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Network Diversity through Decoration of Trigonal-Prismatic Nodes:
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Alexander Schoedel, Lukasz Wojtas, Stephen P. Kelley, Robin D. Rogers, Mohamed Eddaoudi,

and Michael J. Zaworotko*

During the past decade porous metal-organic material
(MOM) networks constructed from metal-based nodes
(metal ions or metal clusters) and bridging organic ligand
(linkers) have attracted ever increasing scientific interest.!!
Their modular nature imparts structural and compositional
diversity, tunable functionality, and multiple properties within
a single material. In particular, that MOMs can exhibit extra-
large surface area means that they represent a uniquely
promising class of materials to solve technological challenges
related to gas storage and separation, environmental reme-
diation, catalysis, sensing, and drug delivery. Crystal engineer-
ing®?! played a major role in the early development of MOMs
as exemplified by the high symmetry nets that can be
generated by linking polygonal or polyhedral nodes such as
tetrahedra (dia),” octahedra (peun),? squares (nbo),*** and
trigonal prisms (acs).”! The aforementioned nets might be
described as platforms because they are fine-tunable in terms
of both scale and properties as there are many nodes and
linkers that can sustain these structures. Pyridyl linkers such
as 4,4'-bipyridine were initially exploited in such a capacity’®
but the majority of extra-large surface area MOMs are based
upon carboxylate linkers such as benzene-1,3-dicarboxylic
acid (1,3-BDC),[" benzene-1,4-dicarboxylic acid (1,4-BDC),?!
and benzene-1,3,5-tricarboxylic acid (BTC).”! Such linkers
complement synthetically accessible and highly symmetrical
metal carboxylate nodes such as [Cuy(CO,),], [Zny(p-O)-
(CO,)q] and [{M;5(u5-O)(CO,)}s] (M =Cr, Fe). The exploita-
tion of [Cu,(CO,),], the “square paddlewheel”, has proven to
be particularly fruitful since ligand design'” or the use of
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mixed ligands!'! facilitates a plethora of highly porous
polyhedral nets. [{M;(us-O)(CO,))¢], the “trigonal prism”,
has also afforded highly porous materials, as exemplified by
MIL-100"% and MIL-101.["¥l However, even though this node
is remarkably robust,' its structures tend to form only
microcrystalline materials and require harsh synthetic con-
ditions. We describe herein a crystal engineering strategy that
exploits preformed molecular building blocks (MBBs) based
upon water-stable trigonal prisms that are decorated with
pyridyl moieties. A two-step modular approach that opens up
a broad new class of bimetallic MOM:s is thereby facilitated.

Two-step processes to form heterobimetallic frameworks
are known!" and are based on the synthesis of a metal
complex that is subsequently connected to a different metal
ion. To the best of our knowledge, high-connectivity metal
complexes that afford high symmetry nets with extra-large
channels have not yet been studied in this context. Our two-
step process involves isolation of a trigonal prism decorated
by pyridyl moieties and then coordinating this highly soluble
trigonal-prismatic Primary Molecular Building Block (tp-
PMBB-1) to different metals through its six exodentate
pyridyl moieties (Scheme 1). We coin the term PMMB to
draw analogies to the primary building unit (PBU) in zeolite
chemistry. In this context the different connections of PMBBs
to various Secondary Molecular Building Blocks (SMBBs)
lead to the structural diversity. This approach enables us to
exploit both metal-carboxylate and metal-pyridyl bonds and
ensures that the nets thereby generated will be positively
charged. The first three examples of such nets, tp-PMBB-1-
snx-1, -snw-1, and -stp-1 (nomenclature describes both the
primary building block and the topology of the resulting net)
are described herein.

The building block tp-PMBB-1 [Crs(us-O)(isonic)y]*
(isonic = pyridine-4-carboxylate)!'®! represents a discrete and
robust “hexapyridyl” 6-connected node that is well-suited for
the subsequent synthesis of a plethora of networks with
nanoscale features. Its coordination chemistry with two
metals is detailed herein: a linear but bendable linker (Ag")
and a rigid square-planar metal node (Cd*"). Our results
demonstrate the ability of Ag" to exist in nonlinear geometry
and facilitate two new network topologies for trigonal-
prismatic nodes, snx (six-connected met type x) (6,6) and
snw (six-connected net type w) (6,6), rather than the default
acs net.’! A cationic net with acs topology formed by another
tp-PMBB can also be formed and will be reported elsewhere.
For the rigid CdN, node we anticipated stp (square trigonal
prism) (6,4) topology!"” consisting of a trigonal-prismatic and
a rectangular-vertex figure, and the first nanoporous variant
of this net was indeed isolated.
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Scheme 1. The two-step process that affords tp-PMBB-1-snx-1. The building block
tp-PMBB-1 is prepared hydrothermally then dissolved and layered with Ag* in an
aqueous environment at room temperature to yield crystals of tp-PMBB-1-snx-1

(anions, solvent molecules, and hydrogen atoms are omitted for clarity).

The [Cr;(pus-O)(CO,),] trigonal-prismatic complexes are
well and long known!" and they are readily accessible by
either reflux of stoichiometric amounts of reactants in organic
solvents or simply by evaporation of aqueous solutions. The
buiding block tp-PMBB-1 is likewise accessible from hydro-
thermal synthesis (for structural and synthetic details, see the
Supporting Information) and based on our experience with
[Ag(4,4'-bipyridine)] nets,"” we linked it with Ag™ ions. The
nets tp-PMBB-1-snx-1 and -snw-1 were prepared by layering
AgNO; or AgBF, onto a solution of the nitrate salt of tp-
PMBB-1. Light green hexagonal crystals of tp-PMBB-1-snx-1
and light green octahedral crystals of tp-PMBB-1-snw-1,
respectively, were harvested. Planar nets formed from Cd"
and 4,4'-bipyridine have been known for some time?”! and
dark green needle-shaped hexagonal crystals of tp-PMBB-1-
stp-1 were obtained by layering a solution of Cd(NO;), onto a
solution of the nitrate salt of tp-PMBB-1. The crystal
structures of tp-PMBB-1-snx-1, -snw-1, and -stp-1 were
determined by single-crystal X-ray diffraction data (see the
Supporting Information) and their topologies were deter-
mined by using TOPOSP!Y and the RCSR database.”? The
RCSR provides unique three-letter codes for each net
topology and these codes are used throughout this contribu-
tion.

{Ags[Cr;O(isonic)(H,0);](NOs),}-xH,O,  tp-PMBB-1-
snx-1, crystallizes in the hexagonal space group P6s/mmc
and its tp-PMBB-1 moieties possess 6m2 symmetry. The tp-
PMBB-1 nodes are linked by two crystallographically distinct
Ag" ions through the nitrogen atom of the pyridine moiety.
The slightly bent geometry of the linkers facilitates the 3-, 4-,
and 6-connected SMBBs (Figure 1) needed for the snx
topology. The 6-connected SMBBs enable mesoporous hex-
agonal channels with a diameter of approximately 2.4 nm
running along [001]. The trigonal and square rings enable
channels with a diameter of approximately 1.6 nm and 1.7 nm,
and cavities (see the Supporting Information), respectively.
The empty space in this structure was calculated to be 85.7 %
using PLATON.!

{Ag;[Cr;O(isonic)s(H,0);](NOs),}-yH,O,  tp-PMBB-1-
snw-1, is a second crystalline phase obtained during the
reaction that afforded tp-PMBB-1-snx-1 and it is a supra-
molecular isomer!"¥ of tp-PMBB-1-snx-1 (Figure 2). The N-
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Ag-N bond angles in tp-PMBB-1-snw-1 are
different and facilitate corner-sharing 4-con-
nected as well as 6-connected SMBBs as
required for the snw topology (Figure 2). The
hexagonal channels in tp-PMBB-1-snw-1 are
2.14 nm in diameter (yellow cylindrical rods in
Figure 2b) and they are connected by two
trigonal-prismatic vertices compressed in the ¢
direction that run along [100] and [010]. There
are no channels along [001]. The net tp-PMBB-
1-snw-1 exhibits the largest empty space of the
structures reported herein, with a value of
87.4%.
{{CA(H,0),]5[Cr;0(isonic)s(H,0);[,(NOs)s}-
xsolv (solv=DMF, MeCN), tp-PMBB-1-stp-1,
was obtained by linking tp-PMBB-1 to Cd" and
forming a CdN, node (Figure 3a). The net tp-
PMBB-1-stp-1 crystallizes in the hexagonal space group P6/
mmm and consists of square-planar linked trigonal prisms

a) é;:;%ﬁ L
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Figure 1. a) In addition to the expected 6-connected secondary molec-
ular building blocks (SMBBs), the framework of tp-PMBB-1-snx-1
contains 3- and 4-connected SMBBs. b) Schematic representation of
the SMBBs, each corner is a tp-PMBB-1. ¢) Schematic representation
of the snx net.
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Figure 2. a) Structural and schematic representations of the 4-con-
nected SMBBs in tp-PMBB-1-snw-1. b) Left: Single-crystal X-ray struc-
ture of tp-PMBB-1-snw-1 viewed along [010]. The hexagonal channels
also run along [100] (hydrogen atoms, anions, and water molecules
are omitted for clarity; hexagonal channels are highlighted with yellow
cylindrical rods). Right: Schematic representation of the new snw
topology.
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Figure 3. a) Connection of four tp-PMBB-1 nodes by a Cd*" node;

b) 4-connected ring SMBB in tp-PMBB-1-stp-1; c) structure of tp-
PMBB-1-stp-1 showing hexagonal channels along [001]; d) schematic
representation of the stp net comprising of 6- and 4-connected nodes
(6,4).

(Figure 3b) that sustain the previously known stp (6,4)
topology!"” (Figure 3c). The 4-connected ring SMBBs (Fig-
ure 3b) enable 1.9 nm channels along [001]. The void volume
of tp-PMBB-1-stp-1 was calculated to be 69.1%.

Since all three frameworks possess cationic charge and
nanoscale channels we anticipated that they would be suitable
for anion exchange. We selected tp-PMBB-1-stp-1 to study
anion exchange using NaBF, in DMF at room temperature.
The replacement of NO;~ by BF,” was confirmed by FT-IR
spectroscopy (see the Supporting information) and the
measurement of unit cell parameters before and after anion
exchange indicates that this is a single-crystal to single-crystal
transformation.

The two-step approach we describe herein has been
addressed previously!" but it remains atypical for synthesis of
MOMs. In the present situation the two-step approach is
advantageous since it is a modular method and facilitates the
growth of large single crystals under ambient aqueous
conditions. The flexibility of both the tp-PMBB-1 building
block, as exemplified by the series of MIL-88,** and the N-
Ag-N linkages, facilitate the snx and snw structures reported
herein rather than the default acs net. In conclusion, we have
demonstrated that tp-PMBB-1, a trigonal-prismatic node
decorated with pyridyl groups, can be linked in a two-step
process through linear or square metals and thereby afford
three nanoporous cationic MOMs. The generality of this
approach is likely to be high and we anticipate a large variety
of new network structures based upon tp-PMBB-1 and
related nodes.

Experimental Section

The nitrate salt of tp-PMBB-1 was synthesized by a modified
literature procedure.”! The nets tp-PMBB-1-snx-1 and -snw-1 were
synthesized by layering either AgNO; or AgBF, dissolved in 1:1
PEG(400)/H,0 onto a solution of the nitrate salt of tp-PMBB-1 in 4:1
PEG(400)/H,O. Pure tp-PMBB-1-snw-1 could not be isolated. The
net tp-PMBB-1-stp-1 was synthesized by layering a Cd(NO;),
solution (DMF/MeCN =1/2) onto a solution of the nitrate salt of
tp-PMBB-1 in DMF/MeCN =2/1 with a separation layer of DMF/
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MeCN =1/1 in between (for a detailed procedure, see the Supporting
Information).
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