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Lamellae-Nanotube Isomerism in Hydrogen-
Bonded Host Frameworks™**

Matthew J. Horner, K. Travis Holman, and
Michael D. Ward*

The supramolecular organization displayed by surfactant
assemblies (SAs) and block copolymers (BCs) is often
characterized by various ordered microstructures—spherical,
lamellar, hexagonal, and cubic phases—that exhibit different
curvatures of a common interface that defines the boundary
between dissimilar segments of the molecular components.
The ultimate microstructure reflects a delicate balance of
forces on opposite sides of the interface.l" 2 Though typically
described by smaller length scales, analogous architectures
are evident in crystalline small-molecule assemblies,®! such as
the hexagonal ureal® and perhydrotriphenylenel®! inclusion
compounds, supramolecular hydrogen-bonded nanotubes
formed by cyclic peptides!® and cyclodextrins,” high-symme-
try metal —organic coordination networks,®l and lamellar
organic salts.’] To the best of our knowledge, however,
structural isomerism in organic single crystals based on the
curvature of a common two-dimensional supramolecular
interface is unknown.

We previously reported that, depending on the identity of
the organic substituent, guanidinium organomonosulfonates
typically crystallize as either bilayered or continuously
layered (CL) architectures. The organic substituents form
interdigitated arrays between “quasihexagonal” hydrogen-
bonded sheets of the guanidinium ions (G) and sulfonate (S)
moieties (Figure 1).1% The two architectures differ with
respect to the projection of the organic substituents from
each GS sheet—whereas substituents project from the same
side of each sheet in the bilayer form they project from both
sides in the CL architecture, thereby accommodating sub-
stituents with a larger steric “footprint”. The GS sheet can be
described as one-dimensional GS ribbons fused by hydrogen
bond “hinges” that allow the sheets to pucker (about an angle
0ir) in the CL architectures in order to optimize the packing
of the organic substituents.'!! Guanidinium salts of appropri-
ately chosen organodisulfonates form analogous bilayer and
continuous “brick” host architectures in which the organic
substituents serve as “pillars” and generate guest-filled
inclusion cavities between the GS sheets.'”l The preference
for a given host architecture depends upon the shape and
relative sizes of the pillars and guests, the latter behaving as
templates that direct the formation of a particular GS host
architecture.

We have now discovered that guanidinium organomono-
sulfonates can also form inclusion compounds, with their
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Figure 1. a) Schematic representation of the “quasihexagonal” hydrogen-
bonded GS sheet consisting of 1D ribbons (boxed), which are fused along
their edges by hydrogen bond “hinges” about which the sheet can pucker
(by an angle 6z) in the CL architectures. b—e) Schematic representations
of the various architectural isomers of the guest-free and guest-included
guanidinium organomonosulfonates.

GS frameworks exhibiting bilayered, continuously layered,
and hexagonal tubular architectures that are reminiscent of
SA and BC microstructures. Guest-free G[benzenesulfonate],
G[p-toluenesulfonate], G[4-chlorobenzenesulfonate], and
G[4-bromobenzenesulfonate], herein referred to as GBS,
GTS, GCBS, and GBBS, respectively, crystallize in the
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bilayered form, and G[4-iodobenzenesulfonate] (GIBS) crys-
tallizes in the CL architecture (Table 1). When crystallization
is performed in the presence of certain aromatic molecules,
however, these molecules template new GS host architec-
tures, either a CL inclusion compound (CLIC) with one guest
included per GS unit or a tubular inclusion compound (TIC)
with two-thirds of a guest per GS unit (Figure 1).

The GS sheets in the guest-free and inclusion compounds in
Table 1 all exhibit identical supramolecular connectivity, that
is, the quasihexagonal GS hydrogen-bonding motif depicted
in Figure 1a.1 Therefore, for a given organomonosulfonate
the three frameworks can be regarded as architectural
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Table 1. Summary of architectures observed in guest-free and guest-
included guanidinium organomonosulfonates.

Guest GBS GTS GCBS GBBS GIBS

none bilayer® bilayerl? bilayer® bilayer® CLII

p-xylene CLICPI  CLIC CLICPI  CLICPM  CLICP!
m-xylene TICH CLICP! CLICPI  CLICP!  CLICP!
o-xylene TICl TICEl/CLICP! TICE CLICPI  CLICP!
2-chlorotoluene TICE  CLICWY TIC  TICP!  CLICH
1,2-dichlorobenzene CLIC  CLICM TICl TICl] CLICM
N,N-dimethylaniline CLICP! CLICP! TICl TICl CLICP!

[a] Structures previously reported.1%+®l [b] Completely refined single-
crystal structures reported here.l' [c] Assignment based on partially
refined single-crystal X-ray diffraction data because of poor quality
crystals. [d] Preliminary assignment based upon crystal morphology and
'"H NMR data only. The entries in bold correspond to examples depicted in
Figure 2.

isomers. For example, guest-free GBBS crystallizes in the
bilayered architecture, whereas GBBS:(p-xylene) and
GBBS - %5(2-chlorotoluene) crystallize as a CLIC and TIC,
respectively (Figure 2).¥1 The guests in the CLICs are
interdigitated with the organomonosulfonate substituents,
thus generating a herringbone motif that resembles the
packing commonly observed in single crystals of simple
arenes. Rather than forming the guest-free bilayer phase, the
added bulk introduced by the guests forces the formation of
the CLIC architecture. This effect is similar to the role of
bulky organomonosulfonates that promote the formation of
guest-free CL phases. The CLICs, similar to the guest-free CL
phases, optimize molecular packing through accordionlike
puckering of the GS sheet, with puckering angles in the range
of 124° < O\ < 144°. This puckering affords a lamellar archi-
tecture in which the GS sheets have zero mean curvature.

In contrast to the CLICs, the GS sheets in the TICs exhibit
curvature, curling into six-sided discrete tubes, each compris-
ing six GS ribbons. The tubes assemble into a hexagonal array
through dispersive interactions between the organosulfonate
substituents that line the outer surface of each tube. The
hexagonal symmetry of the nanotubes mandates a puckering
angle of 6z =120°, which is within the range of values
observed for other GS compounds. The guest molecules
occupy both the tube interior (% guest per GS unit) and the
region between the tubes (the remaining '5). The guest
molecules in the tube are disordered, but the structural data
reveal that these guests are stacked cofacially with interplanar
separations of approximately 3.8 A. This value is equivalent
to one-half of the c lattice constant along the tube, which is
defined by the nearest neighbor S---S distance along the
GS ribbon. The center—center intertube distance is d, =
16.3 A for GBS and ranges from 19.2-19.6 A for the other
three hosts. The values reflect the shorter length of the
benzene substituent in GBS. The inner diameter of the
nanotubes, after accounting for the van der Waals radii, is
approximately 8 A. With the exception of GBBS - %(2-chloro-
toluene), crystals of the TICs appear to be slightly twinned
and preliminary structural refinements tend to be poor,
although assignment of the tubular architecture is unambig-
uous.

The CLIC and TIC architectures are distinguished by the
projection topology of the organic substituents about their
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Figure 2. Architectural isomers of the GBBS framework. Top: The guest-
free bilayer structure as viewed parallel (left) to the hydrogen-bonded
GS sheets. The packing of the organic substituents between the layers, as
viewed normal to the GS sheets, is depicted on the right. To better illustrate
the packing, the G ions and the sulfonate oxygen atoms have been removed
and the sulfur atoms labeled. Middle: The CLIC structure observed for
GBBS - (p-xylene) as viewed parallel (left) to the puckered (6, =126°)
GS sheets. The packing of the p-xylene guests and the bromobenzene
substituents of sulfonate anions are depicted to the right. The sulfur atoms
are labeled and the p-xylene guests shaded darker. Bottom: The hexagonal
packing of the six-sided GS nanotubes in GBBS -%(2-chlorotoluene) as
viewed parallel to the long axes of the tubes. For clarity, the guest molecules
are depicted as green circles within the nanotubes, but are omitted from the
intertube regions. A single nanotube is illustrated on the right. The organic
substituents, with the exception of the carbon atom attached to the
sulfonate moiety, are removed for clarity. The hydrogen-bonded surface of
the nanotube is described by the same quasihexagonal motif as the guest-
free and CLIC phases.

respective GS sheets. Whereas an equivalent number of
organic substituents project from each side of a given sheet
in the CLIC architecture, all the substituents in the TIC
architecture project outward from the surface of each tube,
enforcing curvature of the GS sheet and tube formation. The
organic substituents on the tube surface exhibit a twofold
disorder and suggest herringbone-like packing in the inter-
digited regions of adjacent tubes. In general, however, the
guests in this region are so highly disordered that an
unambiguous assignment of their orientation is not possible.

The three crystal architectures are also reflected in their
dramatically different crystal habits, which are illustrated here
by the GTS phases (Figure 3). The guest-free bilayered
crystals form as plates with large (001) faces and the CLICs
form rectangular rafts with prominent (010) faces, both forms
reflecting fastest growth along the GSribbons (the
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Figure 3. Photograph of single crystals of GTS, GTS- (m-xylene), and
GTS - %(o-xylene) which crystallize in the bilayer, CLIC, and TIC
architectures, respectively.

[010] direction in the bilayered phase and the [001] in the
CLICs). The TICs, however, grow as needles along [001],
which coincides with the GS ribbons and the long axis of the
tubes. Optical microscopy reveals that the tubes have six well-
defined sides corresponding to the hexagonal symmetry of the
crystals.

Table 1 reveals that the host architecture depends on the
specific combination of host and guest. To date, GTS is the
only host that exhibits both architectures for the same guest
(o-xylene). Attempts to form inclusion compounds of G[4-
fluorobenzenesulfonate] afforded only a guest-free crystalline
phase with oblong GS tubes wherein two of the fluorobenzene
substituents project into the tube interior.['’]

The number of examples in this study is not yet sufficient to
construct an unambiguous explanation for the preference of
the various architectures for specific host—guest combina-
tions. Though kinetic contributions, such as those related to
concentration effects, have not yet been thoroughly inves-
tigated, the architectural selectivity observed for the CLICs
and TICs in Table 1 most likely is governed by subtle
differences in the intermolecular packing of the organic
substituents and/or guests between the GS sheets or tubes.
The observation of both a CLIC and TIC for o-xylene
inclusion compounds of GTS suggests similar lattice energies
for these architectural isomers. Notably, the host with the
largest organomonosulfonate substituent, GIBS, only forms
CLIC:s for the guests in Table 1. This may reflect unfavorable
steric interactions between the large iodo group and arene
rings on adjacent tubes in putative TICs based on this host.
Alternatively, the larger iodo substitutent may satify a dense
packing requirement in the CLIC architecture that is not
always achieved with hosts endowed with smaller substituents.
Inspection of Table 1 suggests that the shape of the guests also
plays a role in the selectivity.

The inclusion compounds described here illustrate an
architectural isomerism that resembles the morphological
behavior observed for SAs and BCs, albeit at a reduced length
scale. The isomerism relies on the curvature of a common,
flexible yet robust, two-dimensional interface, namely the
GS sheet. Like SAs and BCs, the energetic penalty for this
curvature must be sufficiently small that the hexagonal tube
architecture can be achieved.
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In principle, the GS tubes are expandable because a
continuous quasihexagonal tube surface can form with any
number of GS ribbons greater than three, thereby producing
tubes of various diameters" that can accommodate a range
of guest molecules. Molecular models also reveal that tubes
constructed from an odd number of ribbons will be chiral.
Though it remains to be determined whether volume fraction
and frustration models used to explain the microstructures of
SAs and BCs can be applied here, we anticipate that the
different tube diameters can be achieved through judicious
tuning of the steric balance between the guest templates and
the organic substituents. The ability to modify the GS sheet
with different organic substituents provides a distinct advant-
age over most other organic hosts, which typically cannot be
modified in a systematic manner without complete loss of
their host architecture. The discrete nature of these self-
enclosed nanotubes suggests that, with suitable organic
substituents, the isolation of single nanotubes may be possible.
The discovery of the new CLIC and TIC architectural isomers,
which have substantially different inclusion cavity shapes and
dimensionality, also suggests new opportunities in molecular
separations!'®l and materials design.
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