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CONSPECTUS

Self-assembly of small molecules into one-dimensional
nanostructures offers many potential applications in elec-
tronically and biologically active materials. The recent
advances discussed in this Account demonstrate how
researchers can use the fundamental principles of supramo-
lecular chemistry to craft the size, shape, and internal struc-
ture of nanoscale objects. In each system described here, we
used atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM) to study the assembly morphology.
Circular dichroism, nuclear magnetic resonance, infrared, and
optical spectroscopy provided additional information about
the self-assembly behavior in solution at the molecular level.

Dendron rod—coil molecules self-assemble into flat or heli-
cl ribbons. They can incorporate electronically conductive
groups and can be mineralized with inorganic semiconductors.
To understand the relative importance of each segment in form-
ing the supramolecular structure, we synthetically modified the dendron, rod, and coil portions. The self-assembly depended on
the generation number of the dendron, the number of hydrogen-bonding functions, and the length of the rod and coil segments.
We formed chiral helices using a dendron—rod—coil molecule prepared from an enantiomerically enriched coil.

Because helical nanostructures are important targets for use in biomaterials, nonlinear optics, and stereoselective catal-
ysis, researchers would like to precisely control their shape and size. Tripeptide-containing peptide lipid molecules assem-
ble into straight or twisted nanofibers in organic solvents. As seen by AFM, the sterics of bulky end groups can tune the
helical pitch of these peptide lipid nanofibers in organic solvents. Furthermore, we demonstrated the potential for pitch con-
trol using trans-to-cis photoisomerization of a terminal azobenzene group. Other molecules called peptide amphiphiles (PAs)
are known to assemble in water into cylindrical nanostructures that appear as nanofiber bundles. Surprisingly, TEM of a
PA substituted by a nitrobenzyl group revealed assembly into quadruple helical fibers with a braided morphology. Upon
photocleavage of this the nitrobenzyl group, the helices transform into single cylindrical nanofibers.

Finally, inspired by the tobacco mosaic virus, we used a dumbbell-shaped, oligo(phenylene ethynylene) template to con-
trol the length of a PA nanofiber self-assembly (<10 nm). AFM showed complete disappearance of long nanofibers in the
presence of this rigid-rod template. Results from quick-freeze/deep-etch TEM and dynamic light scattering demonstrated the
templating behavior in aqueous solution. This strategy could provide a general method to control size the length of non-
spherical supramolecular nanostructures.

Introduction that components which create the ordered struc-

Self-assembly spontaneously creates structures or ~ ture achieve a specific outcome with minimal
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patterns with a significant order parameter out of
disordered components. The definition of sponta-
neity within the chemical field of self-assembly is
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human or machine intervention. Although it is
often useful for achieving highly ordered, thermo-
dynamically stable systems, reversibility is not a
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strict requirement for self-assembly of the disorder-to-order
transformation. In fact, irreversible self-assembly under non-
equilibrium conditions is no less interesting or useful as long
as the resulting systems are sufficiently ordered. Our crite-
rion of “no human intervention” is a matter of degree; some
processes are “templated” in a structural sense, and others
must be “directed” by applied external forces. Self-assembling
monolayers of thiols on gold surfaces are exemplary of tem-
plated self-assembly,’* whereas directed self-assembly could
involve the application of external magnetic,? electric,* or flow
fields® to induce or nucleate self-assembly. We are interested
in programming through molecular structure the self-assem-
bly of nanostructures and their hierarchical organization across
scales to create function. Our previous work has covered tar-
gets such as two-dimensional structures,® zero-dimensional
noncentrosymmetric nanostructures,” and one-dimensional
nanoscale objects.®° Our vision for hierarchical self-assem-
bly across scales is exemplified by very recent work on three-
dimensional macroscopic sacs and membranes through
interactions among large and small molecules.'® In the con-
text of molecular programming for self-assembly, the objec-
tive for the supramolecular chemist is to create nano- or
macroscale structures composed of small molecules with pre-
cise control over size, shape, and spatial resolution or period-
icity. A variety of biological systems provide an amazing level
of control over these features in the assembly of complex,
functional architectures like actin filaments,'" bacterioph-
ages,'' and the ribosome."?'3 Early examples of designed
self-assembly in systems such as helicates'* and
melamine—cyanurate spheres'> focused on structure not func-
tion. More recent examples have gone further to demonstrate
function in self-assembling organic structures, for example,
piezoelectricity in our noncentrosymmetric clusters,'® and a
significant increase in conductivity in hexabenzocoronene
nanotubes'” and dendron—rod—coil ribbons.'® Meijer and co-
workers have demonstrated both energy transfer'® and pho-
toinduced electron transfer?® in supramolecular oligo-
(phenylene vinylene) assemblies. Additionally, functional
groups with known biological functionality can be appended
to supramolecular structures to afford biomaterials with spe-
cific targets. We have found this to be particularly useful for
the controlled growth and development of neuronal and vas-
cular tissues.?' ~2* These bioactive groups appear to be pre-
sented in a highly favorable orientation and density for
biological recognition. One-dimensional (1D) assemblies, such
as nanotubes and nanoribbons,> possess a single dimension
that is much longer than the others. As with the examples
above, 1D nanoscale structures exhibit a number of useful
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properties, including potential for alignment, conductivity, and
biological interactions. As these 1D structures entangle, they
behave like linear polymers by entrapping and slowing diffu-
sion of solvent molecules. Materials of this type are observed
macroscopically as self-supporting gels.2%2” Furthermore, heli-
cal structures are of particular interest because of their use in
biomaterials, nonlinear optics,?® and stereoselective cataly-
sis? and, therefore, represent important targets for precise
control of shape and length in supramolecular nanostructures.
A number of synthetic systems, such as foldamers,*®3" have
been developed that mimic the predictable tendency of pro-
teins to fold into helical secondary or tertiary structures. How-
ever, the length of foldamers is limited by the significant
synthetic effort required for their preparation. Self-assembly
offers an alternative strategy to access helical structures with
larger dimensions by effectively designing the periodic twist-
ing of large arrays of molecules.?? One could view this pro-
cess as “supramolecular folding’.

Functional Nanoribbons from
Dendron—Rod—Coil Molecules

Inspired by our previous work on molecules termed rod—coils
that combined rigid and flexible segments,”-3® we designed a
related modular structure termed the dendron—rod—coil (DRC)
molecule.® These molecules incorporate a dendritic block* at
the end of the rod segment. DRC 1 formed a self-supporting
gel in dichloromethane at concentrations as low as 0.2 wt %
(Figure 1).° Transmission electron microscopy (TEM) and
atomic force microscopy (AFM) indicate the formation of high
aspect ratio supramolecular ribbons that are ~10 nm across
and ~2 nm thick. Other microscopic changes, such as 'H NMR
line broadening, are also observed under assembly conditions.

To understand the relative importance of the each segment
in forming the supramolecular structure, we systematically
modified each of the dendron, rod, and coil portions through
synthesis (Figure 2).3>

Dendron. The DRC terminated with a G1 dendron (1)
forms ribbon assemblies with head-to-head hydrogen bonds
between the dendron segments of adjacent molecules. Higher-
generation dendrons (G2—G4) afforded only isolated aggre-
gates by TEM. Presumably, these bulkier dendrons inhibit self-
assembly. The number of available hydrogen-bonding groups
on the dendron also affected the assembly. Monomers with
no hydroxyls give isotropic solutions; those with two
hydroxyls did not form the ribbon assemblies and instead pre-
cipitate at room temperature. Compounds displaying four or
six hydroxyls per monomer yielded purple gels in nonpolar
solvents. Small-angle X-ray scattering (SAXS) confirmed that
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(a)

FIGURE 1. 1D assemblies of DRC molecules: (@) TEM microscopy of
the nanofiber structure; (b) molecular graphics representation of the
nanofiber ribbon. Adapted with permssion from ref 9. Copyright
2001 American Chemical Society.

the crystalline order of the assembly increased with the num-
ber of hydrogen-bonding groups. This rigid portion likely off-
sets some of the entropic penalty of bringing so many
molecules together. To more precisely understand the spe-
cific intermolecular interactions between the dendron units, we
obtained an X-ray crystal structure of a partial dendron—rod
(2).° In the crystalline state, the dendrons formed cyclic tet-
ramers held together by four hydrogen bonds and eight addi-
tional hydrogen bonds linked adjacent tetramers into a
stacked array (Figure 3).

Rod. A single biphenyl ester in the rod portion gives a vis-
cous, isotropic solution. A rod portion with two biphenyl esters
affords a weak gel. As the rod portion is further extended to
three or four biphenyl ester units, the resulting purple bire-
fringent gels form self-supporting gels. Solid-state SAXS stud-
ies indicate that the longer rods result in bilayer structures with
sharper peaks and larger d spacings (110 A) compared with
the single biphenyl ester (62 A). Thus, the mechanical prop-
erties and crystallinity are affected similarly by the rod length.
As discussed below, the oligophenylene unit can also be
replaced with other rigid aromatic groups to afford greater
functionality.

Coil. The coil segment is essential to solubilize the DRC
molecules. In addition to the polyisoprene coil of compound
2, the assembly also forms with a shorter, branched 2-octyl-

dodecy! coil.? A shorter, linear tail (e.g., n-dodecyl) results in
only insoluble material.®

Despite these structural requirements, we have found that
the assembly is still quite robust to other mutations, includ-
ing the introduction of functional components. For example,
the rigid oligo(biphenyl ester) rod was replaced with oligoth-
iophenes and oligo(phenylene vinylene)s.'® The conductivity
of I,-doped films of the oligothiophene 3 (Figure 4) increases
from 8.0 x 10~% S/cm when unassembled to 7.9 x 107°
S/am in the assembled state. In contrast, the biphenyl ester
rods remain completely insulating.

Oligo(biphenyl ester)s (R)-4 and (S)-4 were synthesized with
enantiomerically enriched coils and were found to self-assem-
ble into twisted ribbons with opposite handedness as shown
by AFM (Figure 5).2 The circular dichroism (CD) spectrum of
the enantiopure DRC in acetonitrile showed z—x" transitions
by the achiral biphenyls, indicating chiral induction by the coil
and exciton coupling between adjacent biphenyls. Even a
slight enantiomeric excess shows a strong CD response, sug-
gesting a “majority rules” behavior in which the overall chiral-
ity of the system is determined by the component in
excess.>”2® No signal is observed in THF (nonassembling sol-
vent) or in dichloromethane (a solvent that induces the for-
mation of only flat ribbons). This supramolecular chirality
could be exploited as a scaffold for chiral catalysis.

The ribbon formed from DRC 1 was used as a template for
the mineralization of nanohelical 1D cadmium sulfide semi-
conductors.>® By TEM, the mineralized helices showed widths
of 35—100 nm, pitches of 60 nm, and lengths of several
micrometers. The unmineralized assembly of the same com-
pound gave nanohelices with a 20 nm pitch. These nanorib-
bons were also found to disperse ZnO, TiO,, and CdS
semiconductor nanoparticles quite well compared with sim-
ple polymers like poly(vinyl alcohol). The hybrid assemblies
with ZnO nanocrystals were aligned parallel to the poling
direction of an applied electric field (dc, 1500 V/cm).*® The
poled orientation was stable even after annealing to 100 °C
for 24 h. The resulting material showed strongly anisotropic
emission and ultraviolet lasing with a lower threshold than
that for pure ZnO nanocrystals placed directly between two
glass slides or for unpoled films.

Controlling Pitch in Supramolecular Helices
Using Mechanical Torque

Controlling the architecture of helical structures remains a
great challenge.*'#? Nolte et al. have shown that disk-shaped
crown ether—phthalocyanines can assemble into one-dimen-
sional coiled-coil aggregates.*® In that system, the helicity of
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FIGURE 2. Chemical structure of DRC 1 and structural modifications, such as the number of hydrogen-bonding groups on the dendron

(blue) and changes to the length of the rod (red).

ey
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FIGURE 3. In the crystalline state, the dendron—rod 2 crystallizes
as a stack of cyclic tetramers. Hydrogen bonds between adjacent
tetramers are indicated by dashed lines. Reproduced with
permission from ref 9. Copyright 2001 American Chemical Society.
the nanostructure can be switched on or off in response to
potassium ions, but the degree of helicity is fixed by the geo-
metric structure of the molecule. Recently, we showed that it
is possible to tune the pitch of helical self-assemblies by induc-
ing mechanical forces on the nanoscale though molecular
design.3?

Peptide—lipid (PL) compounds 5—15 represent a class of
molecules composed of a simple surfactant molecule with a
short peptide sequence in the middle (Table 1).** The amino
acids have the propensity to form intermolecular g-sheets,

causing the formation of nanofibers in nonpolar solvents such
as benzene and hexane.** During our recent work on func-
tionalizing these peptide—lipid molecules to template vari-
ous materials,*> we found that attaching a bulky group to the
end of one of the alkyl tails results in helical structure.3?

At a concentration of 1 wt %, PLs 5 and 6 each dissolve in
chlorocyclohexane at ~80 °C and form a translucent self-sup-
porting gel upon cooling to ambient temperature. These gels
were diluted, dried on silicon substrates, and imaged by AFM.
The micrographs revealed straight cylindrical fibers for com-
pound 5, whereas the aggregates formed from 6 show left-
handed helices with regular pitch of 22 nm (Figure 6). This
dramatic change in morphology resulted from a rather sub-
tle change in molecular structure, suggesting that the bulkier
substituent at the terminus of the alkyl segment was respon-
sible for the twisting of the cylindrical assemblies of 6.

In a nonpolar solvent, the amphiphilic molecules assem-
ble as a result of both solvophobicity of the charged tetraalky-
lammonium head groups and the formation of intermolecular
hydrogen bonds between adjacent peptide segments.** Infra-
red spectroscopy confirms parallel g-sheet formation. The
cylindrical assemblies formed by assembly of 6 are probably
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FIGURE 4. Chemical structure of oligothiophene-containing DRC 3.
“superhelical” (Figure 7). The -sheets define the primary heli-
ces within the one-dimensional nanofiber. Torsional strain
caused by steric repulsion among the bulky substituents may
overwind the g-sheets. The axis of the g-sheets likely relaxes
into a superhelix to accommodate the bulky end groups with-
out disrupting the hydrogen-bonded network (Figure 7, left).
The observed left-handed sense of the nanostructures formed
by compound 6 is consistent with a superhelix formed by
overwinding a left-handed primary helix (Figure 7, right).*®
However, we are unable to directly observe the primary helix
with the resolution available by AFM.

To explore the scope of this torque-induced approach, we
synthesized three series of compounds, 5—-7, 8—12, and
13—15, covering a wide range of steric bulkiness (Table 1).32
All of these compounds formed self-supporting gels in chlo-
rocyclohexane. Straight cylindrical fibers were considered as
having infinite pitch. Within each of the series, the helical pitch
decreases with increasing end group size. This trend is qual-
itatively consistent with the van der Waals theory of liquids
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FIGURE 5. (a) Molecular structure of chiral DRC 4, (b) AFM images
of (R)-4 (left) and (S)-4 (right) drop cast on mica from acetonitrile
solution—the horizontal and vertical scale bars are identical for
both images, and the white lines indicate handedness, and (c) the
CD signal at 300 nm is plotted as a function of mole percent (S)-4.
Adapted with permission from ref 36. Copyright 2005 American
Chemical Society.

1678 = ACCOUNTS OF CHEMICAL RESEARCH

HO
OH
OH
HO
TABLE 1
P Ve W e
0_0 6 : 0
o) Jl\rn“/\ N NN
R N i N
o A o H o
) - . N van der Waals
Compound R Pitch (nm) Volume (A%
3 ° x 58.1
Mow
6 o 22 92.7
7)1\0‘5;
7 o 222 110.0
>H\o"i
o
3 i - Y 1134
9 Q 160 + 30 130.7
Jotis
10 v@j\ . 40+3 148.0
o
n R 2+2 165.3
Sepd
12 >r©)ok . 2+2 182.6
0
13 o 104.4
@\.‘z{
14 o 90+ 10 2182
x
15 o 90 10 2355
o'a,
16 o 74 £6 2923
@_N//"‘O‘”\gg»

@ All compounds were synthesized using L-amino acids. ” The pitch values are
averages obtained from AFM height images corresponding to tens of
nanostructures.
and solids*” in which molecular arrangements are primarily
determined by the steric effects that result from short-ranged
repulsive forces. Interestingly, the series 5—7 and 8—12
appear to have the same lower limit (~22 nm), despite the
structural differences of their end groups. This limiting value
may result from a geometric requirement to maintain the
p-sheets while allowing supercoiling of the nanofiber.

The helical pitch also appears to depend on the shape and
packing of end groups, as seen when comparing compounds
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FIGURE 6. AFM images of the aggregates formed by compounds
(@) 5 and (b) 6 in chlorocyclohexane. The height profile shows that
these helices have a pitch of 22 + 2 nm. Scale bars = 100 nm.
Adapted with permission from ref 32. Copyright 2007 Wiley-VCH.

FIGURE 7. Steric interactions between the bulky end groups on the
periphery of the nanostructure (left, green spheres) cause a torque,
which is relieved (right) as the nanofiber forms a superhelix.
Adapted with permission from ref 32. Copyright 2007 Wiley-VCH.
between series. For example, the phenyl groups in compound 8
are able to w—z stack and thereby reduce torsional strain in the
assembly, resulting in an infinitely large pitch. Similarly, the
nearly flat benzophenone 14 also displayed a large pitch (90
nm). The bulkier substituted aromatic end groups of 11 and 12
cause greater strain and reduce the observed pitch (22 nm).
To demonstrate the potential utility for actuation or sens-
ing, we constructed a system in which the pitch could be con-
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FIGURE 8. Reversible control of superhelical pitch by trans—cis
photoisomerization of peptide lipid 16. Adapted with permission
from ref 32. Copyright 2007 Wiley-VCH.

trolled reversibly.>? Irradiating a chlorocyclohexane suspension
of nanofibers made of peptide—lipid 16 induces the trans-to-
cis isomerization of the azobenzene group. Because the cis-
isomer is less planar than the trans-isomer, isomerization
should increase the sterically induced torque and reduce the
superhelical pitch. Indeed, the light-induced isomerization led
to a smaller pitch of the supramolecular helices by AFM (Fig-
ure 8). This photoinduced pitch reduction varies over the sam-
ple, suggesting an inhomogeneous degree of isomerization
between different nanostructures. However, the pitch is con-
stant within a particular nanostructure, indicating that the
torque-induced actuation is the result of a relaxation process
that acts uniformly over the entire assembly.

Photoinduced Dissociation of Quadruple
Helix into Single Fibers

We have also explored the torque-mediated strategy with the
self-assembling, water-soluble peptide amphiphiles (PAs) pre-
viously developed in our laboratory.® These molecules self-
assemble into nanofibers as a result of hydrophobic collapse
of the alkyl chains and g-sheet formation among the peptide
segments. PAs 17 and 18 were synthesized containing a
palmitoyl tail and the oligopeptide segment GV5AsE;.8 The
nitrogen of the N-terminal amide of 17 was further appended
with a 2-nitrobenzyl group that can be cleaved by irradiation
at 350 nm to afford 18. Hartgerink et al. reported that hydro-
gen bonds on the amino acids close to the core play a cru-
cial role in directing the self-assembly into cylindrical
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FIGURE 9. TEM micrographs of PA 17 (pH 11, 7.4 x 10~* M, annealed at 80 °C and slowly cooled to 25 °C) (a) before and (b) after
photoirradiation (350 nm, 250 W, 5 min) to give 18 and (c) TEM showing that the unirradiated helices (yellow arrow) were composed of
braids of four individual fibrils (red arrows). Adapted with permission from ref 48. Copyright 2008 American Chemical Society.

structure.*® Even a small N-methyl group on the amide con-
siderably affected the secondary structure. Because of the
bulkiness of the photocleavable group and a lack of the
hydrogen bond on the amide closest to the core, we expected
that 17 and 18 would differ in their supramolecular
architectures.

TEM of 17 revealed helical, high aspect ratio architectures
with a nearly uniform width and helical pitch of 33 £+ 2 and
92 + 4 nm, respectively (Figure 9a).*® As seen in Figure 9c,
the frayed terminus of one of the supramolecular structures
reveals it is actually a quadruple helix: it is composed of two
smaller helices (blue arrows) and each of these is further com-
posed of two individual fibrils (red arrows). After irradiation,
the helical structures disappeared completely, and only cylin-
drical fibrils with a diameter of 11 nm were observed (Figure
9b). We hypothesized that increased steric bulk induces tor-
sional strain that is released as the fibers coil into the observed
structures. This system suggests future strategies to create
functional, photoresponsive materials that may be useful in
sensing or actuation.

Templated Length Control

In systems that form supramolecular objects on the nano- and
micrometer scale, it is desirable to precisely control nanostruc-
ture size in all dimensions. While precise structural control is
well-known for closed, spherical structures (e.g., micelles), the
control of open structures is much more challenging. In
supramolecular polymers, this can be controlled to a limited
extent by the monomer concentration or the use of end
caps.”®>! Kelly et al. demonstrated a molecular vernier

EXYXEY.
TILLT

FIGURE 10. Strategies for controlling length of self-assemblies: (a)
vernier approach requires two complementary but different
recognition groups (indicated as a ball and socket); (b) a small
amount of a rigid-rod template (blue) can limit the length of a 1D
nanostructure (green).

approach to control aggregate size using hydrogen bonding
(Figure 10a).> The overall stability of such a system is lim-
ited by the weakest link, in this case a single pair of hydro-
gen bonds. Hunter and Tomas later designed a triple-stranded
molecular vernier that was stable enough for characteriza-
tion by size exclusion chromatography.>® However, the ver-
nier approach requires precise spacings of the complementary
binding groups and is only suitable for relatively small aggre-
gates. The general problem of length control of self-assem-
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FIGURE 11. Chemical structures of (a) peptide amphiphile monomer 19 and (b) PEG-terminated oligo(phenylene ethynylene) template 20 (R

= 2-octyldodecyl).

FIGURE 12. AFM height images of (a) peptide amphiphile 1 alone (heights = 5.3 + 0.6 nm) or (b) 200:1 molar ratio mixture of 19 and 20
showed no fibers and (c) QFDE TEM of 200:1 molar ratio mixture of 19 to 20 revealing the aspect ratio of the small aggregates. Reproduced
with permission from ref 55. Copyright 2008 American Chemical Society.

bled systems with nanoscale dimensions requires a more
versatile approach.

The tobacco mosaic virus (TMV) assembly represents an
excellent example effective control over size of self-assem-
bled structures with a template. Thousands of coat proteins
self-assemble into a 300-nm-long cylinder around a single
molecule of RNA. The overall length of the assembly is deter-
mined by the length of the enclosed RNA template.>* With-
out the template, the TMV coat proteins assemble into
cylinders with the same diameter as the untemplated capsids
but variable length. The RNA template prevents the unlim-
ited self-assembly of the capsid proteins through specific
molecular interactions. Inspired by this strategy, we designed
a rigid template to control the length of synthetic self-assem-
bled PA nanofibers (e.g., 19, Figure 11).2 The length of these
nanofibers was previously impossible to control.

We designed and synthesized a dumbbell-shaped template
molecule 20 (Figure 11) that contains an oligo(p-phenylene

ethynylene) core.>> The hydrophobic rigid rod defines a pre-
cise length that can be encapsulated within the hydrophobic
core of the PA nanofibers. In contrast to the TMV system, we
could not rely on specific molecular interactions to truncate
the assembly, so bulky poly(ethylene glycol) (PEG) groups
were chosen as end caps to block fiber growth. We hypothe-
sized that PA 19 and template 20 would coaggregate through
hydrophobic collapse.

An aqueous mixture of 19 and 20 (200:1 molar ratio)
revealed small aggregates by AFM, rather than the nanofi-
bers observed for 19 alone (Figure 12a,b). These mixed aggre-
gates have heights of 5.5 + 0.7 nm compared with 5.3 + 0.6
nm for the untemplated fibers. In samples with a higher molar
fraction of PA 19 (500:1 or 1000:1), both small, micelle-like
nanostructures and longer nanofibers are observed, indicat-
ing that there is insufficient template to fully suppress the one-
dimensional PA assembly. To better understand the structure
of the assembly without the effects of drying, we prepared
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additional TEM samples according to a quick-freeze/deep-etch
(QFDE) protocol. Slightly elongated nanostructures were
observed to be ~9.2 nm long and ~6.4 nm across (Figure
120).

Dynamic light scattering (DLS) measurements of PA 19
showed structures with a hydrodynamic radius >1 um,
whereas solutions of template 20 showed a hydrodynamic
radius of ~17.4 nm. The mixed sample consisting of 200:1
molar ratio gave a mean hydrodynamic radius of ~17.9 nm.
We expected little change in hydrodynamic radius of the
assembly compared with the dumbbell, since the long axis of
the assembly is defined by the length of the rigid template. CD
spectroscopy confirmed the presence of S-sheets in solution of
PA 19 with and without the template, showing that the inter-
molecular basis of PA self-assembly remains unchanged.
While it remains difficult to spectroscopically determine the
molecular interactions between 19 and 20, microscopy and
light scattering data provide compelling evidence that tem-
plate 20 can limit the length of self-assembling nanofibers.

Conclusion/Outlook

The past couple of decades experienced great growth in the
simultaneous development of supramolecular chemistry and
nanochemistry. Nanoscience emerged mostly from physics
and materials science with the notion that physical proper-
ties of matter at the nanoscale would undergo unique transi-
tions and was mostly envisioned for inorganic substances.
Supramolecular chemistry, popularized by Lehn, is a very dif-
ferent axis directed to the notion that chemists could control
noncovalent bonds in all structures with the same precision
achieved by synthetic organic chemistry. The molecular sto-
ries discussed in this manuscript demonstrate the possibility of
using supramolecular chemistry principles to craft the size,
shape, and internal structure of nanoscale objects. They dealt
specifically with organic molecules and their self-assembly into
soft, as opposed to hard, nanostructures such as carbon nano-
tubes and metallic nanoparticles. Soft nanostructures, not the
original focus of nanoscience, remain the least explored sys-
tems in terms of physical properties and value as a toolbox to
assemble novel materials. One of the reasons is that synthetic
organic chemists continue to be focused on methodologies to
construct the complex molecules that cater to pharmacologi-
cal targets inspired by natural products. Over the next two
decades, the field could turn with new generations of chem-
ists focusing on organic supramolecular chemistry to create
soft functional nanostructures, including the exploration of
their physical properties and use as components of materials
and macroscopic devices. This last objective will require a “sys-

tems chemistry”>® approach in which molecular design and
synthesis of specific nanostructures are integrated with new
ideas on how to approach design in multicomponent systems.
This is the approach that will build bottom-up, self-assembling
structures with macroscopic dimension and function such as
photovoltaic, catalytic, and biomedical systems.

As for the one-dimensional nanostructures discussed here,
the potential is great given their inherent ability to serve as
conduits of charge and to align elements in their surround-
ings such as molecules, macromolecules, and even cells. One-
dimensional objects are ubiquitous in biology and serve
critical functions such as the fibrils in the structural and sig-
naling machinery of extracellular matrices, the cellular cytosk-
eleton, axons, dendrites, and many others. One-dimensional
nanostructures, as demonstrated by the systems we have
studied, readily form three-dimensional networks giving rise
to gel matter from solutions. Gel-like matter with high con-
tent of one-dimensional soft nanostructures is the substrate to
create functionality in mammalian biology (organs, tissues),
and there must be an equivalent phase space of synthetic
structures that could be accessed and designed for novel func-
tions. The field needs to go toward mapping strategies to use
molecular interactions to achieve dimensional and shape pre-
cision in organic nanostructures, and most importantly, to con-
trol structure across the scales. For example, how does one
dial in the bundling of 10—100 one-dimensional nanostruc-
tures the way triple-helical bundles of collagen make fibrils for
a wide variety of functions with a single type of nanounit?
Even though the technological targets may require top-down
approaches, some of which have been popularized by chem-
ists, the goal of chemical research should be to create the
structures bottom-up from nano- to macroscales.
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