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N anoporous materials are important in applications such as
molecular separations and catalysis. In recent years, research
in this area has been dominated by nanoporous networks, in
particular metal-organic frameworks (MOFs),!! covalent
organic frameworks (COFs),” and nanoporous polymers.”!
In principle, there are advantages in nanoporous materials
comprised of single molecules, rather than extended net-
works. The vision is as follows: researchers develop a modular
set of porous molecular building units, analogous to Lego
blocks, which can then be assembled to order. Pore “modules”
might incorporate reactive chemical functionality, either by
chemical derivatization or by molecular encapsulation,” and
these reactive modules can then be combined in a “mix-and-
match” fashion. However, while porous molecular solids are
known,”l there are several obstacles to achieving this modular
assembly scheme. For example, molecular solids lack the
extended directional coordination or covalent bonding found
in MOFs,['! and COFs,” and polymers,”! and hence it is quite
challenging to “design” their assembly. Most materials so far
are single-component crystals with limited chemical function-
ality.>®! The lack of extended covalent or coordination
bonding in molecular crystals also means that incipient
porosity is often lost upon desolvation® Moreover, when
porosity is retained, the permanent surface areas in molecular
solids (Brunauer-Emmett-Teller surfaces areas, SAggr, up to
around 1000 m?>g~")P#"6 are much lower than in state-of-the-
art MOFs,'4l COFs,”! and polymer networks® (SAgpr=
5500-6200 m*g~").["

Mastalerz and co-workers have just made an important
step forward in developing porous organic molecules which
could ultimately compete with networks for particular
applications.”! Building on their earlier synthesis of an
endo-functionalized adamantoid cage compound 3 (Fig-
ure 1a),””) they have produced a molecular organic crystal
with an unprecedented surface area of SAger=1375 m*>g ™,/
surpassing other molecular crystalline solids such as metal—
organic polyhedra,® phthalocyanine nanoporous crystals,”"
and the smaller imine-linked cages described by our group
last year.®! Crystallographic structure analysis for 3 reveals a
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Figure 1. a) Synthesis of the endo-functionalized adamantoid cage
compound 3 through a [446] cycloimination reaction. b) Packing of
the molecules in the unit cell is mediated by m— stacking interactions
which leads to a low-density highly porous organic solid.

molecular solid with a remarkably low density of 0.51 gcm

and interconnected pores (Figure 1b).

Not only is this material highly porous, but it also defies
many of the potential disadvantages of molecular crystals.
The nanoporosity is retained when the material is desolvated,
despite the large solvated cavity volume (ca. 678 A%).
Although the macroscopic crystal morphology is lost rapidly
upon desolvation, the resulting microcrystalline powder
retains the same crystallographic packing and pore structure.
In this respect, 3 can be compared with COFs,? for example,
where microcrystalline powders are typically obtained. The
material also has good physical stability: the solid is
desolvated by heating to 200°C and shows no weight loss
until 450 °C when analyzed by thermogravimetric analysis. As
such, with the notable exception of its molecular solubility,
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the physicochemical properties of molecular crystal 3 are not
unlike many MOF!"! and COF™ materials.

What gives this molecular material such high levels of
porosity? The answer lies in the large, covalently prefabri-
cated pore volume. The enhancement in pore volume for 3
with respect to an earlier [6+4] tetrahedral imine cage, CC3,
can be gauged from the space filling models given in Figure 2.

cc3 3
1nm

Figure 2. Bigger is better. Comparison of molecular structure for two
[644] imine cages, CC3l (SAy;; =624 m?g™") and the new cage 3
(SAger=1375 m*g ). The solvent-accessible surface (probe radius
1.42 A) is shown in blue.

This pore volume translates to a substantial increase in
nitrogen uptake and surface area for 3 with respect to CC3.
Interestingly, CO,, CH,, and H, uptakes were slightly lower
for 3 at 1 bar than observed for CC3,"® most likely because of
its larger average pore size: one would expect 3 to absorb
more of these gases than CC3 at higher pressures, closer to
saturation. It is noteworthy that molecules 3 and CC3 consist
exclusively of light elements: this gives advantages in terms of
specific surface area for a given cavity volume over materials
such as metal-organic polyhedra.’®! The porous crystal of 3
also shows good selectivity for CO, over CH,, possibly as a
result of the polar hydroxy groups in the cage cavities. The
authors also suggest that the sorption properties might be
varied in the future by functionalization of these hydroxy
groups.®!

The properties of 3 highlight the advantages of synthetic
strategies which involve covalent prefabrication of internal
molecular void volume."” From the isolated molecular
structures illustrated in Figure 2, one might anticipate that
the porosity in 3 would exceed that of CC3, provided that the
pores interconnect. This suggests a degree of “designability”
in intrinsically porous molecules that might be harder to
achieve in extrinsically porous molecular crystals: that is,
those where porosity arises from inefficient packing between
molecules.’ Indeed, we highlighted 3 as a potential “undis-
covered” nanoporous material in a Perspective article® that
was submitted just prior to this new study, based solely on
the molecular model presented for 3 in Mastalerz’s earlier
synthesis paper.’! It did not remain undiscovered for long!
The structure of 3 also underlines the challenge that exists in
terms of structural prediction for such molecular crystals. The
crystal packing of 3 is dominated by m— interactions,® while
the related series of arene-linked cages, CC1-CC3, do not
exhibit m—m stacks at all. As such, there is no simple “rule of
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thumb” to anticipate how such cage molecules will assemble
in the solid state. There is also a suggestion of polymorphism
for 3.8) This may in principle be useful—for example, in
preparing materials with switchable porosity!''—but it also
further complicates attempts to rationalize and predict
structure.

To summarize, this porous molecular solid is an important
milestone. Mastalerz and co-workers have almost matched
the porosity obtained in the first generation of COFs reported
by Yaghi et al. in 2005.%! Of course, surface area and pore
volume are not everything—indeed, these metrics are per-
haps sometimes the subject of too much focus.” The curious
chemist will ask, however, whether we can design molecular
solids which reach the surface areas exhibited by the second
generation of 3-dimensional COFs®! (SApgr > 4000 m?g™").
This is a stern test for the crystal engineering community and
may require molecular solids with densities lower than
0.25 gecm~>. For now, Mastalerz and colleagues lead the pack.
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