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Supramolecular synthediemerged over the past decade as a A
new formalism to devise complex architectures held through
noncovalent forces. Much of the research endeavor has been devote
to the use of H-bonds as the alphabet for chemical information
encoding, and the structures expressed have spanned the range ¢
dimensions and shapes, from disctét®o infinitel"34 networks.

The GAC motif (Figure 1A) was recently shown to undergo a
hierarchical self-assembly process fueled by hydrophobic effects
in water to form a six-membered supermacrocycle maintained by
18 H-bonds (rosette, Figure 1B). The resulting and substantially
more hydrophobic aggregate self-organizes into a linear stack
defining an open central channel 1.1 nm across and several
micrometers long (Figure 13)In principle, upon self-assembly,
any functional group covalently attached to the G motif could
be expressed on the surface of the nanotubes, thereby offering ¢
general “built-in” strategy for tailoring the physical and chemical
properties of the helical rosette nanotubes (HRNs). However, the

stability of the resulting aggregate is anticipated to depend on g i c

functional group density (sterics) and net charge (electrostatics) on e

the HRN surface. Here, we describe a strategy that allowed us to f ) 2 ;_/.;", r
probe the extent to which these factors affect the supramolecular ~ I -".E'/" )7 ’,r’;ﬂ)_,-'—J
outcome and use that knowledge to tune the stability and hierarchi- 3 - - ot T

cal organization of these materials. Thus, compouhe8 were
synthesized with three elements in mind: 1d)as one net positive
charge, wherea2 and 3 have three; (bl and 2 feature a single
GAC base, wherea3 has two (twin bases); and (8) has three
protonation sites (g ~ 10.03, K2 ~ 8.28, K2 ~ 7.68) in the
pH range of 4 to 12.

Compoundl was previously shown to undergo self-assembly
into HRN by NMR spectroscopy, mass spectrometry, circular
dichroism (CD) spectroscopy, variable temperature-Wi¢ melting
studies, dynamic light scattering (DLS), tapping mode atomic force
microscopy (TM-AFM), and transmission electron microscopy
(TEM).*21n agreement with the calculated average diameter of 3.2
nmg TEM (Figure 2A) and TM-AFM images (Figure 2B) of HRN
1 featured a diameter of 3.4 0.3 and 3.2 nm, respectively.
Compound2, which differs from1 by its higher net charge {3
versus 1), did not show any evidence of aggregation by AFM
and TEM (data not shown). While the DLS spectrumildfl. mg/
mL) showed the formation of aggregates with an apparent
hydrodynamic diameteBy, of 36 nm (~95% in the range of 25 Figure 1. GAC derivativesl—3 investigated (A). Single (B) and twin (C)
50 nm), the light scattering signal 8fwas undetectable. At 5 and ~ rosettes obtained from the self-assembliaind3, respectively. Rosette
10 mg/mL, the DLS signal fo2 improved, allowing us to estimate innapé)éubes obtained froin(D) and3 (E). The inner channel is highlighted
Dy, wWhich for both cases was'1 nm$® Although this value is _ . .
unreliable since it is at the lower detection limit of DLS, it suggests #max for 13 showed a hyperchromic effect in the case 2

that 2 did not t £ 10 ti th tratioh of suggesting that the latter does not form stacked aggregates.
a Id not aggregate even at 10 imes the concentratio o To further validate the electrostatics/sterics hypothesis, twin base
Furthermore, comparison of the UWis extinction coefficients at

compound3 (Figure 1A) was preparetiDue to their hydrophobic
character and the spacer length separating them (5 atoms)atbe G

T National Institute for Nanotechnology. i i 3 i i
* Department of Chemistry. bases in3 were .antlmpated.to self-organize into a syn @IHA
TDepartment of Mechanical Engineering. on the same side) or anti stack (NH. on opposite sides).
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Figure 2. Negatively stained TEM micrographs (scale ka0 nm) and
TM-AFM images of HRN obtained fromd (A and B) and3 (C and D),
respectively (pH 5.5, unbuffered). TEM samples were prepared by carbon
grid floating, and AFM samples were prepared by spin coating on SifSiH
Arrows point at individual nanotubes.

Furthermore, because thenG base H-bond arrays are asymmetric,
the resulting rosettes should be composed of all-syn or all-anti
conformers (self-selection) in order to maximize the number of
H-bonds. TOCSY, COSY, and NOESY NMR studies showed only
one set of protons for the exocyclic methylamino grotissig-
gesting that only one conformer is present. This result is also in
agreement with molecular modeling studi#sat favored the rosette
formation of the syn over the anti conformers by 8.4 kcal/mol. The
self-assembly of the syn conformer could yield a single rosette with
up to six dangling bases or a twin rosette where theCthases
are all in register (blunt end). The latter is anticipated to be
thermodynamically more favorable and is in agreement with the
NMR, TEM, and AFM data. On the basis of these premiSegas

The CD spectrum of an aqueous solutiorlLafisplays a typical
couplet centered at 286 nhtharacteristic of stacked bases in a
helical environment, that decreases with increasing temperature and
vanishes at 85C.6 While an aqueous solution @was CD-silent
in the range of 206800 nm, 3 revealed a strong CD couplet
centered around 247 nm, the intensity of which persisted even at
95 °C (50% of the intensity at 25C).6 This enhanced thermal
stability along with NMR, AFM, TEM, and DLS studies corroborate
our design criteria.

In support of these results, molecular models of HRENd 3
were generated using Macromodel 8.5/Maestro 6.0, and the thermo-
dynamic characteristics of HRN hydration were derived using the
3D-RISM/KH theory®’” The association energy of six molecules
of 1into a rosette in water was found to be 101 kcal/mol (5.6 kcal/
mol per hydrogen bond). The association energy of six hydrated
twin base modules a3 into a twin rosette of the syn conformers
was calculated to be 770 kcal/mol (21.4 kcal/mol per hydrogen
bond). The free energy of stacking of two rosettes in aqueous
solution was calculated to be 168 kcal/mol for HRNand 1890
kcal/mol for HRN3. The free energy of adding a new rosette to a
nanotube increases almost linearly by 206 kcal/mol for each new
single rosette in HRNL and by 1890 kcal/mol for each new twin
rosette in HRN3. This linear increase is indicative of an effective
electrostatic field that builds up with the nanotube length, which
suggests the formation of a macrodipole. These modeling studies
predict that the association free energy of HRNf any length is
about twice that of HRNL of the same length, confirming the suc-
cess of our strategy in the synthesis of HRNs with tunable stability.

To investigate the effect of net electrostatic charge on the
supramolecular organization within the same system, the self-
assembly of3 (1 mg/mL) was monitored at pH 4, 7, and 11 in
water by TEM, scanning electron microscopy (SEMJD spec-
troscopy, and DLS. At pH 4, the self-assembly3aesulted in the
formation of HRNs with an outer diameter of 48 0.3 nm, in
agreement with the calculated diameter of 3.8 nm (Figure 3A). Their
length, however, was significantly shorter compared to that
measured at pH 5.5 (Figure 2C) and showed a bimodal distribution,
in agreement with the DLS studiég.he average nanotube length
was 160+ 111 nm, corresponding to a polydispersity index of

designed so that upon self-assembly (a) the functional group densityl.44. At pH 7, while their length exceeded:t, most of the HRNs

and net charge are reduced by a factor of 2 comparéd (to) the

aggregated laterally in the form of ribbons with up to 39 nm in

thermal stability of the nanotubes is enhanced as a result of width (Figure 3B,C). At pH 11, the HRNs evolved into uniform
preorganization, increased amphiphilic character, and greaterright-handed superhelices composed~2 HRNs, with 141+

number of H-bonds per module (12 instead of 6), (c) the

30 nm in width, up to 7.5%m in length, a helical pitch of 90%

corresponding double rosettes are preorganized and maintained byp5 nm, and an inclination angle of & 12° (Figure 3D-I).

36 H-bonds instead of 18 (Figure 1C), and (d) the resulting HRN

This pH study allowed us to capture three aggregation states

(Figure 1E) is sterically less congested and experiences reducedeading to the hierarchical self-assembly of rosette nanotube super-

electrostatic repulsion on its surfage.

Two-dimensional water-gate NOESY (800 MHz, 90%3/D,0)
of 3 displayed nuclear Overhauser effects (NOES) not only between
HA and H but also between Hand H.6 Since H and H are too
far apart to display anintramodular NOEs, the observation of an
NOE between them confirms the existenceimtfermodular H-
bonds, as highlighted in Figure 83 his result is also diagnostic
of the formation of the rosette structure since no other NOEs or
imino proton signals resulting from nonassemiBest nonspecific
aggregates thereof were observed. TEM (Figure 2C) and TM-AFM
images (Figure 2D) of HRNB featured a diameter of 4.& 0.3

helices, which were correlated with the protonation states of the
L-lysine side chain of modul@ (Figure 1A). When the pH was
adjusted to 4, all three basic amino groups3ofre protonated,
thus maximizing intermolecular repulsion and resulting in the
formation of relatively short well-dispersed nanotubes (compare
Figures 2C and 3A). At pH 7, the-amino group is partially
protonated (K.® ~ 7.68), thus reducing the net charge3ao +2

and promoting end-to-end fusion and lateral aggregation into HRN
ribbons with relatively uniform width. At pH 11, all basic nitrogens
should be unprotonated except for #x@mino group that should
be partially protonated ¢! ~ 10.03), thus further reducing charge

and 3.3 nm, respectively, in agreement with the calculated averagerepulsion and leading to the aggregation of the nanotubes into
diameter of 3.8 nni.The DLS spectrum of an aqueous solution of superhelices. To rule out the possibility of helical twisting due to
3 (1 mg/mL) showed the presence of aggregates with an apparentinteraction with the substrate (carbon-coated copper grid), CD ex-
hydrodynamic diameteBy, of 11 nm (95% in the range of-8L8 periments were carried out in solution. As expected, the CD spectra
nm)$ at pH 4, 7, and 11 resulted in very different profiles, suggesting
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Figure 3. TEM micrographs of negatively stained assemblies obtained from
3. At pH 4, short well-dispersed helical rosette nanotubes (HRNs) are formed
(A). At pH 7, the HRNs aggregate into ribbons (B and C). Black arrows

synthetic organic molecule undergoes a series of at least five
organizational and self-assembly steps to form complex, yet, well-
defined supramolecular architectures. In particular, this study
allowed us not only to establish the role of electrostatic and steric
factors on the self-assembly process in water but also to use this
knowledge to tune the stability and supramolecular architecture of
the resulting assemblies. From these studies, we may also postulate
that a G\C module bearing chiral, neutral peptides or chiral
hydrocarbon pendants may undergo self-assembly into HRN tubules
via the formation of interdigitatef-sheets or bilayers, respectively.
Work to test these hypotheses and to explore the extent to which
our design principles will hold are currently being tested in the
supramolecular synthesis of dendritic nanotubes.
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imaging procedures, and computational methods. This material is
available free of charge via the Internet at http://pubs.acs.org.

point at individual HRNs in A and at HRN ribbons in B and C. TEM
micrographs of superhelices obtained fr@nat pH 11 (D-I). Low-
magnification (D-F) and high-magnification (6l) TEM images of
negatively stained HRN superhelices showing their hierarchical organization.
The open black box in B highlights the region that was magnified-ih. F
Black arrows in D point at superhelices, and white arrows in | point at
individual HRNs (~32 HRNs per superhelix). Scale bars are in nanometers.

the formation of different superstructures in solution, as Wélh

the basis of these results, we propose that the ribbons observed at

pH 7 act as precursors to the superhelices observed at pH 11.
Dislocations of molecular disks that assemble into a supramo-

lecular nanofiber have been proposed to be the source of super-

helical coiling® However, the origin of the superhelical twist
observed here is unique and subtle as it is clear that the HRNs do
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