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Abstract: On the basis of transmission electron microscopy (TEM), dynamic light scattering (DLS), small-
angle X-ray scattering (SAXS), and circular dichroism (CD) studies, compound 1 was shown to exist mainly
in two states: (a) At high concentration (g1 mM, in methanol), 1 undergoes hierarchical self-assembly to
generate rosette nanotubes with ∼4 nm diameter and a concentration-dependent hydrodynamic radius in
the range 10-100 nm. Under these conditions, addition of a chiral amino acid promoter (L-Ala), that binds
to the crown ether moiety of 1 via electrostatic interactions, promotes a rapid transition (k0 ≈ 0.48 s-1, for
[1] ) 0.046 mM, [L-Ala] ) 2.8 mM) from racemic to chiral rosette nanotubes with predefined helicities as
indicated by the resulting induced circular dichroism (ICD). (b) At low concentration (e0.04 mM, in methanol),
1 exists mainly in a nonassembled state as shown by TEM and DLS. Addition of L-Ala in this case triggers
a relatively slow (k0 ≈ 0.07 s-1 for [1] ) 0.04 mM, [L-Ala] ) 2.4 mM) sequence of supramolecular reactions
leading to the hierarchical self-assembly of rosette nanotubes with predefined helicities. Under both
conditions a and b, the kinetic data unveiled the intrinsic ability of the rosette nanotubes to promote their
own formation (autocatalysis). The degree of chiral induction was found to depend dramatically upon the
chemical structure of the promoter. This process appears also to follow an all-or-none response, as the
vast majority of the crown ether sites must be occupied with a promoter for a complete transition to chiral
nanotubes to take place. Finally, both supramolecular pathways a and b offer an efficient approach for the
preparation of helical rosette nanotubes with tunable chiroptical properties and may also be viewed as a
process by which a predefined set of physical and chemical properties that characterizes a molecular
promoter is expressed at the macromolecular level.

Nonrandom symmetry breaking in supramolecular systems
may be induced by the following three general processes: (a)
The sergeant and soldiers principle,1 initially formulated for
covalent polymeric systems2 to describe the inductive effect of
a small population of chiral components on the chiroptical
outcome of macromolecular systems.3 This effect was also
recently reported as a means to transfer molecular chirality into
oligomeric4 systems as well as in a variety of supramolecular

assemblies.5 (b) Molecular recognition induced chirality, a well-
studied phenomenon encountered in host-guest chemistry
which ensues from the specific recognition of a chiral guest by
an achiral host and can be rationalized on the basis of steric
and electronic factors.6 (c) External means such as chiral vortex
forces,7 photoinduced electron transfer,8 and redox- and photo-
switches.8 A distinct advantage of these systems over those in
which supramolecular chirality results from spontaneous resolu-
tion9 is that the chiroptical outcome is predictable and reproduc-
ible. As a result, it can be utilized in chirotechnology8 for the
design of sensors,3,6 chiral cholesteric phases,6 catalysts,10
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asymmetric synthesis of materials with electromagnetic and
optoelectronic applications,3a information storage,11 display
systems,3b-d and photochromic materials,12 and for the design
of materials with unique chiral light-emitting and nonlinear
optical properties.13

This report describes two supramolecular processes for the
self-assembly of helical rosette nanotubes14a with adjustable
chiroptical properties. The first is the result of symmetry
breaking in a preexisting racemic mixture of M- and P-helical
rosette nanotubes. The second is the result of the triggering effect
of a chiral promoter on a prochiral molecular module that leads
to the hierarchical self-assembly of the module-promoter
complex into said rosette nanotubes. In both cases, the promoter
assumes the dual role of transferring its molecular chirality,
physical, and chemical properties to the supramolecular en-
semble, and contributing to the stabilization of the resulting
nanotubular assembly.

Induced Supramolecular Chirality in the Rosette Nano-
tubes. Although the naturally occurring guanosine 3′-mono-
phosphate was proposed to form helical columnar stacks of
hydrogen-bonded supermacrocycles (G-quartet) 40 years ago,14b-d

it was not until the late 1980s and early 1990s that this
supramolecular motif (broadly defined) was utilized to organize
increasingly more sophisticated discrete assemblies in
solution.14e-m,15 One of the latest developments in this area
consisted of the generation of self-assembled helical rosette
nanotubes from low molecular weight synthetic modules in
water.14a The heterobicyclic baseG∧C (Figure 1)14a,16-18 has
both the Watson-Crick H-bond donor-donor-acceptor of
guanine and the Watson-Crick H-bond acceptor-acceptor-
donor of cytosine. Because of the asymmetry of its hydrogen
bonding arrays, their spatial arrangement, and the hydrophobic
character of the bicyclic system,G∧C undergoes a hierarchical
self-assembly process in water to form a six-membered super-
macrocycle maintained by 18 H-bonds (Figure 2, upper). The
resulting and substantially more hydrophobic aggregate then

undergoes a second level of organization to produce a tubular
architecture defining an unoccluded central pore running the
length of the stack (Figure 2, lower).

Compound1 (Figure 1), a conjugate of theG∧C motif and
4-aminobenzo-18-crown-6-ether (18C6), was first investigated
to establish the rosette nanotubes as stable, yet noncovalent
scaffolds for the self-organization of multifunctional nanotubes
in water (Figure 2).18 We then went a step further toward
modifying the nanotubes’ physical and chemical properties by
providing the crown ethers on their outer surface with unique
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Figure 1. Nanotube-forming compounds (1-4) and promoters investigated.
Groups 1 and 2 promoters induce supramolecular chirality, whereas group
3 does not. The numbers below the active promoters refer to the maximum
induced ellipticity (in mDeg) at 237, 279, and 291 nm (237/279/291), for
[1] ) 0.04 mM and [promoter]) 0.4 mM. The CD spectra were recorded
continuously until stabilization of the induced circular dichroism (ICD) (<24
h after mixing).19
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molecular guests.20 We anticipated that such an interaction
would impart reversible and predefined chemical and physical
properties upon the nanotubular architectures. More specifically,
an induced circular dichroism (ICD)1-6 effect was expected to
arise from the binding of a chiral amino acid in its zwitterionic

form to the prochiral crown ether-substituted derivative1.
Indeed, in a methanolic solution, a typical CD spectrum14awas
recorded in the presence of eitherL- or D-Ala (Figure 3). As
control experiments,L-Ala, D-Ala, [L-Ala + 18C6], [D-Ala +
18C6], [1 + D/L-Ala], 18C6, or1 did not display any CD activity
in the same wavelength range (200-350 nm, data not shown),
whereas compounds2 and3, featuring theG∧C motif covalently
attached toL- and D-Lys, displayed identical CD spectral
profiles.14a

Transmission electron microscopy (TEM, Figure 4B) and
small-angle X-ray scattering (SAXS)19 studies of concentrated
samples of1 (2.0 mM) in the absence ofL-Ala confirmed the
calculated tube diameter of∼4 nm. The average hydrodynamic
radius of the nanotubes (32.5 nm) derived from the dynamic
light scattering (DLS) data (Figure 4A, curve #7) indicates that
the nanotubes are composed on average of a stack of∼140
rosettes (assuming 4.5 Å between stacks).14a,18,19The actual
length is most likely larger, as the hydrodynamic radius defines
a sphere in which the flexible assemblies are not necessarily
perfectly linear. Evidence of the formation of the nanotubes in
the presence ofL-Ala was obtained from DLS (Figure 4A) and
TEM (Figure 4C and D) studies. In conjunction with the CD
investigations, these results demonstrated not only that the
assembly does form in the presence ofL-Ala at the micromolar
concentrations required for CD measurements, but that this
assembly is indeed expressing the molecular chirality of this
promoter at the nanotubular level.

Generality of the Induced Supramolecular Chirality. To
establish the generality of this process, we investigated 20
promoters (Figure 1). Three groups were identified on the basis
of the amplitude of the ICD. The first group induced a strong
CD signal (L-Ala, D-Ala, L-Met, L-Leu, L-Phe,10), the second
induced a medium CD signal (L-n-Leu, L-Ser, L-Glu, L-Gln),
and the third had no inductive effect (15-18, Gly, 20, L-Thr,
L-Asp, L-Asn, L-Val). Analysis of these data showed that: (a)
All of the active promoters with the same chirality induce the
same helicity. (b) Analogues ofL-Ala (15-18), lacking the
primary ammonium (15) or carboxylate function (16-18), did
not induce any chirality. These functional groups are thus
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Figure 2. Hierarchical self-assembly of compound1 into a six-membered
supermacrocycle (rosette,15-18 upper) and resulting nanotube, top (lower
left) and side (lower right) views (Macromodel 7.2 and VMD).19 Each crown
ether site within the assembled structure provides 328 Å3 of open space for
binding of a molecular guest (e.g., promoters in Figure 1).

Figure 3. CD spectra of1 (0.04 mM)+ L-Ala (0.4 mM) (O) and1 (0.04
mM) + D-Ala (0.4 mM) (-) recorded continuously until the induced circular
dichroism (ICD) stabilized (<24 h after mixing).19
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essential for a promoter to induce supramolecular chirality and
corroborate the proposed model of Figure 5. (c) The inductive
effect is promoter-specific, and the binding of the promoter’s
ammonium group to the crown ethers is not the only factor
determining the amplitude of the ICD. For instance, analogues
of L-Ser (active), that differ with only a methylene (L-
homoserine,20) or methyl group (L-Thr), did not induce any
chirality. The same conclusion can be inferred from comparison
of L-Glu/L-Gln (active) withL-Asp/L-Asn (inactive), or from
comparison ofL-Leu (active) withL-Val (inactive). The chi-
roptical outcome of the1-promoter complex within the
supramolecular ensemble is therefore highly sensitive to minor
structural variations. Except forL-Val andL-n-Leu, there appears
to be a definite preference for small, aromatic, and hydrophobic
amino acids, in agreement with the hydrophobic character of
the methyl, phenyl, and crown ether groups lining up the six
binding grooves of the rosette nanotubes. The case ofL-Val

may be rationalized on the basis of extensive steric hindrance
near the promoter’s anchor point (i.e., ammonium group) that
may alter its binding properties.20 The weak ICD ofL-n-Leu,
in comparison with the other hydrophobic promoters, could be
related to the increased flexibility of itsn-butyl side chain. (d)
All active hydrophilic amino acids induce significantly weaker
CD signals, most likely the result of a more pronounced
interaction with the bulk polar solvent. (e) Achiral promoters
have no inductive effect. In-depth molecular modeling studies
are underway to rationalize this exquisite selectivity.

A promoter’s inability to induce chirality can be due to
destabilization of the nanotubes, lack of interaction, poor
inducing power (unproductive fit), or the achiral nature of the
promoter. In the latter two cases, the nanotubes may still be
formed, and in fact TEM established that they do in the case of
Gly.19 In addition, DLS studies indicated that in the presence
of a promoter, aggregation takes place regardless of the chemical

Figure 4. Dynamic light scattering (DLS) and transmission electron microscopy (TEM) studies of1 in the absence and presence ofL-Ala. (A) DLS regularization
diagrams of1 (0.04 mM)+ L-Ala (0.4 mM) (curve #1);1 (0.3 mM) + L-Ala (3.3 mM) (curve #2);1 (1.0 mM) + L-Ala (1.0 mM) (curve #3);1 (2.0 mM)
+ L-Ala (2.0 mM) (curve #4);1 (0.3 mM) (curve #5);1 (1.0 mM) (curve #6);1 (2.0 mM) (curve #7). (B) TEM image of a negatively stained sample of1
(2.0 mM in methanol). (C) TEM image of a negatively stained sample of1 (0.3 mM) + L-Ala (3.3 mM). (D) TEM image of a negatively stained sample
of 1 (0.04 mM)+ L-Ala (0.4 mM). In the latter case, in the absence ofL-Ala the nanotubes were undetectable by TEM and DLS.19 The white arrows in B-D
point at∼4 nm diameter rosette nanotubes. Scale bar) 25 nm.

Figure 5. Docking ofL-Ala/D-Ala promoters in M/P-helical nanotubes resulting from the hierarchical self-assembly of1 (Macromodel 7.2 and VMD).19 For
clarity, the models show slightly tilted top perspective views with only one of the six noncovalent strands of the six-stranded rosette nanotubes (i.e., each
self-assembling module1 represents one rosette stack). For the side chains to point away from the walls of the nanotube and minimize steric hindrance,
L-Ala andD-Ala must be fitted in M- and P-helical nanotubes, respectively. This model shows that the bound ammonium groups of eachL-Ala amino acid
are engaged in an additional electrostatic interaction with the carboxylate group of a neighboringL-Ala amino acid (from the staggered module situated 4.5
Å and (30° below). This organization could result in a six-stranded helicoidal electrostatic belt composed of one-dimensional networks of amino acids
(linked through electrostatic bonds) that wrap around and stabilize the rosette nanotubes.
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nature of the promoter investigated as long as it possesses a
primary ammonium and carboxylate functions (data not shown).
In the absence of a promoter, however, the nanotubes disas-
semble at low concentration (0.04 mM). While these results, in
conjunction with the CD studies, demonstrate that the chiroptical
outcome is promoter-specific, it also reveals the generality of
this supramolecular strategy as a means to stabilize and tailor
the physical and chemical properties of the rosette nanotubes
by simply selecting promoters offering the desired properties
(e.g., charge, hydrophilicity, hydrophobicity, dipole, fluores-
cence).

All-or-None Nature of the Induced Supramolecular Chiral-
ity. The CD titration curve of1 with L-Ala (Figure 6) revealed
that the transition from racemic to helical rosette nanotubes takes
place in the range of 4-30 equiv ofL-Ala. On the basis of a
conservative binding constant of∼105 of L-Ala to 1,19,20 this
result suggests that the vast majority of the sites must be
simultaneously occupied with an amino acid promoter for a
complete transition to chiral nanotubes to take place (93-99%,
Figure 6), despite the polydispersity of the sample (5<RH <
100 nm, Figure 4A, curve #1). From this observation, we
concluded that the (1-L-Ala) complexes within the nanotubular
assembly express their chirality collectively at the nanotubular
level, but only when all of the crown ether sites are occupied
with an amino acid (maximum site occupation requirement).
This all-or-none response is at variance with a classical sergeant
and soldiers mechanism,1-5 in which a small chiral subpopu-
lation determines the collective chiroptical destiny of the entire
pool. The following additional experiments were carried out in
support of this conclusion: (a) Addition of up to 1 equiv of2
and3, which we had shown to result in optically active rosette
nanotubes,14a to 1 and4 (achiral, 0.04 mM) did not induce any
supramolecular chirality. (b) Addition of up to 10 equiv ofL-Ala
to 4 (0.04 mM), which lacks the crown ether moiety, did not
result in ICD. Similarly, addition of up to 10 equiv ofN,N-
dimethyl-L-Ala to the nanotubes resulting from1 (0.04 mM)
did not result in any CD activity. (c) Addition of 10 equiv of
benzo-18-crown-6 (known to bind ammonium ions and amino
acids)20 to 1 (0.04 mM) andL-Ala (0.2 mM) resulted in complete
suppression of the CD profile. (d) Addition of 10 equiv of
glycine zwitterions (achiral) to1 (0.04 mM) andL-Ala (0.2 mM)

resulted in complete suppression of the CD profile. (e) Under
typical sergeant and soldiers conditions, that is,L-Ala (0.01-
0.04 mM) in the presence of a large excess of1 (0.1-0.2 mM),
conditions under whichL-Ala is entirely in the bound state, did
not result in any CD activity either. (f) Finally, titration ofL-Ala
(0.4 mM) with1 (0.01-0.09 mM) results in a nonlinear increase
of ICD that plateaus around 0.06 mM of1 (Figure 7). Analysis
of this curve in conjunction with the (1-L-Ala) complex
distribution reveals that the ICD increases as long as the
concentration of the (1-L-Ala) complex is maximal (>97%).
When the latter starts decreasing (<97%), the ICD levels out,
in agreement with the all-or-none nature of the induced
supramolecular chirality. Note that the CD could not be recorded
beyond 0.09 mM of1 because of signal saturation, but judging
from the titration profiles (Figures 6 and 7) and on the basis of
the experiment e (above), the CD signal should vanish when
the proportion of (1-L-Ala) complex falls below∼90%.

Taken together, these experiments not only support the
proposed all-or-none response, but they also suggest that this
could be the expression of a collective behavior involving all
of the amino acids within the rosette nanotubes. Indeed, if we
assume that the assemblies resulting from1 are a 50/50 mixture
of kinetically stable M and P nanotubes, the addition ofL-Ala
should not affect the chiroptical output of the mixture at least
up to 50% (1-L-Ala) complex. That is, during the first half of
the titration,L-Ala would preferentially bind to M-nanotubes,
leaving the P-nanotubes unaltered. The second phase of the
titration would require converting P-nanotubes into M-nano-
tubes, thereby unbalancing the PT M equilibrium toward the
latter and resulting in ICD. One can propose several possible
pathways for this transition. The most likely one, in our opinion,
that takes into consideration the above results as well as the
experiments that will follow, would operate in a stepwise
manner. We have established that a promoter imparts additional
kinetic stability upon the nanotubes in which it fits best (vide
infra). As a result, after saturating and stabilizing the M-
nanotubes,L-Ala would bind to the P-nanotubes. However,
because of an unfavorable fit with the latter, such an interaction
would reduce their kinetic stability, possibly as a result of a

Figure 6. CD titration curve of1 (0.04 mM) withL-Ala (1-55 equiv, left
Y axis; ), 237 nm; O, 279 nm; ∆, 291 nm), and (1-L-Ala) complex
distribution as a function of [L-Ala] (.). The spectra were recorded
continuously until the induced circular dichroism (ICD) stabilized (<24 h
after mixing).19 Analysis of the complex distribution versus ICD shows
that the maximum induction is reached in a narrow window of complex
(1-L-Ala) (93-99%) thereby revealing the all-or-none nature of this
process.

Figure 7. CD titration curve ofL-Ala (0.4 mM) with 1 (0.01-0.09 mM)
(left Y axis; ), 237 nm;O, 279 nm;∆, 291 nm), and (1-L-Ala) complex
distribution curve (.) as a function of [1].20 The spectra were recorded
continuously until the ICD stabilized (<24 h after mixing).19 Analysis of
the (1-L-Ala) complex distribution curve versus ICD reveals that the latter
increases as long as the concentration of the (1-L-Ala) complex is maximal
(>97%). When the latter starts decreasing (<97%), the ICD levels out, in
agreement with the proposed all-or-none response (see text).
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disordered and increased charge density. These destabilized
P-nanotubes could then dissociate partially, and their compo-
nents (rosettes, [1-L-Ala] complexes) could be recruited by the
stabilized M-nanotubes via an “apparently” autocatalytic path-
way (vide infra). If the destabilization put forward here requires
a maximum occupation of the crown sites, it would provide a
reasonable explanation for the all-or-none response. However,
although the latter appears to be an experimental fact, further
investigations are necessary to establish whether cooperativity
plays a role in any part of this process.

Enantiospecificity, Reversibility, and Dominant/Recessive
Behavior. The enantioselective nature of this process was
readily demonstrated because all of theL-amino acids tested
induced the exact opposite CD signature of theirD-isomers,
whereas achiral Gly did not induce any CD activity, as expected.
For illustration, the spectra ofL-Ala and D-Ala are shown in
Figure 3. These results indicate that the ICD is not a random
process, but rather the result of a specific interaction between
the promoters and the self-assembled nanotubes.

The ICD resulting from a solution of1 (0.04 mM) andL-Ala
(0.4 M) was also reversibly abolished upon heating (Figure 8A).
Heating the sample from 25 to 40°C did not result in any
change, whereas between 40 and 60°C the ICD decreased
steeply, in agreement with the observed all-or-none behavior.
Temperatures above 60°C were inaccessible due to the solvent
used (methanol). Cooling down to room temperature restores
70% of the ICD within a few minutes and 100% within 24 h.
Restoration of the ICD proceeds more or less rapidly depending
on L-Ala’s initial concentration. For instance, the presence of
50 equiv leads to complete restoration of the ICD within minutes
of cooling to 25°C. Also, the variable temperature CD profile
shows five isosbectic points indicating that there are two main
species in solution, and only one of them displaying supra-
molecular homochirality.

The inducing power of Ala is naturally proportional to its
enantiomeric excess. Hence, the addition of a racemic mixture
of Ala to the rosette nanotubes did not induce any CD activity,
whereas 100%L-Ala induced the exact opposite spectrum of
that obtained with 100%D-Ala (Figure 3). Remarkably,
however, the addition of an excess ofD-Ala (0.4 mM, 10 equiv)
not only inverted the CD profile of a preequilibrated solution
of 1 (0.04 mM) andL-Ala (0.2 mM, 5 equiv) (Figure 8B), but
it did so as ifL-Ala was not present in solution. That is, the
intensity of the CD profile ended up being the same as that
obtained for1 (0.04 mM) andD-Ala (0.4 mM, 10 equiv) in the
absence of anyL-Ala (compare Figures 3 and 8B). This
unexpected result suggests that the amino acid enantiomer
present at higher concentration (D-Ala) not only binds to the
nanotubes but apparently promotes the binding of its congeners
and dictates the chirality outcome and its extent (dominant
promoter), whereasL-Ala present in lower concentration (ap-
parently) does not express its chirality at the supramolecular
level (recessiVe promoter).

On the basis of the extent of ICD (Figure 8B), addition of
the first 5 equiv ofL-Ala resulted in a shift of the PT M
equilibrium toward 65% M-nanotubes. Addition of 10 equiv of
D-Ala to this solution would capture the residual (nonconverted)
P-nanotubes (35%) and starts competing withL-Ala for the
M-nanotubes. BecauseD-Ala is present at higher concentration,
it will naturally occupy more crown ether sites and help the

system evolve toward more P-nanotubes according to the
proposed autocatalytic mechanism (vide infra) and until it
reaches a stationary phase defined by the titration curve of
Figure 6. Besides demonstrating that the induction is reversible,
this experiment suggests that the PT M equilibrium is driven
toward its stationary phase by the self-seeding helical nanotube
present in higher concentration, which is determined by the
amino acid enantiomer present at the highest concentration. This
result suggests also that the amino acids within their sterically
matching nanotubes must interact cooperatively not only to
stabilize but also to feed their nanotube host with additional
rosette stacks and (1-promoter) complexes. We propose that
this interaction materializes in the form of electrostatic bonds
between carboxylate and ammonium groups as shown in the
model of Figure 5.

Supramolecular Pathways Leading to the Helical Rosette
Nanotubes.In the process of investigating the concentration
dependence of the ICD, we uncovered the following key

Figure 8. (A) Variable temperature CD of a solution of 1 (0.04 mM)+
L-Ala (15 equiv) showing the reversible nature of the ICD. The temperature
of 60 °C was not exceeded because of the solvent used (methanol). The
red spectra were recorded at 25°C (0), 40 °C (0), 50 °C (O), and 60°C
(3). The blue spectra were recorded immediately after cooling (b) and 24
h later (×) (Tramp) 1 °C/min).19 (B) CD spectrum of a solution of1 (0.044
mM, final concentration) andL-Ala (0.222 mM, final concentration),
spectrum #1. Addition ofD-Ala (0.4 mM, final concentration), which reduces
the concentration of 1 andL-Ala to 0.04 mM and 0.2 mM, respectively,
leads to a time-dependent and complete inversion of the CD profile
(spectrum #2,t ) 0 h; spectrum #3,t ) 3 h; spectrum #4,t ) 528 h). Note
that the amplitude of spectrum #4 is close to that of1 (0.04 mM) andD-Ala
(0.4 mM) in the absence ofL-Ala (see Figure 3), thereby revealing the
dominant/recessive behavior of the promoters (see main text).
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features: (a) Premixing concentrated stock solutions of1 (2
mM) and L-Ala prior to dilution in methanol results in an
instantaneous ICD that rapidly reaches its maximum21,22 (e.g.,
within seconds21,23 in the presence of 50 equiv ofL-Ala). This
is schematically represented as thefastsupramolecular pathway
(Figure 9, steps 1 and 2). Interestingly, despite the 50-fold
dilution (from 2.0 to 0.04 mM, Figure 9, steps 1 and 2), the
nanotubes were still present as shown by DLS (Figure 4A,
curves #7 and #1) and TEM (Figure 4B-D). (b) Adding1 (0.04
mM, final concentration) to a prediluted solution ofL-Ala (50
equiv) in methanol resulted in immediate ICD that reached its
maximum within minutes (Figure 10A). (c) In contrast with (a)
and (b), diluting the stock solution of1 in methanol prior to
adding the promoter does not result in any CD activity (Figure
9, step 3). DLS and TEM studies confirmed that there was no
aggregation withoutL-Ala. Addition of L-Ala (10 equiv) to this
solution leads to rapid host-guest complex formation20 (Figure
9, step 4), triggers the self-assembly process, and results in a
typical ICD profile that builds up over several hours (Figure 9,
step 5, see also Figure 10C).21,24 From this sequence of
experiments (a-c), it appears that diluting1 in its assembled
state (i.e., from a concentrated solution) into a solution contain-

ing L-Ala leads to instantaneous formation and stabilization of
the resulting chiral nanotubes, whereas in the absence ofL-Ala
the nanotubes disassemble at low concentration (kinetically
unstable). Addition ofL-Ala in the latter case results in the

(21) Concentration of stock solutions in methanol [1] ) 2.0 mM, [L-Ala] ) 4.0
mM.

(22) Concentrations prior to dilution in methanol [1] ) 0.333 mM, [L-Ala] )
3.333 mM. Concentrations after dilution in methanol [1] ) 0.04 mM,
[L-Ala] ) 0.4 mM.

(23) Concentrations prior to dilution in methanol [1] ) 0.077 mM, [L-Ala] )
3.85 mM. Concentrations after dilution in methanol [1] ) 0.04 mM, [L-Ala]
) 2.0 mM.

(24) Concentrations ofL-Ala prior to addition of1, [L-Ala] ) 0.392 mM (10
equiv) and 1.96 mM (50 equiv). Concentrations ofL-Ala and1 after addition
of 1, [1] ) 0.04 mM, [L-Ala] ) 0.4 mM (10 equiv) and 2 mM (50 equiv).

Figure 9. Schematic representation of the supramolecular pathways leading
to the self-assembly of helical rosette nanotubes with tunable chiroptical
properties. The fast pathway (steps 1 and 2) involves premixing concentrated
solutions of1 (2.0 mM) andL-Ala (4.0 mM) prior to dilution to the desired
concentration. The slow pathway (steps 3-5) involves prediluting the stock
solution of1 (to 0.04 mM) prior to addingL-Ala (10 equiv).19 Each of the
five circles defines a state that was established by TEM, DLS, CD
spectroscopy and/or kinetic studies (see main text). Steps 1 and 2 show
that the nanotubes are kinetically stable in the presence of a promoter, and
steps 3-5 show that the formation of the nanotubes can be triggered with
a promoter. Both pathways lead to the helical rosette nanotubes.

Figure 10. (A) Kinetics of the fast supramolecular pathway involving
preassembled1 (Figure 9, steps 1 and 2). The ICD grows as a result of
incremental additions of a 2.0 mM stock solution of1 to a 2.8 mM solution
of L-Ala. The overall concentration of1 after each increment is indicated
above/below each arrow. From increments 1 to 7 (0.0033-0.0231 mM),
the ICD grows nonlinearly as shown in plot B. (B) Observed initial rate
constants of ICD growth derived from plot A as a function of the final
concentration of1, showing a sigmoidal induction phase (steps 1-7)
followed by a linear behavior (steps 7-9), suggesting that the nanotubes
promote their own formation. (C) Kinetics of the slow supramolecular
pathway involving unassembled1 (Figure 9, steps 3-5). The sigmoidal
growth of the ICD (gray box) resulting from the addition of various
concentrations ofL-Ala (1.2-2.4 mM) to1 (0.04 mM) suggests here again
that the nanotubes promote their own formation. Note that at the low
concentration of1 used in this experiment, the nanotubes are not
preassembled. As a result,L-Ala acts as a chirality inducer and a trigger of
the self-assembly process.19
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instanteneous20 formation of (1-L-Ala) host-guest complex and
triggers the self-assembly of the helical rosette nanotubes.
Because no aggregates were detected by TEM and DLS in the
absence ofL-Ala, we concluded that the latter contributes
substantially to the stabilization of the final assembly (thermo-
dynamic product). Comparison of thefast with the slow
supramolecular pathways suggests also that the nanotubes are
kinetically stable in the presence of a promoter, even at low
concentration (0.04 mM).

The origin of the fast and slow supramolecular pathways is
multifold: First, addition ofL-Ala to preformed P/M nanotubes
results in the immediate and stereoselective binding to one of
the helical isomers, thereby shifting the PT M equilibrium
toward the formation of homochiral nanotubes as proposed
above. From (a)-(c) (previous section), we inferred that at low
concentration of1, the presence or absence of the promoter
determines, respectively, whether the nanotubes will form or
not. It is reasonable, therefore, to consider that without a
promoter,1 exists in a latent state, in which the crowns could
interact intramolecularly with theG∧C bases via H-bonds,
thereby preventing them from undergoing the self-assembly
process. Addition ofL-Ala that binds to the crown moiety would,
as a result, not only unleash theG∧C base but also provide a
thermodynamically favorable pathway for self-assembly through
the stabilization of the resulting nanotubes. Through their
hydrophobic ends (“binding sites”), these selectively stabilized
nanotubes then provide new platforms for stereoselective
growth. That is, the recruiting of additional rosette stacks or
(1-L-Ala) complexes would extend the nanotubes, which upon
random fracturing into shorter nanotubes would provide new
“autocatalytic” pathways for elongation and multiplication, as
suggested above. This self-seeding mechanism, summarized in
Figure 11, provides a reasonable explanation for the following
kinetics.

The kinetics of Figure 10A and B were conducted under
saturating concentration ofL-Ala and, as a result, saturating
concentration of (1-L-Ala) complex. The concentration of the
stock solution of1 was chosen to ensure the preexistence of
the nanotubes (2.0 mM). Incremental addition of the latter
solution toL-Ala (2.8 mM) resulted initially in marginal ICD
(steps 1-3), then in a substantial increase in ICD (step 4).
Beyond the fourth increment, the ICD recorded and initial rate
constant associated with it became directly proportional to the
concentration of1. The weak ICD of increments 1-3 could be

due to partial disassembly of the nanotubes as a result of the
final low concentration of1 in the reaction mixture. The fourth
increment of preassembled nanotubes most likely acts as a
catalyst to promote the assembly of the preexisting pool of
unassembled (1-L-Ala) complexes, thereby resulting in in-
creased initial rates and ICD (k0 ≈ 0.48 s-1 for [1] ) 0.046
mM and [L-Ala] ) 2.8 mM). The kinetics of Figure 10C were
conducted under the conditions where1 is not preassembled.
Addition of L-Ala to this solution triggers a slow and sigmoidal
growth of the ICD during the initial phase of the process (k0 ≈
0.07 s-1 for [1] ) 0.04 mM and [L-Ala] ) 2.4 mM). Thus, it
is clear from (a) the nonlinear dependence of the ICD (Figure
10A) and initial velocity (Figure 10B) on the initial concentra-
tion of 1 (Figure 10A, steps 1-7), and (b) the sigmoidal growth
of the ICD versus time during the initial phase of the reaction
between unassembled1 and L-Ala (Figure 10C), that auto-
catalysis25 may indeed play a significant role in this process.
Detailed kinetic investigations and structural analogues studies
are underway to firmly establish these observations, and also
to provide a mathematical model for similar systems such as
the self-assembly and replication of the prion protein.26

Conclusion

Expression of molecular chirality at the macromolecular level
through self-assembly and self-organization is a topic of
immense current interest.1-9,14aIt may lead not only to a better
understanding of nature’s approach to generating supramolecular
architectures with predefined size, topology, stereochemistry,
hierarchy, and shape, but also to numerous technological
applications.3a-d,8-13 Here we report on a system wherein
molecular chirality is expressed at the macromolecular level via
two hierarchical processes. At millimolar concentration,1 self-
assembles into a racemic mixture of left (M)- and right (P)-
handed helical rosette nanotubes. The specific molecular

(25) (a) von Kiedrowski, G.Bioorg. Chem. Front.1993, 3, 113-146. (b) Luther,
A.; Brandsch, R.; von Kiedrowski, G.Nature 1998, 396, 245-248. (c)
Zielinski, W. S.; Orgel, L. E.Nature 1987, 327, 346-347. (d) Morgan,
M. M.; Rebek, J., Jr.Curr. Opin. Struct. Biol.1994, 4, 629-635. (e)
Reinhoudt, D. N.; Rudkevitch, D. M.; de Jong, F.J. Am. Chem. Soc.1996,
118, 6880-6889. (f) Joyce, G. F.; Orgel, L. E.Cold Spring Harbor Monogr.
Ser.1999, 37, 49-77. (g) Li, T.; Nicolaou, K. C.Nature1994, 369, 218-
221. (h) Saghatelian, A.; Yokobayashi, Y.; Soltani, K.; Ghadiri, M. R.
Nature2001, 409, 797-801. (i) Isaac, R.; Ham, Y.-W.; Chmielewski, J.
A. Curr. Opin. Struct. Biol.2001, 11, 458-463.

(26) (a) Prusiner, S. B.; Scott, M. R.; DeArmond, S. J.; Carlson, G.Cold Spring
Harbor Monogr. Ser.1999, 38, 147-190. (b) Masel, J.; Vincent, A. A.;
Nowak, M. A. Biophys. Chem.1999, 77, 139-152.

Figure 11. Supramolecular pathways and their proposed autocatalytic nature for the formation of helical rosette nanotubes with predefined properties.
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recognition of a chiral amino acid in its zwitterionic form
(promoter) by1 within the nanotubes results in an instantaneous
transition from racemic to homochiral helical nanotubes ac-
cording to the proposed scheme of Figure 11. Despite the
polydispersity of the sample, the system displays an all-or-none
chiroptical output depending on whether all of the crown ether
sites of1 within the nanotube are fully or partially occupied
with a promoter. At micromolar concentrations, where1 exists
mainly in the nonassembled state, the promoter triggers a
sequence of supramolecular reactions leading to the chirogenesis
of helical rosette nanotubes with predefined helicities. This
pathway involves a multicomponent, stereospecific, and hier-
archical cascade of supramolecular reactions requiring first a
molecular recognition event between1 andL-Ala, followed by
self-assembly into helical rosette nanotubes. Finally, depending
on its concentration, a promoter can display a dominant or
recessive behavior with respect to its supramolecular chirality
output.

The strategies presented here may also be viewed as a process
by which a predefined set of physical and chemical properties
is expressed at the macromolecular level through a stereo-
specific, programmable, and potentially autocatalytic sequence
of supramolecular reactions. We envision, as a result, numerous
applications in adaptive chemistry,27 dynamic combinatorial
chemistry,28 materials sciences,29 and in the above-discussed
areas of chirotechnology.3a-d,8-13
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