakis(4-carboxyphenyl)por-
phyrin (MTCPP) linkers, providing an additional recognition
site for the organic pillar molecule. We report three distinct
stacking arrangements (AA, ABBA, and AB), where the
ABBA stacking pattern represents an intergrowth of AA and
AB patterns. The stacking sequence of 2D paddle-wheel
layers can be systematically varied depending on stereo-
chemical preferences of the metal center in the porphyrin
linkers. This simple synthetic strategy is useful for controlling
3D pillaring of 2D-layered materials. To the best of our
knowledge, this pillared framework series is the first example
of MOFs that exhibit an intergrowth pattern via multiple
metal recognition sites.

Porphyrin paddle-wheel frameworks (PPFs) were synthe-
sized by solvothermal reaction of tetrakis(4-carboxyphe-
nyl)porphine (TCPP) or metalated TCPP (MTCPP), metal
nitrates, and 4,4’-bipyridine (bpy) in N,N-dimethylformamide
(DMF)/ethanol at 80 °C.'° The samples were characterized
by elemental analysis, single-crystal X-ray diffraction,
powder X-ray diffraction, and thermogravimetric analysis
(TGA).!0~12

Figure 1 shows the three tetratopic metalloporphyrin
linkers (MTCPP"; M = Co’*, Zn?", and Pd*"; n = 1+ for
Co*" and n = 0 for Zn>" and Pd**) used in this study, each
representing six- (octahedral), five- (square-pyramidal), and
four- (square-planar) coordination environments. These por-
phyrin linkers and M,(COO)4 SBUs (M = Zn or Co) form
a 2D “checkerboard” pattern with approximately 11.8 A
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Figure 1. Left: Porphyrin building unit, MTCPP. Right: Coordination
geometry of the metal centers found in PPF-3 (Co), PPF-4 (Zn), and PPF-5
(Pd).
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Figure 2. PPF frameworks constructed from (a) porphyrin ligands, which
can be TCPP or PATCPP. Using metal nitrates, the 2D infinite sheets (b)
are constructed with paddle-wheel SBUs and the MTCPPs. The 2D sheets
are pillared with bpy to give (c) PPF-3 (Co, orange), (d) PPF-4 (Zn, yellow),
and (e) PPF-5 (Pd, green). The resulting stacking arrangements are
dependent on the preferred coordination geometry of the porphyrin metal
centers.

between the porphyrin metal center and the paddle-wheel
SBU, as shown in Figure 2b. The resulting 2D layers are
pillared by bpy molecules. Interestingly, the 2D layers in
PPFs can be pillared in two different ways: homogeneously
or heterogeneously. Homogeneous pillaring is commonly
observed in paddle-wheel frameworks when a dipyridyl pillar
connects two M,(COO), SBUs.> ® A new type of hetero-

Inorganic Chemistry, Vol. 48, No. 2, 2009 427



COMMUNICATION

geneous pillaring can be seen in PPF-3, [Co,(CoTCPP)-
(bpy)2J(NO3). In this structure, the bpy pillars connect
Co,(COO0);, clusters and CoTCPP linkers. As shown in Figure
2, this type of pillaring saturates all available Co metal sites;
consequently, the resulting stacking pattern becomes AB.

Another interesting structural feature can be seen in PPF-
4, [Zny(ZnTCPP)(bpy);.s]. In this structure, 2D porphyrin
layers are connected by alternating homogeneous and
heterogeneous pillaring. Because of this unique pillaring
pattern, the stacking sequence found in PPF-4 becomes
ABBA (Figure 2). This stacking pattern originates from the
Zn coordination in porphyrin. Although examples of six-
coordinate Zn are known, five-coordinate Zn is energetically
favored by 14 kcal/mol in related compounds.'* A notable
feature of this stacking pattern is that the Zn center in
ZnTCPP could accommodate an additional ligand without
changing the overall framework connectivity. In this regard,
the framework contains coordinatively unsaturated metal
centers. It is noteworthy that such unsaturated metal centers
created in MOFs are an important factor in hydrogen storage
in terms of increasing hydrogen adsorption energies at
ambient temperatures.14 In both cases (i.e., PPF-3 and -4),
the coordination environment of the metal center in the
porphyrin governs the stacking pattern of the 3D pillared
porphyrin network.

To extend the relationship between the stacking pattern
and the coordination environment of the metals, we also
synthesized a new compound, PPF-5, assembled from
PATCPP linkers, Co paddle-wheel SBUs, and bpy pillars
under synthetic conditions similar to those used in PPF-3
and -4."%° As expected, the single-crystal structure reveals
only homogeneous pillaring between paddle-wheels because
the d® metal (Pd*") inside TCPP does not participate in
coordination bonding with bpy pillars. PPF-5 has the lowest
framework density (0.498 g/cm?) in this series.'' The AA
stacking pattern observed in PPF-5 is particularly interesting
because the porphyrin metal centers are decorating the pore
surface. Because the exposed metal centers in MOFs are
attractive features in gas storage and catalysis, the AA
stacking pattern found in PPF-5 would be interesting if it
could be obtained with octahedral metals incorporated inside
TCPP.
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These three observed layered stacking patterns are closely
related; one might consider that the ABBA stacking pattern
found in PPF-4 is a 1:1 intergrowth of AB and AA stacking
sequence in PPF-3 and -5, respectively. Although intergrowth
is commonly observed in other types of inorganic extended
solids,' to the best of our knowledge, this homologous series
represents the first example of an intergrowth pattern
observed in MOFs.

In order to distinguish between the three stacking patterns
and optimize the synthetic conditions for PPFs, powder X-ray
diffraction has been used.'? Because all three structures have
virtually identical unit cell lengths in the a and b directions,""
reflections involving the ¢ value were ideal for the structural
characterization. The resulting crystal morphologies are
square platelets, typically with the edge length five times
greater than the thickness. This morphology results in a very
strong preferred orientation.'> The preferred orientation
allows for easy indexing of the 00/ reflections and, conse-
quently, determination of the framework stacking patterns.
This quick characterization of samples increases throughput
and eventually leads to optimization of the synthetic condi-
tions. The synthetic conditions for single-crystal growth have
been determined by systematic variation of the following
parameters: the concentrations of the ligands and metal
nitrates, the amounts and types of solvents used, and the
solvent ratio. In an attempt to remove the preferred orienta-
tion, the samples are ground. This procedure, however, results
in an apparent loss of crystallinity, and the samples become
amorphous. The 3D PPF samples (PPF-3 and -4) are not
thermally robust and are only stable up to ~200 °C,
becoming amorphous or unidentified phases upon heating.

In conclusion, this PPF series demonstrates a new level
of tunability in MOFs. We have demonstrated that the
stacking arrangement of 2D paddle-wheel porphyrin layers
can be altered by the coordination geometry of the porphyrin
linkers. Work is in progress to form AA stacking patterns
with various transition metals and to create other stacking
sequences.
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