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Introduction

Synthetic biomimetic polymers have attracted attention as
useful model materials for understanding parameters affect-
ing the folded structure of proteins. Phenylene ethynylene
(PE) polymers are of interest owing to their unique photo-
physical properties, supramolecular organization, and con-
formational diversity.[1,2] Their structures include rigid para-
substituted polymers,[3] oligomers and macrocycles[4,5] as well
as more conformationally flexible meta-[6,7] and ortho-
linked[8,9] molecules. Polymeric para-derivatives have been
characterized with respect to their optical properties and,
more recently, their liquid-crystalline organization.[10,11]

These molecules organize into lamellar structures with inter-
digitated alkyl side chains, in which the spacing between
chains is controlled by the length of the side chain in one di-
rection and p–p stacking of the aromatic backbone in the
other. Moore and co-workers[6] have characterized meta-de-
rivatives with short ethylene glycol chains that undergo
random coil-to-springlike helical conformational modifica-

tions as the solvent is changed from chlorohydrocarbons to
those with higher dielectric constants. Solid-state characteri-
zation showed that these oligomers unfold into extended
structures with lamellar packing.[12] However, filling the inte-
rior cavity of the helices with methyl groups, to reduce free
volume, stabilized the helix in the solid state.[13] Single-crys-
tal structures of ortho-substituted oligomers indicate the
adoption of a helical conformation with a helical repeat of
three aromatic rings.[8]

The study of facially amphiphilic (FA) molecules in which
the side chains attached to the backbone are polar (P) and
nonpolar (NP) has been more limited.[14–17,7] However, our
research group has recently reported structures in which the
PE backbone was patterned with P cationic and NP alkyl
groups that project from opposite sides of the extended
structures.[7] Langmuir experiments showed that these mole-
cules adopt stable monolayers with extended conformations
at the air–water interface owing to their FA nature.[18] This
structure is similar to that adopted by peptides designed to
form amphiphilic b-sheets at the air–water interface.[19] The
FA PE structures were also shown to disrupt phospholipid
vesicles[7] and exhibited antibacterial activity.[20] It was
speculated that the FA patterning could provide instructions
for molecular self-assemble into ordered structures.
In this report, we describe the structure of organized as-

semblies formed when the polymers were dissolved in a
polar aprotic solvent and then diluted with water. Small-
angle X-ray diffraction (SAXD) experiments revealed that
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these self-assembled structures organized into bilayers with
a fully extended backbone and the resulting bilayers further
assembled with long-range liquid-crystalline order.

Results and Discussion

The patterning of PE structures shown here (C0, C5, and
C12 containing sides chains with NP chain lengths of zero,
five, and twelve carbon atoms, respectively) leads to a
strong facial preference in the structure. When these materi-
als were precipitated from dioxane and examined in the

solid-phase state by SAXD, ordered structures were ob-
served. Figure 1 shows the X-ray diffraction traces obtained
from powders of the three polymers. Diffraction peaks cor-

responding to d spacings of 2.0, 2.4, and 3.1 nm are observed
for the structures C0, C5, and C12, respectively. These spac-
ings are consistent with a bilayer structure in which P cat-
ionic groups and NP alkyl side chains segregate to opposite
sides of an extended conformation. For example, Figure 2
shows a model of the C5 structure with a bilayer spacing of
2.4 nm and NP groups in the interior. Assemblies from diox-

ane may expose the NP groups to the exterior; however, in
aqueous solution, discussed below, the P groups will be dis-
played to the solvent. In either case, the bilayer spacing re-
mains the same and only the chemical functionality exposed
to the solvent changes.
Molecular models of C5 with a fully extended NP side

chain indicate a width of ~1.3 nm. The measured interbilay-
er spacing of 2.4 nm is 7.7% less than the value of 2.6 nm
(the bilayer is twice 1.3 nm) suggested from models incorpo-
rating side chains in an extended conformation. This slight
reduction in bilayer width likely arises from interdigitation
of the side chains or a larger tilt angle of the NP side chains
as they pack. When the C5 NP chains are extended by
seven carbon atoms, the observed diffraction peak spacing
increases to 3.1 nm; when the NP side chain is removed, this
spacing decreases to 2.0 nm consistent with expectations.
Most importantly, when the nonamphiphilic precursor to
C12, a polymer containing N-Boc protecting groups and
therefore not FA, was studied under identical conditions no
diffraction peaks were observed (inset Figure 1). The lack of

Figure 1. SAXD of C0, C5, and C12 with diffraction peaks that corre-
spond to d spacings of 2.0, 2.4, and 3.1 nm, respectively. The inset shows
the diffraction curve for the C12 polymer before removal of the N-Boc
protecting group. This material is not facially amphiphilic and therefore
it is not programmed to self-organize; thus the absence of diffraction
peaks.

Figure 2. a) Model for the lamellar structure formed by C5 in which two
molecules form a bilayer by associating nonpolar surfaces together. This
bilayer is represented schematically with the P and NP groups in black
and dark gray, respectively. The molecular backbone is shown in light
gray. b) These bilayers then act as rigid entities, or mesogens, and further
organize with long-range liquid-crystalline order.
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order observed for the non-FA molecule in conjunction with
the diffraction data from C0, C5, and C12 supports the im-
portance of the FA patterning in directing the self-organiza-
tion of this family of polymers into ordered materials.
The SAXD trace of C5 in Figure 1 also shows a weaker

second-order peak, and the wide-angle X-ray diffraction
(WAXD) of C5 showed diffraction peaks at spacing corre-
sponding to 1.19, 0.78, and 0.55 nm (Figure S1 in the Sup-
porting Information). These peaks are consistent with a la-
mellar structure in which each lamella is composed of two
fully extended backbones as illustrated in Figure 2. These la-
mellae, or bilayers of rigid rods, self-organize with liquid-
crystalline-like order (see Figure S2 in the Supporting Infor-
mation) based on the diffraction patterns expected from dis-
ordered structures.[21] Figure 2 shows a model of the C5
polymer with the lamellar structure as well as how these la-
mellae act as mesogens and organize into layers with liquid-
crystalline order.
Observations from fluorescence spectroscopy in aqueous

solution[7] and the presence of organization in condensed
matter suggested the possibility that these soft systems form
ordered assemblies in aqueous solutions. Polarized optical
microscopy studies shown in Figure 3 support the formation

of ordered assemblies in aqueous solution. This image, col-
lected under cross-polarized microscopy, shows that the
sample is birefringent at room temperature. No changes in
the birefringence were observed upon heating to 90 8C, sug-
gesting that the ordered phase does not undergo a phase
transition within this temperature range.
To better characterize the ordered assemblies formed

from solutions of C12 in 10% DMSO/water, SAXD was
collected and a typical powder diffraction trace from this
sample is shown in Figure 4. The curve obtained has a
strong diffraction peak corresponding to a spacing of 3.6 nm
for the wet powder, shown in the inset of Figure 4. The

structure is consistent with that observed for C12 in the con-
densed matter state; however, the spacing is increased by
0.5 nm. This increase in spacing results from hydration of
the P cationic ammonium ions in the structure. Indeed,
when this same sample was dried to remove all visible
DMSO and water, the SAXD spacing matches exactly the
value obtained for C12 in Figure 1. As a result, it is shown
that this material self-organizes into ordered structures in
aqueous solution excluding the possibility of random chain
collapse into an amorphous state due to poor solvent condi-
tions, which might be expected. These results further sup-
port the importance of the strongly programmed FA pat-
terning. The molecular architecture and self-assembled
structures of these polymers are reminiscent of structures
formed by amphiphilic b-sheet polypeptides in which P and
NP amino acid side chains extend from opposite faces of the
polypeptide backbone.[19] In addition, many b-sheet-forming
polypeptides adopt amphiphilic, ordered conformations only
when two or more strands self-assemble. Individual strands
in solution typically adopt random coil conformations. Fur-
ther, amphiphilic b-sheet peptides studied in the absence of
larger structures (like other protein domains) often associate
into larger structures and precipitate from solution.
In conclusion, we have characterized the structures

formed by FA PE materials in aqueous solution by SAXD
and found that they self-assemble into ordered bilayers, in
which the molecular backbone is extended with P and NP
groups segregated onto opposite faces. This structure is sup-
ported by SAXD data obtained from the solid state and
aqueous solutions. WAXD data supports bilayer or lamellae
organization in layered liquid-crystalline structures. The ab-
sence of FA patterning generated an amorphous sample and
confirms the importance of this programmed amphiphilicity
in self-assembly. These self-assembled structures mimic
those found for amphiphilic b-sheet polypeptides; however,
intrastrand associations in these samples consist of strong
van der Waals and p–p stacking interactions as opposed to

Figure 3. Polarized optical microscopy image of the self-assemble of C12
in aqueous solution at room temperature. The strong birefringence is
consistent with an ordered material as opposed to random precipitation.

Figure 4. SAXD obtained from a) the self-assembly of C12 in aqueous
solution, and b) after solvent removal in vacuum.
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hydrogen bonding found in polypeptides. In addition, analo-
gy to the layered assemblies observed for phospholipid mol-
ecules are easily envisaged, providing further interest in
these novel FA macromolecules. The FA patterning of mo-
lecular backbones imparts ordering in these structures and
represents a new design criterion for supramolecular chem-
istry.

Experimental Section

The syntheses of C0, C5, and C12 have been described elsewhere, as
have the NMR, GPC, and UV data.[7] Final deprotection of the nitrogen
protection group results in 80% yield after precipitation and repeated
washing with ethyl ether.

Sample preparation : Powder samples were prepared of all polymers by
precipitation from dioxane during the deprotection of the Boc protecting
group. These dried powders were annealed at 100 8C for 8 h. Powders
that were not annealed showed similar peak position and widths and thus
annealing is not absolutely essential. To study assembly in aqueous solu-
tions, solutions in DMSO were prepared at 1 mgmL�1 of all polymers
and added to water so that the final concentration was 90% water/10%
DMSO (v/v). These samples were allowed to stand overnight followed by
centrifugation at 7000 rpm for five minutes to collect the material at the
bottom of a glass capillary.

X-ray diffraction : Dried and wet powder samples were placed into HR6-
122 glass capillaries with 1.0 mm diameter purchased from Hampton Re-
search. SAXD and WAXD data were collected by using a point-collimat-
ed incident beam and the patterns were collected on an image plate in an
evacuated camera to reduce air scatter. The image plates were recorded
and read using a Fujifilm BAS-2500 imaging analyzer. The incident beam
wavelength was 0.154 nm, corresponding to CuKa radiation.
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