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A particularly demanding task in the area of hybrid organic—
inorganic materials has been the engineering of well-defined
void nanospaces'!! capable of selectively binding a guest
molecule to perform a specific function of the system, such as
catalysis,? storage,””! or separation.! The most common and
effective approach to design and prepare metal-organic
frameworks (MOFs) or porous coordination polymers
(PCPs) of desired topology and functionality is based on
coordination-driven self-assembly, and both the correct
choice of metal centers and the engineering of the ligand’s
features, such as size, flexibility, and directionality of binding
centers, play a decisive role.’) An additional level of tailor-
ability in the design of these hybrid materials can be achieved
by implementation of metalloligands.*®

Alternatively, soft noncovalent synthesis from simple
molecular metal complex-based building blocks could pro-
vide a convenient and economic way to construct noncovalent
porous materials (NPMs) with a unique guest-responsive
framework,'*”) and this approach is one of the major
challenges in chemistry. Molecular metal complexes are
potentially very attractive as building units for microporous
architectures, as relatively weak intermolecular bonding
interactions in these supramolecular structures allow the
microcavities to conform to the shape or functionality of the
guest molecules. However, construction of robust NPMs
based on this alternative strategy is still in its infancy and
examples of such materials are very rare, which stems from
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the inherent propensity of molecular crystals to form
architectures of maximal density.”)

Recently, we have been focusing on rational design
strategies to replace common bipyridines as N-ditopic organic
linkers™ by metal complexes with pyridyl units, namely
cinchonine-based metalloligands. Initially we synthesized
bischelate aluminum complexes, XAl(CN), (where CN =de-
protonated cinchonine), as novel chiral N,N-metalloligands I
(Scheme 1), and demonstrated their excellent capability as
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Scheme 1. Strategy for developing novel N-ditopic linkers.

metallotectons for noncovalent-interaction-driven self-
assembly into novel microporous chiral architectures prone
to enantioselective sorption, as well as their coordination-
driven self-organization for constructing coordination poly-
mers of helical topology.'!! Herein, we extend this strategy to
dinuclear aluminum-cinchone complexes as novel molecular
building blocks II to produce flexible homochiral NPMs. We
show that the resulting NPMs can compete with classical
MOFs as highly selective adsorbents exhibiting unique
properties, such as temperature-triggered adsorption as well
as very high affinities for H,, CO,, and CH,.

A dimethylaluminum derivative of cinchonine, [Me,Al(u-
CN)], (1), was prepared in high yield by the addition of
1 equiv of AlMe; to a slurry of cinchonine (CN-H) in THF
(Scheme 2; for experimental details see the Supporting
Information). We note that the synthesis and spectroscopic
characterization of 1 was reported previously and the
variable-temperature "H NMR studies revealed that it exists
in solution as a dimeric five-coordinate adduct of formula
[Me,Al(u-CN)], with a relatively high activation energy
(80.8 kJmol ™' K™") for the dissociation of the AI-N dative
bond.'" As structural details for [R,Al(u-CN)], complexes
were still lacking,"”! as well as being encouraged by the above-
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Scheme 2. Synthesis of the metalloligand.

mentioned results for the monomeric XAl(CN),-type com-
plexes,'! we put a lot of effort into obtaining single crystals of
the title compounds suitable for X-ray diffraction studies. We
succeeded when THF was used as the crystallization solvent.

The molecular and crystal structures of 1-THF are shown
in Figure 1a and Figure 1S in the Supporting Information.!'*!
The dimeric structure of 1 possesses C, symmetry with two
five-coordinate aluminum centers and displays basic geo-
metric parameters typical for this type of dialkylaluminum
alkoxide.['! The geometry of the Al atom coordination sphere
can be described as a distorted trigonal bipyramid with the
axial positions occupied by the alkoxide oxygen atom and the
quinuclidine nitrogen atom (the average intramolecular AI-N
distance is 2.216 A). The quinoline moieties are oriented in
nearly parallel fashion with the N atoms 8.61 A away from
each other, and the links of the potential N,N-ditopic linker
form an angle of 49.3°.

Noncovalent-interaction-driven self-assembly of 1 leads
to a homochiral three-dimensional (3D) network with one-
dimensional (1D) channels filled by THF molecules (Fig-
ure 1c and Figure 1S in the Supporting Information). A
detailed analysis of this supramolecular architecture shows
that assembly of single molecules of 1 results in the formation
of an array of crystallographically equivalent two-dimen-
sional (2D) bilayer sheets stacked along the ¢ axis by van der
Waals interactions. The two sublayers that define the bilayer
motif are connected by a combination of intermolecular C—
H---N hydrogen bonds and C—H---x interactions (Figure 2S in
the Supporting Information). The interaction between a
quinuclidine hydrogen atom and a quinoline nitrogen atom
(with the C—H--N distance of 2.63 A) from separate 1 units

produces a set of parallel 1D hydrogen-bonded chains within
a single sublayer. Additionally, a network of intermolecular
C—H-m interactions involving another quinuclidine C—H
bond pointed towards the homocyclic ring of a quinoline
system (with the closest C—H--m distance of 2.84 A) inter-
weaves the pair of sublayers, thus facilitating the formation of
the bilayer structure.

Most notably, the layers are crossed perpendicularly by a
set of homochiral 1D open channels filled by THF molecules.
Each single-pore column is formed by separated 1 molecules
arranged in a left-handed helical pattern (a “virtual helix”
with a pitch of 17.5A), with uncoordinated quinoline
N donors positioned in the vicinity of others from adjacent
1 units (Figure 1b and Figure 2S in the Supporting Informa-
tion). In view of the potential gas adsorption properties of 1
(see below), those nitrogen atoms are hardly accessible from
the inside of the channels, as indicated from the analysis of the
crystal packing. The “virtual helices” are further organized
into a porous superstructure by interdigitation with four
neighboring helices, by utilizing 1 units and gaps between
them as tongues and grooves (Figure 2S in the Supporting
Information). A more thorough inspection of the shape of the
solvent-excluded pore reveals a high curvature of the Con-
nolly surface (Figure 1b and Figure 1S in the Supporting
Information), with a channel diameter varying from 3.0 A in
the neck region to 5.2 A in the widest section.'"! These values
classify the system as an ultramicroporous material.

Thermogravimetric analysis of 1-THF showed that THF
can be removed from the porous structure by heating to
100°C (Figure 3S in the Supporting Information). This
process leads to an approximate 10% weight loss of the
system, which corresponds to a 1:1 ratio of [Me,Al(u-CN)],
per encapsulated THF molecule, in agreement with the
single-crystal data. Variable-temperature powder X-ray dif-
fraction (PXRD) studies (Figure7S in the Supporting
Information) clearly revealed that 1 retains its crystallinity
after removal of the solvent molecules (50°C under dynamic
vacuum) and, surprisingly, preserves the values of the unit cell
parameters with only a minor increase of a monoclinic cell
angle (B angle increases from 91.4 to ca. 95°).") A comparison
of the PXRD pattern (21-23°C) with that calculated on the

Figure 1. Self-organization process of the metalloligand 1 into a NPM with homochiral 1D open channels filled by THF molecules.
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basis of the single-crystal data reveals moderate changes in
the peak intensities that can be attributed to the noncovalent
framework flexibility and slight structural modifications upon
solvent loss. Increasing the temperature causes anisotropic
lattice expansion (with maximum expansion along the b axis)
followed by framework collapse at about 70°C.

The permanent porosity of the solvent-free structure of 1
was further verified by gas sorption experiments using N,, H,,
CH,, and CO,. At 77K, 1 takes up H, molecules (kinetic
diameter of 2.89 A) with a type I isotherm typical of micro-
porous materials, with an uptake of 0.54 wt% (61.0 cm®g ™" at
standard temperature and pressure (STP), see Figure 2a). A
marked hysteresis observed in the adsorption-desorption
cycle could be an effect of both the ultramicropore dimen-
sions and the highly corrugated surface, which hinder
diffusion of H, molecules through the pore apertures. This
interpretation is further supported by a significantly height-
ened initial isosteric heat of adsorption (Q,) value of
11.9 kTmol ™! (Figure 4S in the Supporting Information).!'”
To our knowledge, the observed value is the highest reported
so far for the adsorption of H, on an NPM sample, and is of
the same order of magnitude as that for MOFs with modified
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Figure 2. H, (¢), N, (@), CO, (m), and CH, (A) adsorption isotherms
for 1 at a) 77, b) 195, and c) 273 K; open symbols denote desorption.
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internal surfaces (the heat of adsorption in classical MOFs lies
in the range of 3.5-6.5 kITmol . **" and for MOFs with
modified internal surfaces can increase to 10—
13.5 kImol~'["l). Being unable to measure the Brunauer—
Emmett-Teller (BET) surface area from N, adsorption
experiments (see below), we evaluated the value of
125m?g~" from the H, (77 K) adsorption isotherm. Thus,
the H, uptake (0.54 wt%) of desolvated 1 at 1bar is
remarkably high for a material with such a modest BET
surface area.l"

Surprisingly, attempts to evaluate an N, adsorption
isotherm at 77 K revealed no significant uptake up to 1 bar
(Figure 2 a), thus indicating the presence of gated voids in the
host framework which block diffusion of N, molecules
(kinetic diameter of 3.64 A) across the channel network.
This observation falls into line with the above-mentioned
micropore size in 1 (ca. 3.0 A in the neck). Strikingly, at 195 K
the pore apertures open to accommodate a moderate amount
of N, (18.0 cm®g~" at STP, 0.6 N, per formula unit). We believe
that this temperature-triggered adsorption effect can be
attributed to the kinetically controlled flexibility of 1, in
which at higher temperatures large-amplitude lattice vibra-
tions induce dynamic local frame distortions resembling
peristaltic motions that facilitate diffusion of guest mole-
cules.’ Such an explanation seems to be consistent with the
observation that oversized THF molecules can be evacuated
from the ultramicropores of 1 without loss or change of the
host structure.? Increasing the N, adsorption temperature to
273 K diminishes the adsorbent—-adsorbate interactions, which
results in minimal N, uptake under STP conditions (Fig-
ure 2c¢).

The unique sorption properties of the discussed NPM are
further exemplified by significant CO, and CH, uptakes at
195K (Figure 2b) in spite of their different shape and
character (CO, has a permanent quadrupole moment,
unlike CH,), as well as kinetic diameters (3.3 and 3.8 A,
respectively) larger than that of the effective pore window.
The storage capacities at 1bar amount to 13.8 wt%
(70.5 cm®>g~" at STP) and 2.0 wt% (28.0 cm’g ™' at STP) for
CO, and CH,, respectively. The isosteric heats of adsorption
(Figures 58S and 6 S in the Supporting Information) have zero-
coverage values of 35.7 (CO,) and 24.8 kJmol ' (CH,). These
values indicate strong interactions of the adsorbate molecules
with the pore walls at low pressures and are significantly
higher than typical initial adsorption values for classical MOF
materials.?

Recent reports clearly demonstrate that decoration of the
MOFs’ internal surfaces with amine groups significantly
enhances interactions with CO,.”***! Note then that uncoor-
dinated quinoline nitrogen atoms of 1 units could potentially
account for the high Q, value for CO,, yet they are
inaccessible to adsorbate molecules as evidenced from the
crystal structure. Still, one could imagine that the dynamic
motions of 1 molecules in the soft crystal framework allow for
temporal exposition of quinoline nitrogen atoms into the
adsorption area. The other factor responsible for the high O
values may be the undulating shape of the ultramicropores
that seems to be a direct source of van der Waals pocket sites,
that is, the areas of potential overlap that would strengthen
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the affinity of 1 to CO,, as well as serve as primary adsorption
locations for CH, molecules.” The micropore volume
estimated from the Dubinin—Radushkevich equation for
CO, adsorption data at 273K equals approximately
0.16 cm®g!, which is close to the values of 0.181 and
0.174 cm®*g™! obtained on the basis of PLATONP and
Materials Studio calculations, respectively. The BET surface
area evaluated from CO, adsorption data at 273K is
147m*g™! and corresponds to that calculated from H,
adsorption data.

The adsorption behavior of 1 demonstrated by the
isotherms indicates that the title NPM material stands as an
exciting device for gas separation that utilizes its flexible
porous structure for highly selective sorption of H, and CO,
over N, in the corresponding temperature ranges. Its oper-
ation is based on either a size-exclusion mechanism at low
temperatures (H,/N, at 77 K) or host—guest interaction-driven
equilibrium separation at higher temperatures (CO,/N, at
273 K). The corresponding selectivities at low pressures were
estimated® to be about 28:1 for H,/N, separation at 77 K
and 74:1 for CO,/N, separation at 273 K. To our knowledge,
the latter selectivity value is among the best reported to date
for MOF materials.*

In conclusion, we have demonstrated that dinuclear
alkylaluminum-cinchone complexes can effectively act as
molecular building units, and provide a viable means for
constructing new chiral microporous architectures through
noncovalent-interaction-driven self-assembly. By following
the presented strategy, we obtained a novel flexible non-
covalent ultramicroporous material with a 1D pore system
that shows unique structural and gas separation properties.
Desolvation of 1-THF occurs with preservation of the crystal
structure parameters to form an effective molecular sieve at
low temperatures and a selective host—guest interaction-
directed adsorbent at higher temperatures. Switching of the
mode of operation is achievable by temperature control of the
framework’s flexibility, which enables diffusion of oversized
guests through micropores resembling breathing or peristal-
tic-like motions. Moreover, 1 exhibits strong H,, CH,, and
CO, binding with initial enthalpies of adsorption of 11.9, 24.8,
and 35.7 kI mol ', respectively, which are significantly larger
than the corresponding typical value ranges for classical
MOFs. We believe that the reported approach could provide
new perspectives on the preparation of model metallosupra-
molecular architectures with desired functionalities.
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