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Selective trapping of CO2 from the emissions of coal-fired power
plants is an important goal, which, if achieved in an economical
fashion, could significantly contribute to the reduction of CO2

emissions.1 Herein, we present a porous material constructed from
zinc-adeninate macrocycles that not only can be tailored to
discriminate between gases of different kinetic diameter (e.g., CO2

and N2) but also can trap CO2 within its cavities.
Our material design strategy relies on both the inherent recogni-

tion properties of biomolecules and their coordination chemistry.
Biomolecules are intriguing material building blocks for a number
of reasons: (1) they exist in biological systems and are thus likely
biologically compatible; (2) they often have multiple metal
coordination sites; and (3) they exhibit molecular recognition and
self-assembling characteristics that could ultimately translate into
interesting material properties.2-4 Metal ion coordination chemistry
is potentially useful for directing the assembly of simple biomol-
ecule building blocks into crystalline solid-state materials that
exhibit accessible pores or channels within their structures.3,5 In
this communication, we establish that adenine biomolecular building
blocks can be used to construct zinc-adeninate macrocycles that
self-assemble via multiple cooperative adenine-adenine hydrogen
bonding interactions into porous structures. We also demonstrate
that by tuning the activation temperature prior to gas adsorption
studies, we can modulate the size of the pore aperture to allow for
selective discrimination and sequestration of adsorbate gases.

Adenine, a purine nucleobase, is ideal for constructing porous
biomolecular assemblies because (1) it is rigid, (2) it has multiple
possible coordination sites, and (3) it offers the potential of assembly
through both metal coordination and adenine-adenine hydrogen
bonding interactions (vide infra).2 Adeninate (deprotonation at N9)
can coordinate metal ions through any of its five nitrogens. In fact,
various complexes in which adenine is bound to metal ions
principally through a combination of the N1, N3, N7, and N9
coordination sites have been isolated.6 However, exclusive coor-
dination at the N7 and N9 sites is rare for crystalline materials.7

We reasoned that restricting the metal coordination to these sites
would allow the amino group and N1 to participate in hydrogen
bonding, thus affording an alternative mode for hierarchical
assembly and another means for imparting structural rigidity. To

Figure 1. Top (A) and side (B) views of a single Zn6(adeninate)6-
(pyridine)6(dimethylcarbamate)6 macrocycle (Zn2+, dark blue; C, dark gray;
N, light blue; O, red; H omitted for clarity). The macrocycles pack into
layers which are held together by hydrogen bonds between macrocycles in
adjacent layers. The 3-D packing of the macrocycles within the crystal
structure (C, D) results in the formation of large tubular cavities (yellow
cylinder).
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access structures that exploit this coordination motif, we performed
a synthesis in which a mixture of adenine and zinc nitrate was
dissolved in dimethylformamide (DMF) and pyridine. Pyridine was
used as a base to facilitate adenine deprotonation at N9 and also to
compete with N1 and N3 for coordination to Zn2+. Heating this
solution resulted in formation of a zinc-adeninate hexameric
macrocycle, Zn6(adeninate)6(pyridine)6(dimethylcarbamate)6. Single
crystal X-ray diffraction data (Figure 1) revealed that six Zn2+

occupy the vertices of the macrocycle and adeninates bridge the
Zn2+ through their imidazolate nitrogens. Each Zn2+ binds in a
tetrahedral fashion to two adeninates, one pyridine molecule, and
one dimethylcarbamate anion (formed in situ) (Figure 1A,B).8

Since only the imidazolate nitrogens of the adeninate coordinate
the Zn2+, N1 and the amino group remain available for hydrogen
bonding. The macrocycles self-assemble into an extended structure
via cooperative adeninate-adeninate hydrogen bonding interactions.
This stucture consists of alternating layers of macrocycles that stack
in an a-b-c fashion. Each macrocycle forms a total of 12 hydrogen
bonds (two per adeninate) with its six nearest-neighbor macrocycles
within the structure. This packing motif results in the formation of
cylindrical cavities (∼5 × 20 Å) arranged periodically throughout
the 3-D structure. The confines of each cavity are defined by one
central macrocycle and fragments of the six nearest-neighbor
macrocycles. Although free solvent molecules could not be resolved
from the X-ray data, Platon analysis9 revealed significant residual
electron density within the cavities, which we attribute to DMF
guest molecules. Elemental analysis (EA) and thermal gravimetric
analysis (TGA) data both suggest that ∼10.5 DMF molecules per
macrocycle reside within the structure.

Given that the assembled 3-D macrocycle structure exhibits large
cavities, we were naturally interested in evaluating its porosity.
Although many crystal structures of macrocyclic compounds exhibit
1-D channels in the solid state, few exhibit permanent porosity upon
removal of guest molecules.10 This collapse is likely due to weak
interactions between the neighboring macrocycles within the
structure, which may lead to structural shear and obstruction of
the channels upon guest removal. In our case, though, we reasoned
that the strong adenine-adenine hydrogen bonding interactions
between adjacent macrocycles might serve to lock the macrocycles
in place and stabilize the crystal structure upon removal of guest
molecules.

Inspection of the structure reveals that three pyridine rings
occlude the entrance to each cavity, resulting in an aperture
measuring only ∼1.2 Å. To access the cavities, we needed to first
remove a portion of the pyridine molecules to increase the pore
aperture and allow diffusion of guest molecules within the structure.
TGA studies were performed to assess the stability of the assembled
structure and the mobility of the free DMF and coordinated pyridine
molecules. We observed a 44% weight loss upon heating to 125
°C, which corresponds roughly to the loss of the free DMF
molecules and a fraction of the coordinated pyridines, based on
EA data collected for the heated sample. Remarkably, the powder
X-ray diffraction pattern of the heated sample matches that of the
as-synthesized material (Figure 2A), indicating that the material
maintains its structural integrity despite loss of DMF and coordi-
nated pyridine, an aspect that points toward the utility of the multiple
hydrogen bond interactions for generating a structurally robust
material.

Encouraged by these results, we surmised that activating the
material at 125 °C would effectively widen the cavity aperture (via
loss of coordinated pyridine), allowing evacuation of guest mol-
ecules from the material. Indeed, sorption studies performed on
the material after 125 °C activation revealed a small uptake of

nitrogen (N2; 77 K) (Supporting Information) and a comparatively
large uptake of both hydrogen (H2; 77 K) (Figure 2B) and carbon
dioxide (CO2; 273 K) (Figure 2C), which is likely due to the
different kinetic diameters for the three gases (N2, 3.64 Å; CO2,
3.3 Å; H2, 2.89 Å).11 The maximum H2 uptake is ∼1 weight percent
at 77 K and 1 atm which is similar to the uptake of many
microporous metal-organic framework (MOF) materials.12 Sig-
nificantly, the H2 isotherm was steep in the low pressure region,
indicating a high affinity of the adsorbed H2 to the material, which
may be due to vacant coordination sites on the Zn2+ that result
from removal of some of the coordinated pyridine molecules.12

Interestingly, the isotherms for both H2 and CO2 exhibited
significant hysteresis upon desorption.13 We hypothesized this could
be due to hindered diffusion through the narrow pore apertures.14

To understand the origin of the hysteresis, we compared the CO2

sorption isotherm of the material activated at 125 °C (2) (Figure
2C) to the CO2 isotherm of the material activated at 100 °C (3)

Figure 2. (A) Powder X-ray diffraction patterns for the as-synthesized
material (black) and the material after heating to 125 °C (red). (B) Hydrogen
sorption isotherm (77 K) for material activated at 125 °C. Carbon dioxide
sorption isotherms (273 K) for material activated at 125 °C (C) and 100 °C
(D) ((b) adsorption; (O) desorption).
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(Figure 2D). The hysteresis was more dramatic for 3. Upon
desorption, 2 retained ∼38% of its sorbed CO2 at 40 Torr while 3
retained nearly 45% of its sorbed CO2 at the same desorption
pressure. This observation suggests that the hysteresis is indeed
likely due to a gating effect caused by the narrow pore apertures.
Activation at 125 °C resulted in a greater loss of coordinated
pyridine compared to activation at 100 °C; therefore, we expect
that the pore aperture for 3 is smaller than that for 2, consequently
resulting in a more dramatic hysteresis. The decrease in the pore
aperture is supported by N2 sorption experiments: like typical
microporous materials, 2 exhibits some N2 uptake at low pressures,
although it does not reach saturation, whereas 3 does not readily
adsorb N2 (Supporting Information). Collectively, these sorption
data suggest that the size of the pore aperture can be tailored to
tune the material’s ability to selectively trap CO2 within its structure.

It is important to note that small sorbent-induced structural
rearrangements15 may also contribute to the hysteresis. However,
if this were the case, we would expect to see more dramatic
hysteresis for 2 rather than 3, because more structural components
have been removed for 2. We also considered that strong sorbate
open-metal site interactions might contribute to the observed
hysteresis. However, using the Dubinin-Radushkevich (DR) equa-
tion, the isosteric heat of adsorption was calculated to be ∼21 kJ/
mol at 273 K. This value is much smaller than those usually
observed for chemisorption16 and also smaller than those observed
for MOF materials with open-metal sites.17 Therefore, we reason
that sorbate open-metal site interactions do not contribute signifi-
cantly to the hysteresis.

To conclude, we have demonstrated that strong biomolecular
hydrogen bonding interactions can be used to assemble zinc adeninate
macrocycles into robust materials that exhibit large cavities within their
structures. Careful removal of the coordinated pyridine molecules that
“gate” the cavity entrances allows for modulation of the cavity aperture
dimensions and therefore discrimination of adsorbate molecules based
on their kinetic diameter. In addition, by tuning the aperture size, we
can adjust the amount of CO2 that can be trapped within the structure.
Together, these results point toward the potential utility of this material
in gas separation and sequestration applications.18 We note that the
specific strategy we present for modulating pore aperture dimensions
to impart specific gas sorption properties is unique. We believe that
this strategy can be extended to the design of new porous materials
that have controllable pore “gates” that can be opened or closed to
affect the capture and release of specific gas molecules.
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