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A series of novel organic superstructures exhibiting diverse aggregate morphologies with liquid-
crystalline-like properties were prepared by a simple precipitation method. Here, a chiral sugar moiety
was simply introduced at the Schiff-based rod end of—rooil molecules. In contrast to ceikoil
molecules, the self-assembled raxbil molecules exhibit a high segregation strength for phase separation
because of their liquid-crystalline-like behavior. The morphological transformation of self-assembled
chiral Schiff-based rodcoil amphiphiles, from a platelet-like morphology to helical twists, was obtained
by increasing the length of the hydrophobic tail. Consistent with theoretical predictions, the bending
force from the chiral entity depends on the size of the adjacent hydrophobic tail. That is, the size of
hydrophobic chain determines the threshold of bending for the formation of a helical morphology.
Moreover, by introducing an additional tethered hydrophobic chain self-assembled spherical vesicles
can be obtained through the collapse of the twisted shape.

Introduction tures, and helical crystalline morphologies have been
observed® 2 Nelson and co-workers presented the design
Nature elegantly utilizes the self-assembly of supramol- ang characterization of helix-forming oligomers whose
ecules to construct functional superstructurésThe self-  qrdered conformations are stabilized by “nonspecific” fofées.
assembled superstructures are formed by cooperative secgypsequently, a successful foldamer (any oligomer that folds
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hydrogen bonding, Coulombic interactions, van der Waals py, 5 collection of noncovalent interactions between nonad-
forces, metal coordination, ionic bo_ndlng, and thrahty. On jacent monomer units) was obtained by Moore and co-
the basis of many systematic experiments, Kunitake and co-yorkers?? Recently, helical superstructures with nanoscale
workers reported the relationship between the structures ofgimensions have been obtained from the self-assembly of
synthetic bilayer-forming compounds and the resulting self- pock copolymers containing chiral blocks (i.e., chiral eoil
assembled morphologiés? The self-assembly behaviors of ¢ supramolecules) in buffer solutickisnd in the bulls
the synthetic compounds depend on molecular functionalities The chiral effect on the self-assembly of block copolymers
necessary for aggregation and the location and orientation
of these functionalitie$® Among the factors supporting self- (11) Li, C. Y.; Cheng, S. Z. D. Ge, J. J.. Bai, F.; Zhang, J. Z.; Mann, |. K..
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is essential for the formation of a helical morphology. In
contrast to coi-coil molecules, the self-assembly of rod
coil molecules also exhibits periodic textures even for

oligomeric molecules because of the large persistent lengthy

of the rod segment.

Amphiphilic molecules offer numerous opportunities for
chemical variations and thus provide a crucial direction for
the controlled fabrication of superstructures. The self-
assembly of lipid bilayers (i.e., amphiphiles) has been
extensively studied, and a variety of dynamically changing
morphologies in the liquid-crystalline (fluid) state have been
observed® 28 For example, Fuhrhop and co-workers dem-
onstrated that the solubilities and aggregate structures o
aldonamide depend directly on the stereochemistry of the
polyol headgroups. Undisturbed all-anti chains lead to
bimolecular sheets, whereas a bend close to the amide grod
produces cylindrical micelles with high curvature, and a twist

at the end of the chain causes the amphiphiles to be water}f

soluble and prevents fiber formation.

Among the chiral amphiphiles whose self-assembly hag|
been studied, carbohydrate sugars provide a rich library of

P

chiral building blocks that are also biocompatible, which

makes them attractive candidates for use in the design oI

self-assembly chemistry for bioapplicatiolisShinkai and
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co-workers have made the most extensive use of sugars inFigure 1. Synthetic routes and chemical structures of chiral-rcoil

their quest for small-molecule organic hydrogelators. The

morphologies of sugar-based amphiphiles, affected by the

introduction of different hydrophilic or hydrophobic p&fts*

and by unsaturation in the lipophilic moiety, have been
thoughtfully studied by Shimizu and co-workér$é The self-
assembly of unsaturated alkyl chains of glycolipids exhibited
an interesting self-assembled conversion from coiled nanofi-
bers gradually to a tubular morphology.

In this study, a sugar entity (i.e., a chiral entity) was
introduced at the rod end of reatoil molecules having a
Schiff-based rod and a hydrophobic alkoxyl tail. The
amphiphilic Schiff-based molecules having an alkoxyl chain

molecules.

phology to helical twists was obtained by simply increasing
the length of the hydrophobic chain in the chiral Schiff-based
rod—coil amphiphiles, suggesting a general rule for the
formation of a helical morphology from chiral amphiphiles.
The formation of helical twists is attributed to the introduc-
tion of bending and twisting forces through the sugar-based
chiral entity. Moreover, self-assembled spherical vesicles can
also be obtained by introducing an additional tethered long
alkoxyl chain.

Experimental Section

and a glucoside moiety on the opposite sides were obtained

in a multiple synthesis. A series of chiral Schiff-based-+od
coil amphiphiles with different alkoxyl chain lengths were
thus prepared (Figure 1). The self-assembly of chirakod
coil molecules having amphiphilic characters gave rise to
the formation of interesting aggregates in aqueous solution.
The morphological transformation from a platelet-like mor-

(26) Fuhrhop, J. H.; Schnieder, P.; Boekema, E.; Helfrichgadiimimagin.
S0c.1988 110 2861.

(27) Spector, M. S.; Selinger, J. V.; Singh, A.; Rodriguez, J. M.; Price, R.
R.; Schnur, J. M aag@aur 1998 14, 3493.

(28) Spector, M. S.; Price, R. R.; Schnur, J. Nebdaday 1999 11,
337.

(29) Gronwald, O.; Shinkai, SuiifiieiimJ) 2001, 7, 4328.

(30) Van Doren, H. A.; Smits, E.; Pestman, J. M.; Engberts, J. B. F. N.;
Kellogg, R. M. 200Q 29, 183.

(31) Laurent, N.; Lafon, D.; Dumoulin, F.; Boullanger, P.; Mackenzie, G.;
Kouwer, P. H. J.; Goodby, J. Visinesiisssesiio ©003 125 15499.

(32) Jenekhe, S. A.; Chen, X. |ggience1998 279, 1903.

(33) Jung, J. H.; Yoshida, K.; Shimizu, Laggmuir 2002 18, 8724.

(34) Shimizu, T.; Masuda, M.; Minamikawa, {haatag 2005 105
1401.

(35) John, G.; Masuda, M.; Okada, Y.; Yase, K.; Shimizuggmhbatal -
2001 13, 715.

(36) John, G.; Jung, J. H.; Minamikawa, H.; Yoshida, K.; ShimizyCem.
EurJ. 2002 8, 5495.

Materials. The synthetic routes and chemical structures of chiral
Schiff-based amphiphiles are shown in Figure 1. The resulting
amphiphilic Schiff-based specidsand 2 were characterized by
IH and 3C NMR spectroscopy, elemental analysis, and high-
resolution mass spectroscopy and shown to be in full agreement
with the structures presented.

The mono- and dialkoxylbenzaldehyde compounds were prepared
using a typical esterification method. An example for the synthesis
of 4-undecyloxylbenzaldehyde & 11) is described as follows:
4-Hydroxybenzaldehyde (3.0 g, 24.6 mmol),GOs; (8.4 g, 61.5
mmol), and Kl (0.05 g, 0.3 mmol) were mixed into 30 mL of
acetone. The solution was heated to reflux temperature and then
stirred for 30 min under nitrogen gas. 1-Bromoundecane (6.36 g,
27.1 mmol) was slowly added, and then the reaction mixture was
refluxed for an additional 12 h. After being allowed to cool, the
solution was filtered to remove solid salt and then evaporated under
reduced pressure to give the crude oil product. Further purification
was performed using liquid chromatography (silica gel, with a 1:5
mixture of EtOAch-hexane as the eluent) to give an oil product
(6.1 g, 90%).

4-UndecanoxybenzaldehydéH NMR (CDCl) 6 (ppm): 9.83
(s, 1H), 7.77 (d, 2HJ = 6.3 Hz), 6.95 (d, 2H) = 8.4 Hz), 3.99
(t, 2H, 6.6 Hz), 1.77 (m, 2H), 1.41 (m, 16H), 0.85 (t, 3H, 6.6 Hz).
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13C NMR (CDCk) 6 (ppm): 190.80, 163.18, 132.95, 130.92, 30.78, 28.14, 27.99, 24.99, 21.61, 13.50. ESI mass: 501.27. Anal.
114.90, 68.45, 31.79, 29.72, 29.55, 28.90, 28.72, 26.57, 25.87,Calcd (%) for GgHaoNO; (501.27): C, 67.04; H, 7.84; N, 2.79.
22.65, 14.16. Found: C, 67.07; H, 7.69; N, 2.9.

3,4-DiundecanoxybenzaldehydeH NMR (CDCl) 6 (ppm): 4-Decyloxybenzylidene Aminophenye-b-glucopyranoside (1d).
9.92 (s, 1H), 7.42 (d, 1H] = 7.5 Hz), 7.39 (s, 1H), 6.95 (d, 1H,  *H NMR (DMSO-ds) 6 (ppm): 8.51 (s, 1H), 7.83 (d, 2H,= 8.7
J = 7.8 Hz), 4.07 (m, 4H), 1.85 (m, 4H), 1.42 (m, 32H), 0.87 (t, Hz), 7.22 (d, 2H,J = 9 Hz), 7.11 (d, 2H,) = 8.7 Hz), 7.03 (d, 2H,
6H, 6.9 Hz).13C NMR (CDCk) § (ppm): 190.82, 163.18, 132.95, J = 8.7 Hz), 5.35 (d, 1H,) = 3.9 Hz), 5.06 (d, 1HJ = 6.3 Hz),
130.91, 123.82,112.57, 111.42, 68.43, 31.79, 29.72, 29.55, 28.90,4.98 (d, 1H,J = 5.7 Hz), 4.96 (d, 1HJ = 5.1 Hz), 4.49 (t, 1H)J
28.72, 26.57, 25.87, 22.65, 14.16. = 5.4 Hz), 4.01 (t, 2H,) = 6.6 Hz), 3.66-3.54 (m, 2H), 3.48 (d,
(4-Aminophenyl)-o-p-glucopyranoside.A calatytic amount of ~ 1H,J= 8.4 Hz), 3.18 (m, 1H), 1.71 (m, 2H), 1.27 (m, 14H), 0.84
Pd/C (10%) (ca. 1 mg) was added to a solution of (4-nitrophenyl)- (t, 3H,J = 6.9 Hz).:3C NMR (DMSO-s) 6 (ppm): 161.82, 158.98,
a_D_g|ucopyranoside (05 g, 1.66 mmo|) in mL THF/water (91) at 156.12, 146.45, 130.89, 129.66, 122.69, 118.31, 115.34, 98.99,

ambient temperature under hydrogen atmosphere.r &fté of

74.41,73.76,72.32, 70.64, 68.37, 61.39, 31.99, 29.69, 29.65, 29.45,

stirring under H(g), the mixture was filtered and concentrated in  29.40, 29.27, 26.16, 22.79, 14.66.

vacuo to yield the amine (0.4 g, 88%) as a white solid. NMR
(DMSO-dg) 6 (ppm): 6.76 (d, 2H,) = 6.3), 6.44 (d, 2HJ = 4.5
Hz), 5.04 (m, 1H), 4.90 (m, 2H), 4.82 (d, 1BI= 4.8 Hz), 4.67 (s,
2H), 4.44 (m, 1H), 3.57 (m, 4H), 3.23 (m, 1H), 3.10 (m, 1FC

4-Undecyloxybenzylidene Aminophenyk-p-glucopyranoside
(1e).H NMR (DMSO-dg) 6 (ppm): 8.49 (s, 1H), 7.82 (d, 2H),
= 9 Hz), 7.20 (d, 2H,) = 9 Hz), 7.10 (d, 2H, = 6.9 Hz), 7.02
(d, 2H,J = 8.1 Hz), 5.33 (d, 1HJ = 3.6 Hz), 5.05 (d, 1H) = 6.3

NMR (DMSO-de) 6 (ppm): 149.06, 144.48, 119.45, 115.22, 100.23, Hz), 4.97 (d, 1HJ = 5.7 Hz), 4.92 (d, 1H,) = 4.8 Hz), 4.48 (t,

74.00, 73.85, 72.49, 70.82, 61.47.

1H, J = 5.1 Hz), 4.00 (t, 2HJ = 6.0 Hz), 3.59-3.53 (m, 2H),

A typical procedure for the preparation of Schiff-based molecules 3.45 (d, 1H,J = 8.4 Hz), 3.18 (m, 1H), 1.69 (q, 2H,= 7.2 Hz),
is described below. DMSO (0.5 mL) was added to 10 mL of a 1.38 (m, 16H), 0.82 (t, 3H] = 6.3 Hz).*3C NMR (DMSO-s) 6

THF solution containing 1 mmol of (4-aminopheny)d-glucopy-

(ppm): 160.66, 157.82, 154.96, 145.28, 129.74, 128.48, 121.54,

ranoside and 1 mmol of 4-alkoxybenzaldehyde under nitrogen 117.15, 114.16, 97.81, 73.24, 72.60, 71.15, 69.46, 67.20, 60.22,
atmosphere. The resulting mixture was heated in an oil bath (10030.78, 28.14, 27.99, 24.99, 21.61, 13.50. ESI mass: 529.30. Anal.
°C) and continuously stirred until the amine and aldehyde had beenCalcd (%) for GoHisNO7 (529.30): C, 68.03; H, 8.18; N, 2.64.
consumed, as confirmed by TLC analysis. After being allowed to Found: C, 67.85; H, 8.11; N, 2.75.

cool, the mixture was washed with water, and followed the solvent

4-Dodecyloxybenzylidene Aminophenyb-b-glucopyranoside

was extracted. The resulting residue was recrystallized in hot ethyl (1f). '"H NMR (DMSO-dg) 6 (ppm): 8.51 (s, 1H), 7.84 (d, 2H,=

acetate to obtain the imink

4-Heptyloxybenzylidene Aminophenylei-D-glucopyranoside
(1a). *H NMR (DMSO-dg) 6 (ppm): 8.51 (s, 1H), 7.82 (d, 2H,
=8.7 Hz), 7.22 (d, 2H) = 9 Hz), 7.11 (d, 2H,) = 8.7 Hz), 7.03
(d, 2H,J=8.7 Hz), 5.36 (d, 1HJ = 3.3 Hz), 5.09 (d, 1H) = 6.3
Hz), 4.99 (d, 1HJ = 5.7 Hz), 4.95 (d, 1HJ = 5.1 Hz), 4.50 (t,
1H, J = 5.1 Hz), 3.99 (t, 2HJ = 6.6 Hz), 3.58-3.54 (m, 2H),
3.47 (d, 1H,J = 8.4 Hz), 3.18 (m, 1H), 1.70 (q, 2H,= 6.9 Hz),
1.37 (m, 8H), 0.84 (t, 3HJ = 6.9 Hz).13C NMR (DMSO-s) &

(ppm): 160.66, 157.83, 154.96, 145.28, 129.74, 128.49, 121.54,

8.4 Hz), 7.22 (d, 2HJ = 5.4 Hz), 7.11 (d, 2H) = 8.7 Hz), 7.03

(d, 2H,J = 8.7 Hz), 5.36 (d, 1HJ = 3.9 Hz), 5.06 (d, 1HJ = 6.3

Hz), 4.98 (d, 1H,J = 5.4 Hz), 4.96 (d, 1H] = 7.8 Hz), 4.50 (t,

1H, J = 5.4 Hz), 3.99 (t, 2HJ = 6.6 Hz), 3.62-3.57 (m, 2H),
3.48 (d, 1H,J = 8.4 Hz), 3.21 (m, 1H), 1.70 (m, 2H), 1.22 (m,
18H), 0.84 (t, 3H,J = 6.9 Hz).13C NMR (DMSO-ds) 6 (ppm):
161.82, 158.96, 156.13, 146.45, 130.89, 129.66, 122.67, 118.31,
115.32, 98.98, 74.40, 73.76, 72.32, 70.63, 68.35, 61.38, 31.99,
29.70, 29.67, 29.41, 29.26, 29.14, 22.79, 14.65.

4-Tridecyloxybenzylidene Aminophenyle-p-glucopyranoside

117.14, 114.16, 97.80, 73.24, 72.59, 71.15, 69.45, 67.20, 60.22,(1g). 'H NMR (DMSO-ds) 6 (ppm): 8.51 (s, 1H), 7.84 (d, 2H),
30.82, 28.51, 28.31, 28.20, 28.13, 25.01, 21.64, 13.50. ESI mass:= 8.7 Hz), 7.22 (d, 2H,) = 6.6 Hz), 7.11 (d, 2H, = 6.6 Hz),

473.24. Anal. Calcd (%) for GHssNO; (473.24): C, 65.94; H,
7.45; N, 2.96. Found: C, 64.51; H, 7.91; N, 2.99.
4-Octyloxybenzylidene Aminophenyle-p-glucopyranoside (1b).
IH NMR (DMSO-dg) 6 (ppm): 8.51 (s, 1H), 7.83 (d, 2H,= 9
Hz), 7.22 (d, 2HJ = 9 Hz), 7.11 (d, 2H,) = 8.7 Hz), 7.03 (d, 2H,
J=8.7 Hz), 5.35 (d, 1H,] = 3.9 Hz), 5.06 (d, 1HJ = 6.3 Hz),
4.98 (d, 1H,J = 5.7 Hz), 4.96 (d, 1HJ = 5.1 Hz), 4.48 (t, 1H,
= 5.1 Hz), 3.99 (t, 2H,) = 6.6 Hz), 3.58-3.54 (m, 2H), 3.47 (d,

1H,J = 8.4 Hz), 3.18 (m, 1H), 1.71 (m, 2H), 1.27 (m, 10H), 0.84

(t, 3H,J = 6.9 Hz).13C NMR (DMSO-dg) 6 (ppm): 161.83, 158.99,

7.03 (d, 2H,J = 9 Hz), 5.36 (d, 1HJ = 3.9 Hz), 5.06 (d, 1H)

= 6.0 Hz), 4.98 (d, 1HJ = 5.7 Hz), 4.96 (d, 1H,) = 7.8 Hz),

4.48 (t, 1H,J = 5.4 Hz), 4.00 (t, 2HJ = 6.6 Hz), 3.62-3.54 (m,

2H), 3.48 (d, 1HJ = 8.4 Hz), 3.20 (m, 1H), 1.73 (m, 2H), 1.22

(m, 20H), 0.84 (t, 3H,J = 6.9 Hz). 3C NMR (DMSO-d) 0

(ppm): 161.82, 158.96, 156.13, 146.45, 130.89, 129.66, 122.68,

118.31, 115.32, 98.99, 74.40, 73.76, 72.32, 70.64, 68.35, 61.38,

31.99, 29.75, 29.71, 29.67, 29.41, 29.27, 26.15, 22.79, 19.38, 14.65.
3,4-Diundecyloxybenzylidene Aminophenyk-p-glucopyra-

noside (2).DMSO (0.5 mL) was added to 10 mL of a THF solution

156.12, 146.45, 130.90, 129.66, 122.69, 118.32, 115.34, 98.99,containing 1 mmol of (4-aminophenyt)-d-glucopyranoside and
74.41,73.76, 72.32, 70.65, 68.37, 61.39, 31.92, 29.42, 29.35, 29.281 mmol of 3,4-diundecyloxybenzaldehyde under nitrogen atmo-

26.18, 22.78, 14.66.

4-Nonyloxybenzylidene Aminophenyle-p-glucopyranoside
(1c).H NMR (DMSO-ds) 6 (ppm): 8.51 (s, 1H), 7.82 (d, 2H),
=9 Hz), 7.22 (d, 2HJ = 9 Hz), 7.08 (d, 2H, = 6.6 Hz), 7.01
(d, 2H,J = 8.7 Hz), 5.35 (d, 1H) = 3.6 Hz), 5.07 (d, 1H) = 6.3
Hz), 4.99 (d, 1HJ = 5.7 Hz), 4.95 (d, 1H,) = 4.8 Hz), 4.49 (t,
1H,J = 5.1 Hz), 4.01 (t, 2H,J) = 6.3 Hz), 3.58-3.53 (m, 2H),
3.47 (d, 1H,J = 8.4 Hz), 3.19 (m, 1H), 1.70 (q, 2H,= 7.2 Hz),
1.37 (m, 12H), 0.83 (t, 3HJ = 6.9 Hz).13C NMR (DMSO-ds) 0

sphere. The resulting mixture was heated in an oil bath ()0
and continuously stirred until the amine and aldehyde had been
consumed, as confirmed by TLC analysis. After being allowed to
cool, the mixture was washed with water, and the solvent was
extracted. The resulting residue was recrystallized in hot ethyl
acetate to obtain the imir2
1H NMR (DMSO-ds) 6 (ppm): 8.45 (s, 1 H), 7.48 (s, 1H), 7.37

(d, 1H,J = 8.1 Hz), 7.20 (d, 2HJ) = 9 Hz), 7.10 (d, 2H,J = 6.6

Hz), 6.99 (d, 1HJ = 8.4 Hz), 5.35 (d, 1HJ = 3.6 Hz), 5.06 (d,

(ppm): 160.66, 157.82, 154.96, 145.28, 129.74, 128.49, 121.54,1H, J = 6.3 Hz), 4.99 (d, 1HJ = 5.7 Hz), 4.94 (d, 1H) = 5.1
117.15, 114.15, 97.81, 73.24, 72.60, 71.15, 69.46, 67.20, 60.22,Hz), 4.48 (t, 1HJ = 5.7 Hz), 3.95 (t, 4HJ = 6.0 Hz), 3.59-3.53
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(m, 2H), 3.45 (d, 1HJ = 8.4 Hz), 1.66 (m, 4H), 1.40 (m, 4H), Results and Discussion

1.20 (m, 28H), 0.81 (t, 6H) = 6.3 Hz).13C NMR (DMSO-ds) & _ _

(ppm): 158.45, 156.22, 151.46, 145.72, 129.25, 123.65, 121.75, Self-Assembly Process of Chiral Schiff-Based Am-
117.65, 112.65, 111.31, 98.33, 73.70, 73.07, 71.64, 69.92, 68.31, phiphiles in Solution. The self-assembled morphologies of
60.69, 40.33, 40.06, 39.78, 39.50, 39.22, 38.94, 38.66, 35.15, 30.44sugar-based amphiphiles including twisted fibers, coiled
29.18, 29.15, 29.11, 28.91, 28.83, 28.75, 27.22, 25.65, 22.14, 21.81tubes, and helical ribbons have been extensively studied

6.84. ESI mass: 699.47. Anal. Calcd (%) fon8ssNOg (699.47): recently’” The aggregate superstructures are, in general,
C, 70.35; H, 9.36; N. 2.0. Found: C, 70.33; H, 9.32; N, 2.35. driven by the liquid-crystalline-like behavior of the rod seg-
Characterization Techniques. The chiral Schiff-based rogl ments in the sugar-based amphiphiles, whereas the formation

coil amphiphiles were aggregated in dilute solution by using 1 mg of a helical morphology is related to the chiral effect of sugar-
of compound dissolved in 1 mL of tetrahydrofuran, and then based entity. To examine the origin of helix formation, in
introducing 9 mL of deionized water into the well-dissolved particular the bending and twisting forces of bilayered aggre-
solution. After sufficient time for aggregation, a drop of the mixture gates driven by a chiral entity (i.e., the effect of the chain
was transferred to carbon film. The cast samples were then|ength of the hydrophobic tail), a convenient synthetic
examined by field-emission scanning electron microscopy (FESEM) method known as the “Schiff-based reaction” to combine a
and transmission electron microscopy (TEM). Bright-field TEM hydrophilic sugar base with a hydrophobic lipid moiety to
images were obtained on a JEOL TEM-1200x transmission electron¢q.\ a1 imine linkage as a rigid spacer for self-assembly
microscopy. The quenched samples were shadowed by Pt and, o' ilized. As expected, all of the synthesized products
coated with carbon again. After being shadowed, the specimens . . . o

aving a variety of alkoxyl chain lengths exhibited thermo-

were stripped and floated onto the water surface and then recoverec{I ic liquid talli " identified by DSC
using copper grids. Field-emission scanning electron microscopy ropic fiquid-crystafline _propgr €S f’is identine y
thermograms and polarized light microscody.

was performed on a JEOL JSM-6700F using accelerating voltages X - )
of 0.5-1 keV. The samples were mounted to brass shims using One of the most convenient techniques for evolving
carbon adhesive and then sputter-coated witB 2m of gold (the hierarchical superstructures from a bottom-up approach is
gold coating thickness was estimated from the calculated depositionto carry out self-assembly in the solution state. Moreover,
rate and experimental deposition time). the self-assembly mechanism can thus be clearly elucidated
Thermal transitions and properties of samples were determinedPY tracing the development of the morphology from the
using a Perkin-Elmer Pyris 1 differential scanning calorimeter molecular level to the hierarchical ensemble. To examine
equipped with a liquid nitrogen cooling accessory. A&@Bmg the chiral character of the sugar-based entity,¥ié and
sample of purified material was placed on an aluminum pan and CD experiments of THF and aqueous solutions of chiral
measured against another empty pan as a reference. The thermaSchiff-based roetcoil amphiphiles were preformed first. For
grams were recorded at a heating/cooling rate df@@nin. A Carl- comparison, the starting material, 4-nitropheayt-glu-
Zeiss Axiphot optical polarized microscope equipped with a Mettler copyranoside (4-NADG), with 99% dextrorotatory confor-
FP82 hot stage and a FP80 central processor were used to observgation, was dissolved in solvent to form solutions (1 mg/10
the thermal transitions and to analyze the anisotropic textures. UV mL) for spectroscopic measurements. As shown in Figure
vis absorption spectra were recorded on a Hitachi U-3300 SPEC-2a, the maximum absorption of the-x transition appears

trophotometer. Circular dichroism (CD) measurements were con- in the UV—vis s ; :
pectrum at 299 nm in THF solution, whereas
ducted on a JASCO J-720 spectrophotometer—ulg and CD a red shift of the maximum absorption to 304 nm can be

spectroscopy measurements were performed to Investigate t.he|dentified as a result of the hydrogen bonding of the
specific interactions and the chiral expression of the samples in

solution. The spectroscopic experiments were carried out in THF carbohydrate sugar W'th water In agueous solution. Co_rre-
solution (concentratior 1 x 10~4 M). Infrared (IR) spectra were spond_mg CD resultg (Figure Zb), |nd|cat§_ that the starting
obtained using a Perkin-Elmer series FT-IR spectrophotometer atMaterial, 4-NADG, displays a typical positive Cotton effect
a resolution of 1.0 cmi. The scanned wavenumber range was Whetherin THF or in water. That is, 4-NADG exhibits typical
4000-400 cnrt. Measurements were studied to discriminate the SPectroscopic results as chiral character~¥ié spectra of
intermolecular hydrogen-bonding interactions in pure THF and chiral Schiff-based rogcoil amphiphiles with various alkoxy
THF/H,O solution. For experiment a, 1 mg of compoubelwas chain lengthsr{ = 7—13) in THF were then obtained (as
dissolved in 10 mL of purified THF, and then 3 drops of the solution shown in Figure 3a). Two absorption bands at 280 and 330
were cast and dried on the transparent potassium bromide salt platenm appear as a result af-z* and n—a* transitions related
In experiment b, 1 mg of compourice was dissolved in 1 mL of  to 7 and nonbonding electron absorption, respectively. The
THF and then mixed with 9 mL of distilled water to obtain a band attributed to ar—s* transition at 280 nm provides
unifqrm solgtion (2:9 viv). Aftera24-_h aggregation process, 3 (_jrops evidence ofr—x interactions between the phenyl groups,
of this solution were cast on potassium salt plate and then dried on,, hareas the band attributed tovar* transition at 330 nm
a vacuum system for 12 h before measurement. suggests a contribution due to hydrogen bonding. As for the
Molecular Simulation. Mechanisms of self-assembly were starting material 4-NADG, a positive Cotton effect was
studied by considering the interaction of secondary forces through exhibited, as evidenced by CD absorptions, suggesting the
the aid of molecular simulation. The energy minimization of self- preservation of the chiral expression of the sugar-based entity
assembled morphology was implemented using HyperChem 7ipn tne chiral Schiff-based roecoil amphiphiles. Consistent

through the OPLS_ force field to examine the possible mechanlsms,results in both UV-vis and CD spectra can be obtained
especially the chiral effect on self-assembly. Because the OPLS
force field is based on a biomolecular database, it should be suitable

for use in studying the chiral effect on chiral Schiff-basedrod ~ (37) 3383'132-4Hi?0é‘;2”' G.; Yoshida, K.; Shimizu, i C-
coil amphiphiles. The Monte Carlo method was used to search for (3g) sung, C. H.: Kung, L. R.: Hsu, C. S.; Lin, T. F.: Ho, R. Mg. Cryst,

stable structures from several different initial conformations. manuscript in preparation.
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Egure 3. (a) UV—vis and (b) CD spectra of compountla—1gin THF.

regardless of the change in chain length for the synthesized
chiral amphiphiles, reflecting the likelihood that bending and
twisting forces driven by the sugar-based chiral entity can
be anticipated in the self-assembly process.

To monitor the evolution of the self-assembled morphol-
ogy, time-resolved UV vis experiments were carried out
in the mixed solvent system (i.e., THFRAB) so that the self-
assembly mechanism could be examined in the presence of
H.0. 4-Undecyloxybenzlidene aminophemyd-glucopyrano-
side (1 mg, compound 1e) was dissolved in 1 mL of THF
mixed with 9 mL HO (1:9 v/v), and then the solution was
immediately used for time-resolved U\Wis experiments.
As illustrated in Figure 4 for compound 1e, the 280-nm
m—m* transition remains throughout the self-assembly pro-
cess with time evolution, but a blue shift gradually occurs
for the n—z* transition from 330 to 290 nm, suggesting a
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Figure 2. Corresponding (a) U¥vis spectra and (b) CD results of 4-NADG in (1) THF and (2) water.
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hypsochromic shiff4°resulting from dipole-dipole interac-

tions and hydrogen-bond formation. Consistently, the imine

group appears asza—s* transition in the near-UV region
at about 230 nm that shows an obvious intensification at the hydrogen-bonding interaction and that the introduction of
end of aggregation because of the hydrogen-bonding enhancewater might promote the self-assembly process. To further
ment. As a result, we speculate that the aggregation is indeectonfirm the intermolecular hydrogen-bonding interaction and

initiated by the Schiff-based rod entity (i.e.,

the liquid-

(39) Silverstein, R. M.; Bassler, G. C.; Morrill, T. CSpectrometric
Identification of Organic Compoungsth ed.; John Wiley: New York,

1991; p 289.

(40) Philip, D.; Stoddart, J. (G 006 35 1154.

Figure 5. FT-IR spectra of compounde in (a) pure THF and (b) THF/
H>0 solution.

crystalline-like behavior) as a result of the induction of the

the participation of water in the self-assembly process, FTIR
experiments were conducted. As illustrated in Figure 5a, the
spectrum of compound le shows a broad intenseHO
stretch at 3392 cnt and a sharp €OH stretch at 1023 cm

in the beginning of self-assembly. By contrast, Figure 5b
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Figure 6. FESEM (left) and TEM (right) micrographs of compounds (a)
1a, (b) 1c, (c) 1e and (d)1g.

demonstrates the effect of the hydrogen-bonding interaction
with the 3392 cmi! band (G-H stretch) becoming stronger
in intensity and slightly shifting to 3372 cri, whereas the
1023 cm? (C—OH stretching) shifts to 1021 crhfor the
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amphiphiles ofLc having an alkoxyl chain length of = 9
presented the behavior of a transitional composition for the
self-assembled morphology. Figure 6b illustrates the self-
assembled morphology of compoufid where the helical
morphology mainly adopts left-handed helical twists. By
contrast, the micrographs of compoubelexhibited a left-
handed helical morphology in the majority (Figure 6c¢). The
morphologies ofle and 1f were confirmed as left-handed
helical morphological textures. Figure 6d shows further fine
and left-handed helical aggregated structure of compound
1g(i.e., alkoxyl chain length of 13). The hierarchical aggre-
gates composed of several helical strands were further vis-
ualized in the FESEM and TEM micrographs. In general,
hierarchical self-assembly is common in biological systems.
A well-known example is the formation of collagen, in which
every threex-helix chains fold into triple-stranded helixes,
which then self-assemble into collagen fibers. Similarly, a
hierarchical twisting morphology through the transfer of
chiral information from the chain conformation to the phase
level was identified in our self-assembly system. It is also
noted that the pitch length of the helical twists decreases
with increasing alkoxyl chain length. Moreover, the forma-
tion of a fine helical morphology significantly depends on
the chain length being sufficient but is independent of an
odd—even chain length effect. This is in line with the UV
and CD observations. Therefore, the liquid-crystalline-like
behavior attributed to the Schiff-based entity is driven by
the change in concentration of the molecules in solution upon
standing. Significant helical twisting could be achieved by
introducing longer alkoxyl chains. Consequently, the forma-
tion of helical twists is induced by the chiral entities of the
amphiphiles, namely, the sugar-based entities. We conclude

,that chirality plays a crucial role in the self-assembly of a

helical morphology.
On the basis of morphological observations and spectro-
scopic results, speculation was made that the self-assembly

late stage of self-assembly. Obviously, the chiral Schiff-based is driven by hydrogen-bonding intermolecular interactions
rod—coil amphiphiles were gradually aggregated in dilute and amplified by 7z—x interactions leading to liquid-
solution as a result of the liquid-crystalline-like behavior crystalline-like aggregation so as to stabilize the morphology,
combining with the participation of water. Consistent with whereas the sugar moieties create the chiral activity to form
the spectroscopic observations, the resulting solution gradu-the helical morphology. We thus assume that the aggregation

ally turned cloudy within a few hours while the chiral Schiff-
based roet-coil amphiphiles was suspended in the THEH

mechanism is driven by lyotropic-like behavior.
Molecular Dispositions of Self-Assembled Superstruc-

mixed solution. The time-resolved UV analyses suggest thattures. To visualize the molecular dispositions of the self-

the liquid-crystalline-like behavior is driven by the change
in the concentration of the molecules in solution upon
standing.

Effect of Alkoxyl Chain Length on Self-Assembled
Morphology. The self-assembled morphology of the chiral
Schiff-based roé coil amphiphiles in solution was examined
by TEM and FESEM. An interesting morphological evolu-
tion was identified according to the change of the alkoxyl
chain length. At low alkoxyl chain length (i.e., compounds
la and 1b), the self-assembled morphology exhibited a
typical liquid-crystalline texture, a platelet-like morphology
(illustrated in Figure 6a). However, helical twists were
identified once the alkoxyl chain length reached a certain
value. The self-assembly of chiral Schiff-based +adil
amphiphiles having longer alkoxyl chain lengths (i.e., com-
poundslcandld) exhibited a mixed morphology including
a platelet-like morphology and left-handed helical twists. The

assembled superstructures from the chiral Schiff-based rod
coil amphiphiles, molecular simulations were performed
using HyperChem 7 with the OPLS force field. Compound
lewas selected as a standard to briefly evaluate the chiral
effect during self-assembly. Figure 7illustrates the molecular
modeling results of self-assembled systems. As shown, the
helical twists are formed by the self-assembly of the smectic-
like bilayer characteristic having parallel alkoxyl groups and
parallel phenyl moieties as well as loosely packed sugar
entities, which is consistent with the spectroscopic analyses.
Evidence for the smectic-like bilayer characteristic can also
be identified by small-angle X-ray scattering (SAXS), and
detailed studies with respect to the smectic-like morpholo-
gies, particularly in the bulk state, are still in progress.
According to the simulated layered structure, the thickness
of the smectic-like bilayer was estimated as 5.68 nm.
Compared to the experimental results according to which
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Figure 7. Molecular simulation results for (a) single chiral Schiff-based-rodil amphiphiles, (b) aggregate morphology in the self-assembly system.

the thickness of the layered superstructure was in the rangerequires two-dimensional bilayer membranes with a long-
of 30—50 nm, the resulting morphology might be built up range correction, resulting in the formation of a helical
of six to nine layers of the smectic-like bilayer. The bending morphology. Recently, a systematic study of chiral self-
curvature of the self-assembled chiral bilayer is induced by assembly through Monte Carlo simulations on the basis of
the chiral sugars and amplified by the Schiff-based-od a mesoscopic approach was carried out by Selinger and co-
coil segregation, so that significant bending could be workers? The self-assembled morphology with a helical
achieved by introducing long enough alkoxyl chains. Con- sense from the growth of an aggregate from solution can be
sistent with the theoretical predictidh,* the bending force  clearly determined by a complex interplay between elastic
from the chiral entities depends on the sizes of the adjacentforces and the orientation and chirality of the constituent
hydrophobic tails and hydrophilic headgroups in the chiral mgjecules. Different helical aggregates with various pitch
lipid bilayer molecules. The molecular dispositions of |engihs and diameters can be found by varying the tilt
twisting and bending chiral Schiff-based redoil am-  girection with respect to the crystallographic axes. Consider-
phiphiles are indicated in Figure 8. Theoretical discussions ing the occurrence of self-assembly tilting, we thus suggest
_have s_uggested that the twisting of the smectic-like bi_layer that our chiral Schiff-based reetoil amphiphiles could self-

is carried out on the - 2 plane. By contrast, the formation assemble to form a smectic-like bilayer for helical structures

(Z)f_tPg, b?::éngsﬁg;]vs\t/gt?n()fighg Sﬂ;‘fgﬁ;'{';igﬁf;;j d'pa;hcee and the pitch length of the helical twists thus decreases with
P ' 9 d increasing alkoxyl chain because of the intensification of

in a short-range correction. Similarly, the bending curvature bending force. That is, the size of the alkoxyl chain

(41) Yang, Z. C. 0. Liu, J. X iauemh 11990 65, 1679. determines the threshold of bending for the formation of a

(42) Selinger, J. V.; Schnur. J. Niisseinaeiegii 1993 71, 4091. helical morphology.

(43) Nandi, N.; Bagchi, B d 096 118 11208.

(44) Selinger, J. V.; MacKintosh, F. C.; Schnur, J. RikiSeingels 1996
53, 3804. (46) Selinger, R. L. B.; Selinger, J. V.; Malanoski, A. P.; Schnur. J. M.

(45) Nandi, N.; Bagchi, Bjiiismmfissses A 997 101, 1343. iiemBemigl 2004 93, 158103-1.
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1—2 twisting

el Ly bending

Figure 8. Twisting and bending chiral Schiff-based rodoil amphiphiles of compoundg.

sphere, suggesting the projection image of a hollow sphere.
The thickness of the sphere is evaluated to be about-200
250 nm. We speculate that the observed discrepancy is very
likely to be due to the additional long flexible alkoxy tether
asymmetrically involved, thus inducing the collapse of the
twisted shape into spherical micelles.

Conclusion

a We have synthesized a series of chiral Schiff-basee-rod
s~ SR 1 coil amphiphiles with different alkoxyl chain lengths that
Figure 9. (a) FESEM and (b) TEM micrographs of spherical vesicles.  exhibit liquid-crystalline-like behavior for self-assembly so
) ) as to create tunable self-assembled morphologies including
Vesicular Morphology from Swallow-Tail Molecules. platelet-like morphologies, helical twists, and vesicular
In addition to examining the effect of chain length in the texiures. The results described here demonstrate that am-
self-assembly results, we attempted to alter the chain numbetshiphilic Schiff-based molecules with a small hydrophilic
by introducing additional alkoxyl chains with equal lengths a1t assemble into well-defined morphologies by tuning the
in a nearby phenyl position to investigate the influence of zjkoxyl chain length. Increasing the chain number of alkoxyl
self-assembling blocks caused by an asymmetry in molecularchains induces the collapse of the helical twists into vesicular
geometry. Herein, a 3,4-diundecyloxybenzlidene aminophe- micelles. Biomimicking from nature, the introduction of
nyl-o-d-glucopyranoside (compour@ n = 11) was syn-  chjral entities provides one convenient way of creating a
thesized to compare with the linear sharp compoli@tor  variety of morphologies, particularly helical twists.
the ability to form a classical helical morphology. Following
a similar self-assembly process, a dramatic change of the Acknowledgment. We thank Dr. David, S. H. Wang of
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