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Pyridine macrocycles with no cavities assembled into close

packed columns yet absorbed guests including hydrogen, carbon

dioxide, and iodine.

Many different approaches have been used to design materials

with open channels that display permanent porosity.1 Recent

examples indicate that a permanent pore or channel is not

necessarily a requirement for the absorption of gases.2

Dynamic structural changes in coordination polymers induced

new channels into which guest molecules were incorporated.3

Atwood et al. recently demonstrated that non-porous organic

solids could expand by gas induced transformations.4 In this

manuscript, we report a pyridyl bis-urea host (1, Fig. 1) that

assembled into columns with high fidelity. Close packing of

these columns gives a high density structure with no obvious

channels. Co-crystallization of host 1 with trifluoroethanol (TFE)

formed a crystalline inclusion complex host 1�TFE with

TFE separating the columns of assembled bis-ureas. Heating

induced desorption of the TFE regenerated the initial host 1

extended structure. While there are examples of crystals that

can expand to absorb guests, we were surprised to observe

type I gas adsorption isotherms with H2 and CO2, which

usually indicate permanent channels. Furthermore, these

crystals displayed reversible absorption of iodine to afford a

stable crystalline host 1�I2 complex. Closer analysis suggested

guest induced transformations that converted a higher density

‘guest free’ form of bis-urea host 1 to a lower density form. We

investigated these structures by X-ray diffraction, X-ray

photoelectron spectroscopy (XPS) and UV-vis spectroscopy.

These studies suggest that the organic solid state can be

dynamic and can expand to encapsulate guests.

We have previously shown that ureas, preorganized within

rigid frameworks, guided columnar assembly through the

strong 3-centered urea hydrogen bonding motif.5 Macrocycles

with sizeable cavities afford open columnar channels that are

accessible to gases and guests; however, we expected macro-

cycles that lacked a cavity to be nonporous. For example,

previously reported m-xylene 2 assembled into columns

through typical 3-centered urea interactions,6 but the inward

facing aryl hydrogens were nearly within van der Waals

contact. We recently synthesized pyridine 1, which contains

basic interior nitrogens with no central cavity. Macrocycle 1

was synthesized in two steps from 2,6-dibromomethylpyridine

and triazinanone (ESIw). Colorless crystals of 1 were obtained

by vapor diffusion of methanol into a DMSO solution of 1

(10 mg/2 mL). X-Ray analysisy revealed the expected bis-urea

macrocycle (Fig. 1a). Accounting for van der Waals radii, the

interior of the macrocycle was B1.1 � 1.8 Å (Fig. 1a). In

comparison, gases used to measure porosity have kinetic

diameters of 2.9 (H2) to 3.6 Å (N2).
7 The individual macro-

cycles 1 were connected into columns by hydrogen bonds

between the urea NH’s and two different acceptors: the urea

carbonyl oxygen and the pyridine nitrogen (Fig. 1b). The

carbonyl oxygen formed slightly shorter interactions with an

N–O distance of 2.904(2) Å vs. the pyridine N, which displayed

an N–N distance of 3.082(2) Å. This hydrogen bonding motif

gave a repeat distance of B4.7 Å, similar to the typical

3-centered urea motif.6 The chains of hydrogen bonds run

along the crystallographic b axis and the columns are densely

packed with no obvious channels (Fig. 1c).

Host 1 also crystallized through the vapor diffusion of

TFE into a DMSO solution of 1 (10 mg/2 mL) to afford a

1�TFE complex. This structure showed columns with

similar distances from the urea NHs to the heteroatoms

Fig. 1 Macrocyclic bis-ureas 1 and 2: (a) structure of host 1 with

intramolecular distances from C1 to C1* = 4.645 Å and N3 to N3* =

5.066 Å; (b) view along a single column of host 1 illustrating the hydrogen

bonding pattern; (c) view depicting the packing of the columns.
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(N–O = 2.928(4) Å, N–N = 3.038(4) Å). The important

difference between the two structures was the hydrogen bonding

interaction between the alcohol of TFE and urea carbonyl

oxygen (Fig. 2a). The TFE forms an interstitial layer between

a layer of columns (Fig. 2b). There is a change in symmetry

between the solvent free and solvent complex crystals from

monoclinic z= 2 to triclinic z= 1. To compare their volumes,

we divided the solvent free cell volume by 2. The host 1�TFE
had a larger volume (563.69 Å3) vs. host 1 (364.39 Å3), which

reflected the space occupied by solvent.

These crystalline solids were ground to powders and

examined by powder X-ray diffraction. In each case, the

observed PXRD patterns closely matched the theoretical

PXRD pattern calculated from the respective single crystal

structures, indicating that these bulk powders had the same

overall structure as their crystalline solids (ESIw). The solvent
was removed from host 1�TFE powder by heating and the

powder re-examined by PXRD (Fig. 3a). The peak positions

and intensities were similar to the original host 1 structure.

Host 1 and 2 were not expected to display permanent

porosity and were examined as controls for gas adsorption.

Surprisingly, host 1 crystals displayed a type I gas adsorption

isotherm with CO2 (g) at 273 K consistent with microporous

materials (Fig. 3b)8 as did host 2 (ESIw). The Brunauer–

Emmett–Teller method was applied to the CO2 isotherm for

host 1 at P/P0 between 0.016 and 0.028. The calculated surface

area of 190 M2 g�1 corresponds to a total pore volume of

3.852 � 10�3 cm3 g�1 for pores smaller than 6.3 Å in diameter.

Host 1 also displayed a similar type 1 adsorption isotherm

with H2 (g) (Fig. 3b, inset). Both these gases have kinetic

diameters that were larger than any void in the hosts. Thus,

our hypothesis is that these hosts undergo gas induced trans-

formations where the columns are pushed apart to accept the

gas as observed in the host 1�TFE inclusion complex.

The ability of host 1 to form inclusion complexes with TFE

through hydrogen bonding interactions with the unsatisfied

oxygen lone pair, led us to the consider other guests whose

structures would be easier to monitor. In host 2, the lone pairs

were occupied in the 3-centered urea hydrogen bonds, thus this

compound was tested as a control. We next investigated if hosts

1 and 2 absorbed I2, which was well-known to form charge

transfer complexes with pyridine.9 The colorless crystals of hosts

1 and 2 were exposed to iodine vapors in a sealed container for

1–9 days. The vapor loading of iodine in host 1 to afford red

crystals was kinetically slow, requiring B7 days to reach equili-

brium. The desorption of iodine from these crystals was followed

by thermogravimetric analysis (TGA). A one step desorption

with 19.18% weight loss was observed between 60 1C to 140 1C

from the host 1�I2 complex (Fig. 4a). Assuming that this weight

loss corresponded to I2, we calculated a 3 : 1 host : guest ratio in

the host 1�I2 complex. No weight loss was observed for the iodine

treated host 2 samples, indicating that I2 was not absorbed.

Iodine could also be loaded reproducibly from an ethanolic

solution and reached a saturation absorption of 280 (�20) mg

I2 per gram of 1. This corresponds to the same 3 : 1 binding

ratio (1 : I2). To further investigate this binding phenomenon,

host 1 (55 mg) was loaded in a capillary and equilibrated with

iodine vapor for 7 days. We monitored the daily increase in

volume by measuring the change in length. After 7 days a 14%

increase in volume was observed (ESIw). The expansion of 1

was presumably due to the formation of a clathrate (host 1�I2).
Powder X-ray diffraction (PXRD) was used to compare the

structure of the host 1 and its I2 complex. The host 1�I2
complex exhibited a PXRD pattern (Fig. 4b top) that was

different from the free host. We observed a shift in the

diffraction peak positions towards smaller 2y values for the

lower angle (102) peak from 14.11 to 12.551 and the (202) peak

(21.31 to 19.61). These changes suggested that the cell was

expanding in the a–c direction as expected for iodine bound

between the columns. The iodine was removed by heating and

the PXRD positions and intensities mirrored those of the

initial host 1 structure (ESIw).
We next investigated the nature of the bound iodine species.

The empty host 1 exhibited an absorbance maximum at

Fig. 2 Views from the X-ray structure of host 1�TFE: (a) the hydrogen
bonding environment of a single macrocycle was nearly identical to the

solvent-free structure except for a TFE molecule that was hydrogen

bonded to the carbonyl; (b) view depicting the packing of the columns.

Fig. 3 (a) Comparison of PXRD patterns for host 1 (bottom), host

1�TFE (middle) and host 1�TFE after TFE removal (top); (b) carbon

dioxide adsorption isotherms at 273 K for host 1 (adsorption in blue,

desorption in red) and hydrogen adsorption isotherms at 273 K for

host 1 (inset).

Fig. 4 (a) TGA desorption curves for the iodine treated host 1 and

host 2; (b) comparison of the PXRD patterns of host 1 and host 1�I2.
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lmax 278 nm that was blue shifted to 262 nm in the 1�I2
complex, indicative of a charge transfer (CT) complex.9,10

Two additional absorbance bands were observed at lmax 286

and 355 nm, which were characteristic of iodine charge

transfer bands (ESIw).11

Solid-state IR was used to compare host 1, 2, and the host

1�I2 complex. Host 2 has typical urea hydrogen bonds with

two NH stretches at 3365 and 3306 cm�1. In the host 1

structure, the NH’s were paired with two separate acceptors,

which was reflected in the IR by the shift of the NH stretch to

shorter wavenumbers (3328 and 3269 cm�1).12 Little change

was observed in the NH region upon uptake of iodine. Only

one NH stretch shifted from 3326 to 3321 cm�1. This may

signal a slight strengthening of the pyridine NH hydrogen

bond. No change was observed in the carbonyl band

(1658 cm�1). We observed small perturbations in the pyridine

ring in the 1�I2 complex. The CQN stretch moved to higher

frequency (from 1568 to 1572 cm�1) and the in plane pyridine

H-deformation shifted from 1106 cm�1 to 1130 cm�1.13

The electronic structure of empty host 1 (Fig. 5a) and the

host 1�I2 complex (Fig. 5b) was further probed by XPS.14 Two

intense peaks shown in Fig. 5b around 620 eV were I 3d core

level XPS lines. No other iodine peaks were observed in this

region suggesting that only one type of iodine was present.15

The I MNN Auger line and I3d XPS spectrum for NaI

reference were measured and the Auger parameter obtained.16

The 1�I2 sample showed a similar Auger parameter, which

suggested that iodine acquired a partial negative charge upon

complex formation.17 The XPS spectrum of N1s for host 1�I2
showed that the binding energy of N1s was higher than that

for host 1, suggesting that the pyridine nitrogen was partially

positive in host 1�I2 (ESIw).17 Taken together, these experi-

ments support the formation of a pyridine–iodine CT complex

that does not significantly alter the hydrogen bonding motif of

the individual columns.

In summary, we report a pyridine functionalized bis-urea

macrocycles that self-assembled into columnar structures

lacking pores. Despite the lack of pores, this host was able

to complex guests including TFE and I2 that can interact

relatively strongly with the host. More surprising was the

ability of this close packed organic host to absorb weakly

interacting guests including H2 (g) and CO2 (g). These results

highlight the potential use of organic crystals as sorbants. We

are now investigating the binding of other guests within this

new host as well as within larger pyridyl bis-urea macrocycles.

The authors acknowledge support for this work from the

NSF (CHE-0718171, CHE-1012298) and from the University

of South Carolina, Office of Research and Health Sciences.
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