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ABSTRACT
Scientific and technological interest in porous materials with
molecule-sized channels and cavities has led to an intense search
for controlled chemical routes to systems with specific properties.
This Account details our work on directing the assembly of open-
framework structures based on molecules and investigating how
the response of nanoporous examples of such materials to guests
differs from classical rigid porous systems. The stabilization of chiral
nanoporosity by a hierarchy of interactions that both direct and
maintain a helical open-framework structure exemplifies the
approach.

Introduction
Porous materials offer considerable internal surface area
for separation, manipulation, and catalytic transformation
of guest molecules.1,2 This Account deals with nanoporous
(often termed microporous) materials with channel di-
mensions of <2 nm. The pre-eminent examples of such
systems are the aluminosilicate zeolites, which are widely
applied due to their diverse functionality, which exploits
access of guest molecules to voids of molecular dimen-
sions. For example, ultrastabilized H-zeolite Y is used in
the catalytic cracking process that produces every mol-
ecule of gasoline and sorption by Li-exchanged chabazite
selectively separates oxygen and nitrogen. These oxides3

are rigid materials that display permanent porosity (i.e.,
the open-framework structure persists in the absence of

the species around which it grows), characterized by the
observation of type I guest sorption isotherms.4 The
rigidity of the links gives rise to molecular sieving, that is,
only molecules of a certain size and shape can pass
through the windows and access the porosity. The regular
monodisperse nature of the crystalline array of micropores
is essential in this function and produces an atomic-scale
specificity that distinguishes these systems from other
porous materials (polymers, meso- or macroporous sili-
cas).

It is interesting to speculate whether permanently
porous materials with a greater degree of flexibility could
be prepared, or whether the rigidity of the oxide-based
systems is a prerequisite for crystalline microporosity. The
success of zeolites in applications, combined with the
attraction of studying solids in which essentially every
atom is at the surface, has motivated assembly of porous
materials in a predictable way. This is difficult to achieve
for zeolites as the local connectivity is tetrahedral due to
the bonding requirements of Si and the channel structure
imposed by a complex sequence of condensation and
molecular recognition events around the templating spe-
cies. The concept of a secondary building unit (SBU), a
component of the structure common to several frame-
works, is powerful in rationalizing (and predicting5) the
structures of zeolites and related materials with actual
prenucleation building units identified in solution.6 The
geometries offered by multidentate ligands of variable
shape binding to (possibly polynuclear) metal centers
allow direct access to networks of several connectivities,
not restricted to tetrahedral, in which the molecular
component acts as the SBU (Figure 1). Molecule-based
systems can thus adopt open-framework architectures, the
channels and cavities in the structure assembling around
solvent molecules, with the structural topology driven by
the connectivity of each node and spacer7,8 (Figure 2a)
rather than imposed by the template (Figure 2b). The
resulting structure is then controlled by the number of
bonds made by the bridging ligand and the coordination
number of the metal.

The synthesis of open-framework structures based on
molecules offers control of pore size and chemical func-
tionality of the internal surface s pores lined with
π-electrons, organic acid/base sites, or polar groups will
have differing sorption and reaction properties compared
with less polarizable oxide-based materials. The mecha-
nisms governing access to the pores may differ if specific
guest-host interactions can be engineered. Control over
the component molecules may lead to additional func-
tionality over oxide-based materials. To achieve such
specificity, we need to understand the fundamentals
controlling assembly of molecular units into open-
framework structures and the types of interactions leading
to permanently porous structures. The potential advan-
tages need to be set against the thermal and chemical
stability of the oxide-based systemssthe Si-O bond is one
of the strongest covalent interactions known, and the use
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of charged hydrated templates allows the extraframework
species to play a functional role in the activated porous
materials in catalysis (Figure 2d).

Synthetic strategies for the preparation of nanoporous
crystalline materials may be divided into the following:
(i) pH-controlled condensation of oxide units around
structure-directing agents (templates). The incorporation
of aliovalent defects into the framework is enabled by
charged extraframework species; under aqueous condi-
tions these are often hydrated cations and access to the
porosity by removing coordinated water generates extra-
framework species associated with the charged sections
of the framework itself. Ion-exchange can then produce
catalytically active centers for Bronsted or Lewis acidity
or redox catalysis. (ii) Coordination-directed assembly of
metal complexes by polyfunctional organic ligands. The
reduced chemical strength and mechanical stability of the
bonds defining these structures makes access to truly
porous systems (Figure 2c) more difficult. (iii) Partial

condensation of oxide components intercepted by coor-
dination and linking by multidentate ligands.9-11 Here the
extent of oxide bridging and structure condensation
increases with reaction temperature.12 The possibilities of
(ii) and (iii) to afford materials with the functionality
displayed by the extended oxides from (i) are currently
being explored, and it is in this context that further
understanding of the link between composition, extended
structure, properties, and stability is needed. This Account
concerns our work with simple linking groups (trigonal
1,3,5-benzenetricarboxylate (btc) and linear 4,4′-bipyridine
(bipy)) to explore this in (ii).

1. Structure AssemblysFinite and Infinite
Secondary Building Units
The control exerted by the connectivity of a molecular unit
over the extended structure has been documented with
“default” structure types resulting from particular con-
nectivities.8 If the resulting array is not three-dimensional,
then it can itself be an infinite SBU for assembly into a
three-dimensional structure via a suitable linker. The

FIGURE 1. The predefined connectivities of multidentate ligands L
(linear bidentate here) and metal center M allow predictable
assembly of extended structures. Here M is a square planar center,
which in panel a acts as a linear connector due to the coordination
of two nonbridging auxiliary ligands, producing a linear chain
geometry; in panel b, bidentate L coordinates all four metal sites
producing a square grid array. The btc and 4,4′-bipy ligands act as
three- and two-connectors, respectively.

FIGURE 2. (Micro)porous materials have open-framework structures
that remain stable in the absence of guests. Assembly of these
structures can be programmed (a) by the directional valence of the
framework constituents, represented by node (red) and spacer (blue)
units wherein the material forms with guest (often solvent) species
in the pores, but the guest (represented as gray spheres) does not
exert a structure-directing influence or (b) by the shape, size, and
charge of a templating or structure-directing agent, which constrains
the geometry of the assembling structure locally. The schematic
indicates how a charged template for a charged framework can be
reduced in size to prepare defect sites anchored to framework
charges (d). The ability to prepare such catalytically active defects
is a feature of the aluminosilicate zeolites, for example, H+ associated
with framework Al3+ gives solid acidity. Metal-organic frameworks
are prepared by guest removal (c), and the development of such
defect chemistry lies in the future.
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chemistry of btc3- with Ni2+ is dominated by trans diaxial
coordination of carboxylate groups to an octahedral metal
center. The dimensionality of the resulting three-con-
nected structure is controlled by hydrogen-bonding in-
teractions between the nonbonding oxygens of the two
trans btc carboxylates and the remaining auxiliary (non-
framework forming) ligands at the metal. An auxiliary
ligand set of three pyridines and one water molecule
results in two hydrogen bonds being formed to the
carbonyls, which are in the same plane, thereby producing
a flat three-connected network with a honeycomb struc-
ture, known as the (6,3) net ((n,m) describe an m-
connected net in which n-nodes described the shortest
closed loop within the net)13 (Figure 3).

These (6,3) structures all contain pyridine ligands
projecting perpendicular to the layers. The ABC stacking
occludes most of the potential void volume offered by an
AAA stacking of the layers with hexagonal pores (Figure
3c,d). Clearly if the layers can be eclipsed and separated,
the resulting material will have extensive extraframework
volume generated from the infinite (6,3) net building units.
We have covalently linked the layers by using bidentate
nitrogen ligands to connect metal centers by substitution
for two axial monodentate pyridines. The directionality
of the bonding at the connecting ligand exerts a strong
effect on the layer geometry. 4-Amino pyridine (4-AP)
usually functions as a monodentate ligand via its pyridine
function but is able to bridge two layers by also employing
the primary amino group14 (Figure 4a). The angle between
the lone pairs (Figure 4b) renders the layers completely

nonplanar (Figure 4c). The Ni3btc2 layer retains the (6,3)
connectivity but now consists of a chair conformation of
hexagons. The puckered sheet geometry is thus reminis-
cent of (CF)x and contrasts with the graphitic structure of
the infinite SBU. Although the 4-AP ligands connect Ni
atoms between layers, they do not link crystallographically
equivalent Ni sites (Figure 4a), thus preventing the align-
ment of the pore centers in Figure 3d, so the desired
linking of rigid parallel sheets is not achieved.

The 4,4′-bipyridyl ligand is a truly linear connector, and
reaction with Ni2+ and btc3- in ethylene glycol (eg) allows
linkage of planar (6,3) nets15 stacked in an AAA manner
(Figure 5a) to generate channels both parallel (12.3 Å
diameter, Figure 5b) and perpendicular (8 Å × 4.4 Å,
Figure 5c) to the stacking direction, with large voids (13.5
Å diameter) at their intersection; the void volume is 74%
of the total.

2. Permanent Porosity in Flexible and
Guest-Responsive Materials
The classical view of microporous materials (zeolites,
carbon molecular sieves) associates the stability of the
permanent porosity with the structural rigidity conferred
by strong Si-O or C-C bonds. Because the coordinate-
bond-based materials cannot compete with zeolites on
the basis of stability, it is reasonable to focus attention
on qualitatively new behavior of the molecule-based
systems. In comparison of the structures of these systems
with microporous materials where the nodes are atoms,

FIGURE 3. In panel a, the btc3- anion planes in Ni3btc2(py)9(H2O)3 are coplanar due to hydrogen bonding (broken yellow line) to the water
molecule bound to Ni. In panel b, in Ni3btc2(py)6(n-C4H9OH)6, the two trans butanol molecules play a similar role to the water molecule in
panel a in orienting the planes of the btc anions: here the different ligand geometry places the carboxylate groups on opposite sides of the
metal with resultant puckering of the layers. Panel c shows the ABC stacking of the honeycomb (6,3) layers in panel a. In panel d, the planar
(6,3) sheet has voids at the center of each 48-atom ring.
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the internal degrees of freedom (rotation, torsion, vibra-
tion) of the molecular units become apparent. Detailed
isotherm measurements reveal that these materials can
display sorption behavior that is qualitatively distinct from
that of the rigid classical materials16,17 while meeting the
criteria of permanent porosity. To demonstrate this, we
consider two simple materials that are polymorphs of
composition Ni2(bipy)3(NO3)4.18-22 The frameworks are
formed by T-shaped coordination of bipy to Ni2+ with
nitrate counterions, which complete pseudo-square py-
ramidal coordination at the metal (Figure 6). The poly-
morph formed with methanol guests adopts the “ladder”
structure A. The material is thermally stable to 175 °C and
displays type I sorption isotherms. This occurs despite the
1D nature of the extended coordinate bond network, the
thermal robustness arising from a network of unconven-
tional C-H‚‚‚O hydrogen bonds (Figure 6g). The combi-
nation of flexibility and robustness that this hierarchy of

stability-conferring bonds gives to the network is the key
to its unusual guest response. The porosity consists of
cavities at the centers of the ladders interconnected by
much smaller windows (2.5 Å × 4.9 Å). The material is
however able to reversibly sorb toluene, which has small-
est dimensions 4 Å × 6.6 Å, that is, a 26 Å2 cross-section
molecule can pass through a 12.5 Å2 window (Figure 7).
This behavior is driven by the availability of a suitable site
for the guest toluene molecule in the cavity but is quite
the opposite of what would be expected for a rigid porous
materialsguest sorption in this flexible material is con-
trolled by the size of cavities rather than the size of the
windows. For sorption to be observed, the guest must be
able to drive opening of the windows in the structure
giving access to the porosity, forcing the framework to
open up to allow access to the cavity where modeling
indicates that the guest interacts with the framework by
π-stacking interactions. It is important to note that guest
uptake occurs even at the lowest vapor pressures with a
type I response to toluene vapor, suggesting a low barrier
to window opening via torsional motion of the bipy units
forming the windows. The solid thus responds directly to
the presence of the guest. In large biomolecules, substrates
gain access to active sites by forcing opening of the
structure, and the response of the thermally robust
microporous Ni2(bipy)3(NO3)4 framework is more remi-
niscent of this than of the rigid response of a zeolite. As
in biological systems, the guest-framework interaction
energy is comparable to that required for network defor-
mation, the higher deformation energies for oxides dis-
favoring a similar flexibility of response. In the flexible
systems, the acceptable guest size is controlled by the
cavity rather than the window dimensions: for A, xylenes
are sorbed but 1,3,5-triethylbenzene is rejected.

The role of the guest in these flexible structures is not
limited to driving opening and closing of the windows.
The Ni2(bipy)3(NO3)4 composition has an alternative poly-
morph B, grown from ethanol, in which the two infinite
chains linked by the axial bipy ligand are perpendicular
rather than parallel (Figure 6f). Sorption of methanol vapor
into this microporous host is possible to generate a
metastable material, that is, containing CH3OH guests in
a structure that is not formed by direct reaction of the
components with CH3OH. Exposure of B to CH3OH vapor
results in a transition to the ladder structure A in which
crystal habit is preserved; the requirement for the presence
of liquid rather than the transition simply occurring after
sorption indicates that surface nucleation by dissolution
and recrystallization is required, but once this has oc-
curred the transition propagates throughout the solid.21

Given the close relationship between the two structure
types, possible mechanisms for interconversion involving
minimal bond breakage can be proposed (Figure 8). The
guest-driven transformation relies on the lability and
reversibility of coordinate bond formation and opens up
the possibility of forming new structures inaccessible by
direct reaction.

FIGURE 4. In panel a, the btc anions within each hexagon of metal
atoms in the 4-AP-bridged Ni3btc2 phase adopt a “chair” conforma-
tion while maintaining the (6,3) topology. There are two metal sites:
those rendered in purple bind to the primary amine of the bridging
4AP and thus connect to the sites rendered in cyan via the pyridine
nitrogen. Octahedral coordination at the purple sites is completed
by two monodentate 4-AP ligands. The cyan Ni sites within the
hexagon are coordinated via a bidentate 4-AP to purple sites in
adjacent layers. 4-AP ligands are only shown at two of the six sites
for clarity. In panel b, the bidentate 4-AP ligand is a nonlinear
connector of the two Ni sites. In panel c, the cross-linking of the
puckered (6,3) layers by 4-AP produces a 113.4° angle subtended
at the primary amino nitrogen by the two connected Ni atoms. The
Ni atoms within one (6,3) unit are represented in green to emphasize
the loss of planarity.
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FIGURE 5. The 4,4′-bipy ligand connects two (6,3) nets in an AAA sequence (a), giving rise to channels that are (b) parallel and (c) perpendicular
to the stacking direction, represented by the van der Waals surface of the framework atoms.

FIGURE 6. The coordination of the Ni site in both Ni2(bipy)3(NO3)4
polymorphs of three bipy and two nitrate groups (a) produces a “T”
-shaped node (b) (Ni blue, bipy red) that produces a one-dimensional
chain (c). These chains are assembled by linking via the “cross” of
the T either parallel (e,g) to give one-dimensional ladders (A) or
perpendicular (d,f) to give interlocking two-dimensional bilayers (B).
The nonclassical C-H‚‚‚O interactions responsible for the thermal
stability of A are shown as broken yellow lines in panel g.

FIGURE 7. The toluene molecule is sorbed by Ni2(bipy)3(NO3)4 A
because the window (a) opens to twice its resting cross-sectional
area in the presence of the guest, permitting access to the cavities.
In panel b, the location of toluene in the cavity is determined by
Monte Carlo docking.
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3. Design and Stabilization of Permanent
Microporosity in Chiral Open-Framework
Materials
Chiral open frameworks are an area where it has proved
demanding to confer the necessary functionality on clas-
sical nanoporous materials. Direct incorporation of chiral
catalytic centers into zeolites allows enantioselective
synthesis,23 but the templating of chiral zeolite topologies
is difficult because of the long distance over which
chirality is expressed.24 The use of chiral framework-
forming ligands allows the generation of molecule-based
open-framework structures with built-in chirality,25 al-
though combining this with crystallinity and permanent
microporosity has thus far not proved possible. There are
several noteable examples of the successful application
of this strategy26-28 Polycarboxylic amino acids are attrac-
tive building blocks for infinite chiral structures,29,30 while
the solvothermal synthesis of a porous glutarate with a
chiral topology may open the way to thermally stable
materials if chiral templating can be effected.31

One of the attractions of the molecule-based route to
infinite frameworks is that there is no restriction to four-
connected topologies. The ability to access three-con-
nected networks is important because the “default”8 three-
connected three-dimensional network (i.e., the one
produced unless other functionality is introduced into the
building blocks to specifically favor competing structures)
is the (10,3)-a net, which is chiral because it is helical32

(Figure 9). If all the (10,3)-a nets in one crystal have the
same hand, a chiral system in which the components
making up the infinitely extended structure are achiral is
prepared. To generate bulk chirality, the two possible helix

hands must be differentiated. This can be achieved via
chiral auxiliary ligands coordinated at the metal center.
The search for control over the assembly of chiral struc-
tures, the stabilization of microporosity and the imposition
of specific chirality has required the understanding of
coordinate and nonbonded interactions in
Ni3btc2(ROH)6(ArN)6 systems containing the three-con-
necting btc3- anion and two auxiliary ligands (aromatic
amine, ArN, alcohol, ROH).

Forming the (10,3)-a Network. To generate a three-
dimensional three-connected structure, coplanarity of two
btc ligands bound to a metal center leading to the (6,3)

FIGURE 8. Transformation from the B to the A structure of Ni2(bipy)3(NO3)4 is possible via (i) separation of the bilayers, (ii) breaking 1/3 of the
Ni-N bonds, or (iii) breaking both Ni-N bonds at two parallel bipy molecules then rotating the Ni-N bond direction of both by 90° (v) to form
a ladder defect of A within B.

FIGURE 9. The (10,3)-a net viewed along the direction of the 4-fold
helices (one is marked with a green rod). The nodes constituting a
closed ten-membered loop are marked in red.
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sheet needs to be avoided (Figure 10a). This can be
achieved using hydrogen bonding within the metal coor-
dination sphere. With trans btc carboxylates, cis location
of the two alcohol ligands generates hydrogen bonding
interactions involving the nonbonding oxygen from the
carboxylates and the alcohol protons (Figure 10b). Because
the alcohols are perpendicular to each other, the hydrogen
bonding twists the two trans btc units away from copla-
narity and favors the three-dimensional (10,3)-a over the
two-dimensional (6,3) net. Using eg as the monodentate
alcohol affords a material in which 4 (10,3)-a nets inter-
penetrate with the same handedness (Figure 11a). This
4 × (10,3)-a structure has only 26% solvent-accessible
volume, although it retains crystallinity upon loss of guests
at 150 °C.33

The auxiliary ligands in the equatorial plane of the
metal center strongly control the adopted structure.
Replacement of eg with 1,2-propandiol (1,2-pd) results in
a single bidentate alcohol occupying the two oxygen
coordination sites. This has a dramatic effect on the pore
volume because only two rather than four networks
interpenetrate, giving 51% extraframework volume (Figure
11b). As in the 4 × (10,3)-a structure, the two nets in the
2 × (10,3)-a structure have the same handedness.

Chiral Control of the 2 × (10,3)-a Structure. The
difference from the 4 × (10,3)-a eg case is that 1,2-pd is
itself chiral and thus can exert a chiral templating effect
whereby the handedness of the small molecules coordi-

nated to the metal centers controls the handedness of the
extended helical structure. It turns out that the templating
is extremely strict. In 16 crystal structures, the (S)-con-
figuration of the diol gives the anticlockwise helix sense
to the network, whereas the (R)-diol imposes clockwise
helices. The origin of the templating is that the observed
(S)-diol-anticlockwise helix and unobserved (R)-diol-
anticlockwise helix combinations are diastereoisomers,
and the nonbonded CH3-carboxyl O contacts are beneath
acceptable values in the disfavored pair (Figure 12). This
selectivity is observed in crystals grown from racemic diol
mixtures and allows bulk samples of one defined helix
hand to be grown from resolved alcohols.

Network Stability. The stabilities of the two possible
chiral structures can be strongly influenced by the aro-
matic amine bound to the metal center, in particular by
replacing H atoms at specific points on the ring with
methyl groups. 4-Picoline (4-methylpyridine) yields the 4
× (10,3)-a structure with 1,2-pd as the alcohol component,
enforcing monodentate binding on the alcohol via the
primary hydroxyl. The enforced removal of the chiral
center from the framework reduces the correlation be-
tween helix handedness and diol stereochemistry, with a
60:40 ratio of the two enantiomers bound to the metal
observed.34

The dense packing of the interpenetrating (10,3)-a nets
in the four-net structure allows longer diol units such as
1,4-butanediol (1,4-bd) bound to the metal centers to

FIGURE 10. In panel a, the assembly of the two-dimensional (6,3) (green arrows) and three-dimensional (10,3)-a (white arrows) M3btc2 nets
from the trigonal btc connector (blue, structure a) via linear M connectors (gold) is controlled by the relative orientation of the groups bound
to two neighboring btc nodes. Structures b and c show how coplanarity yields the (6,3) net. In structure d, the torsional angle is 109° and
propagation of this through first (structure e), second (structure f), and fifth shells (structure g) leads to the (10,3)-a net with a closed 10-node
loop containing the original node shown in red. In panel b, the OH protons of the cis alcohols bound to the metal in Ni3btc2(ROH)6(ArN)6
structures adopting the (10,3)-a net form hydrogen bonds with the nonbonding oxygen of the btc carboxylate group, imposing a 98° torsional
angle between the groups marked in purple and imposing the three-dimensional helical structure.
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connect two neighboring networks via coordination to
metal centers.34 One-fifth of the 1,4-butanediol ligands in
Ni3btc2py6(1,4-bd)4(µ-1,4-bd)‚2(1,4-bd) link the networks
to give two sets of cross linked pairs of networks. The
material remains highly crystalline to 140 °C when pore
solvent is lost, and the bridging 1,4-bd is retained to
200 °C.

The most interesting structure to stabilize is the 2 ×
(10,3)-a material, because it has a larger extraframework
volume and can be chirally templated. Examination of the

total composition of single crystals of this material by
chiral GC shows that the helical framework is capable of
recognizing the chiral 1,2-pd molecule around which it
crystallizes: an 18.7% enantiomeric excess is observed,
attributed to totally enantioselective coordination of 1,2-
pd to the metal responsible for the chiral templating and
of 1,2-pd hydrogen-bonded to the carboxylate units with
the other enantiomer located at the cavity center.33 The
parent pyridine/1,2-pd material does not retain porosity
when the guest molecules are removed from the structure
and cannot therefore be classified as microporous. It
becomes amorphous above 130 °C where guests are lost,
having a BET surface area of 12 m2 g-1.

These examples indicate the difficulty of predicting
whether small modifications to auxiliary ligands will result
in the desired structure. A useful way of discovering
ligands that will stabilize specific structures is to utilize
the lability of metal-organic frameworks in the presence
of groups that coordinate to the metal. Although the
amorphous material produced from the 1,2-pd/pyridine
phase upon guest loss is nonporous, it is reactive to small
molecules that coordinate to the metal center (Figure 11).
Reaction with ethanol leads to formation of the 4 ×
(10,3)-a phase. Exposure to pyridine leads to the layered
(6,3) phase with three pyridine molecules coordinated to
the metal center. In strong contrast with pyridine, 3-pic-
oline (3-methyl pyridine) affords the 2 × (10,3)-a chiral
phase.35 This suggests that there are specific interactions
stabilizing the chiral helical structure when 3-picoline is
coordinated to the metal. It is possible that these interac-
tions will enhance the stability of the chiral phase. This

FIGURE 11. Interpenetration of four (a) and two (b) (10,3)-a networks gives rise to the Ni3btc2 structures found with eg and 1,2-pd, respectively,
bound to the metal. Removal of guests from structure b with pyridine as auxiliary ligand leads to collapse and the formation of an amorphous,
nonporous intermediate. Reaction of this intermediate with ethanol generates structure a and with pyridine the ABC stacked layered (6,3) net,
whereas 3-picoline regenerates the two net phase (b).

FIGURE 12. The hand of the diol bound to the metal controls the
sense of all the helices within the (10,3)-a structure (a), anticlockwise
with (S) and clockwise with (R) diol. In panel b, the incorrect
(“inverted”) combination of helix sense and diol produces less
favorable nonbonded contacts between the auxiliary and framework-
forming ligands.
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reactive selection method of evolving structures in the
presence of small molecules has the advantage over
crystallization methods that solid products characterizable
by powder diffraction result directly: it is also possible
that the extended connectivity of framework-forming
ligand to metal is present, favoring extended structures.
Because many open-framework structures collapse upon
loss either of solvent guests from the porosity or of
auxiliary ligands bound to the metal, this reactive selection
of stable frameworks by small molecule-driven crystal-
lization of amorphous “apohosts” deserves further inves-
tigation.

The stabilization of the 2 × (10,3)-a net by 3-picoline
is demonstrated by contrasting the outcome of assembly
of Ni2+ and btc3- with 1-butanol in the presence of
pyridine and 3-picoline. Pyridine affords the (6,3) net with
two trans pyridine and two trans alcohol auxiliary ligands.
3-Picoline produces cis auxiliary ligands and the formation
of the 2 × (10,3)-a structure with a monodentate alcohol
ligand for the first time. Comparison of the crystal
structures of 1,2-pd phases with pyridine and 3-picoline
reveals only one structural difference, a short distance
between the proton of the extra methyl group in the
3-picoline case and the nonbonding oxygen of the btc
carboxylate (Figure 13a). This interaction is also present
in the 3-picoline/1-butanol material, and it is reasonable
to suppose that this nonclassical hydrogen bond is the
underlying factor favoring the (10,3)-a net for 3-picoline.

Loss of the guests from the 3-picoline/1,2-pd phase
does not produce structural collapse: an isostructural

guest-free cubic material with equivalent crystallinity is
seen by powder diffraction, and N2 sorption shows that a
truly microporous chiral system displaying a type I
isotherm (BET surface area 930 m2 g-1) has been pre-
pared35 (Figure 13b). This confirms that the extra methyl
group of the 3-picoline leads not only to selection of the
chiral phase from competing structures, but also to the
stabilization of that structure in the absence of guests. This
is emphasized by the stability of a desolvated crystal of
the 3-picoline framework: here the C-H‚‚‚O interaction
becomes shorter and closer to linearity, indicating that it
is strengthened upon guest loss, consistent with its role
in stabilizing the chiral microporosity. Probe molecules
with sizes of up to 10.5 Å are kinetically rapidly sorbed in
70% of the total pore volume, showing that the majority
of the porosity is accessible to large guests. The pore
structure is complex (Figure 13c) and itself has the (10,3)
topology with a narrowest point of 8.5 Å. However the
channels are defined by conformationally flexible methyl
groups forming part of a five-membered ring bound to
Ni, and considering contacts to the carbon atom bearing
the methyl group, an estimate of 12 Å for the narrowest
point of the channels is reasonable. There are larger
cavities of 13.6 Å diameter at the channel intersections
(Figure 13d). Although these dimensions are larger than
those found in zeolites, they work against effective dis-
crimination between the enantiomers of small chiral
molecules. Only binaphthol with dimensions 9 Å × 9 Å is
enantioselectively sorbed and only with 8% ee; smaller
guests such as ethyl 3-hydroxybutyrate and fenchone show

FIGURE 13. In panel a, the sole structural difference between the 3-picoline and pyridine 2 × (10,3)-a frameworks is the two C-H‚‚‚O
nonclassical hydrogen bonds (broken yellow line) between the carbonyl and 3-methyl groups. Isotherm data in panel b show that this is
sufficient to stabilize a microporous structure in the 3-picoline case, whereas the pyridine material collapses upon removal of the guests.
Panel c shows a space-filling representation of the framework with panel d representing the cavities and interconnecting channels (purple)
that constitute the chiral porosity of the material, which is a (10,3)-a topology object. In panels c and d, the structure is viewed along the 111
direction.
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no enantioselection. This suggests that the precise match-
ing of channel size and shape to the guest is required to
prevent the relaxation of the inherently flexible framework
around both enantiomers.

Conclusion
The btc-based structures show how building units and
extended structures are directly related in extended
molecule-based materials. The outcome of a chiral mi-
croporous material arose from the primary (three-con-
necting btc node) and secondary (cis location of classical
hydrogen bonding groups in the metal coordination
sphere) chemical bonding features to produce the re-
quired structure with the desired property of porosity
conferred by the tertiary structural feature of a nonclas-
sical hydrogen bond. This hierarchy of interactions could
only be imposed because of the tunability of the structure,
in turn resulting from the molecular nature of the con-
stituents. The intrinsic flexibility of the material however
prevented effective chiral recognition of any but the largest
guests. The family of btc-based materials thus illustrate
both the advantages and disadvantages of the molecule-
based approach to open-framework materials.
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