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ABSTRACT: Based on our recent results, the present paper overviews noncovalent formation of high-axial-ratio
nanostructures (HARNs), such as fibers, rods, tubes and ropes, through molecular self-assembly of bola-form amphiphilic
(bolaamphiphilic) monomers. A variety of bolaamphiphiles, in which sugars, peptides, or nucleobases as headgroups are
connected to both ends of a hydrocarbon spacer, were newly designed and synthesized. Their self-assembling behav-
ior was examined in aqueous solutions in terms of bottom-up fabrication of organic nanostructures. The morpholo-
gies proved to strongly depend on the headgroup structure, spacer chain lengths and even-odd carbon numbers of used
oligo(methylene) spacers. Typical examples of self-assembled morphologies include nanofibers from 1-glucosamide- or
thymidine-appended bolaamphiphiles, vesicle-encapsulated microtubes from glycylglycine-appended bolaamphiphiles,
double-helical ropes from thymine-appended bolaamphiphiles. These self-assembled HARNs are constructed hierarchi-
cally in a manner similar to biological structures. On the basis of several solid-state analyses, molecular packing and ori-
entation within the HARNs are discussed and compared with the single crystal structures in terms of hydrogen-bond net-
works. Furthermore, pH-dependent reversible polymer formation was achieved using the combination of glucuronamide-
and aromatic boronic acid-appended bola-form derivatives. Polymerization of bola-form 1-glucosamide derivatives with
a 1,4-butadiyne group was performed in self-assembled nanometer-sized fibers, giving a single polydiacetylene chain of
64-mer that can be seen in TEM.

KEY WORDS High-Axial-Ratio Nanostructure (HARN) / Bolaamphiphile / Self-Assembly / Non-
covalent Synthesis / Hydrogen Bond / Nanofiber / Microtube / Nano-Rod / Rope / Hydrogel / Crystal
Structure /

Biomaterials possess highly organized non-covalent
structures formed spontaneously in bottom-up fash-
ion,1 shaping natural body and functioning as energy-
converting and information-converting materials. In
contrast, conventional polymers are so-called linear
macromolecules in which tens of thousands to millions
of low-molecular-weight monomer units are connected
to each other through covalent bonds. Very recently, a
new family of polymers, including topologically com-
plex polymers2–13, 18–25 and self-assembled nanostruc-
tures,14–17, 26 has attracted much attention.27, 28 In par-
ticular, Kunitake and his co-worker built up the fun-
damental concept behind the polymolecular materials
based on bilayer-containing molecular assemblies.29, 30

Stupp et al.,31, 32 Percec et al.,33 and Whitesides
et al.34, 35 also succeeded in a molecule-up fabrication
using polymer building blocks to realize nanometer-
sized assemblies with well-defined shapes. The advan-
tage of non-covalent self-assembly technique, unlike
chemical reaction or polymerization, is in that it can
directly produce ordered two- and three-dimensional
structures like sheets, rods, fibers, tubes, disks, and
spheres. It is more important that nanostructures can
be constructed in high efficiency and accuracy and yet

with minimum energy.36

We can find out a large number of fibrous struc-
tures such as collagen fibers, actin fibers, flagella
in the size region of several tens to several hun-
dreds nanometer.37 These natural fiber structures can
be considered to be molecular self-assemblies of nu-
merous poly(amino acid)s and proteins as building
blocks. We then noticed that the biomaterials are
forming highly ordered structures stabilized by three-
dimensional hydrogen bond network.38 Up to now
there have been numerous studies on the construc-
tion of molecular complexes and assemblies using the
directionality, complimenting nature, and cooperativ-
ity of the hydrogen bond.39, 40 However, the point of
discussion was on either hydrogen-bond formation in
aprotic organic solvents or the control of hydrogen-
bond motif in gel,41–43 liquid crystalline,44, 45 and
crystalline states.46, 47 The spontaneous formation of
supramolecular structures having nanometer-sized and
well-defined three-dimensional morphologies has been
rarely achieved through hydrogen-bond formation in
aqueous media.48–52 This is due to the fact that
the enthalpy gain upon hydrogen bond formation be-
tween two molecules compensates well for the entropy
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loss accompanying the dissociation of bound water
molecules. In other words, hydrogen bonding alone is
not enough to stabilize the molecular complex in aque-
ous medium.

We then newly designed and synthesized bola-form
amphiphiles (“bolaamphiphile”)53 carrying sugar, pep-
tide, and nucleobase moieties with potential multi-
ple hydrogen bond functionalities as a hydrophilic
group at both ends, which are separated by linear
oligo(methylene) spacer as a hydrophobic moiety.28

The linkage we mainly used between the hydropho-
bic and hydrophilic moieties is an amide linkage that
is known to form a linear hydrogen bond chain.54, 55

The stability of hydrogen bond networks is known to
increase with increasing the hydrogen bond energy and
the number of involved. Archaebacterial plasma mem-
branes, existing in harsh environment, contain pref-
erentially bolaamphiphilic compounds as constituents.
Since they have two hydrophilic headgroups separated
by one or two hydrophobic spacers, (i) they exhibit
no polymorphism as compared to amphiphiles with a
single head and a single tail, (ii) they can form rel-
atively thinner monolayers than bilayer membranes,
(iii) they can produce spherical vesicles by incorpo-
rating the unsymmetrical hydrophilic headgroups, and
(iv) the membrane fusion common to usual bilayer
membranes hardly takes place.53 These structural ad-
vantages of bolaamphiphilic monomers should increase
the stability of the self-assembled membranes as com-
pared to mono-head amphiphiles. By tuning the inter-
layer interaction based on the hydrogen bond networks
between the hydrophilic headgroups, bolaamphiphiles
can self-assemble to form supramolecular high-axial-
ratio nanostructures including linear ribbons, heli-
cal ribbons, and tubular structures, depending on the
molecular chirality, as shown in Figure 1.

SUGAR-APPENDED BOLAAMPHIHILIC
MONOMERS

Formation of Self-Assembled Supramolecular Fibers
We have designed and synthesized sugar-based bo-

laamphiphiles 1(n), 2(n), and 3(n) (Scheme 1) in
high yields, in which D-glucose, D-galactose, D-
glucosamine, or D-glucuronic acid moiety is connected
to both ends of oligo(methylene) chains of different
lengths (C6 to C20).56–58 The self-assembling behav-
ior and the obtained morphologies were examined us-
ing confocal laser scanning, dark-field, polarized, and
phase-contrast light microscopy. When saturated, hot
aqueous solutions containing 1(n) or 3(n) were al-
lowed to gradually cool and stand at room temper-
ature, a variety of supramolecular fibers (nanofibers)

Figure 1. Schematic illustration for the bottom-up synthesis of
high-axial-ratio nanostructures (HARNs) through molecular self-
assembly of bolaamphiphilic monomers. Open arrows (upper fig-
ure) indicate hydrogen bond functionalities.
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Scheme 1.

with nanometer-sized dimension spontaneously and re-
producibly appeared, strongly dependent on both the
spacer length and the even/odd spacer carbon numbers
(Figure 2).59, 60 Interestingly, we found that physical
properties and morphological stability of the obtained
fibers are quite different from those of fibrous molec-
ular assemblies made of synthetic bilayer-forming
compounds.61–63 The obtained fibers are highly crys-
talline and thermally stable even at temperatures around
200 ◦C after dehydration, proving that they can be iso-
lated from the solution. The bolaamphiphile 1(10) was
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Figure 2. Self-assembled fibers made of (a) 1(6), (b) 1(10), and (c) 1(12) observed using confocal laser scanning microscopy (in water
at 25 ◦C).

Table I. Representative self-assembled morphologies from sugar-appended amphiphilic monomers

Amphiphile
Self-assembled

morphology
Solvent Width (nm) Length (µm) Ref

1(8), 1(10), 1(12) Helical fiber water 30–3000 ca. 1000 60
1(9), 1(13) Amorphous solid water n.d.a n.d.a 60

1(11) Platelet water 3× 105 ca. 800 60,74
2(10), 2(12) Needle crystal water ca. 5× 104 ca. 90 66

3(10), 3(12), 3(14) Helical fiber water/ethanol (1/1) 8–25 ca. 20 57
3(11), 3(13) Thin ribbon, sheet water/ethanol (1/1) 10–150 ca. 20 57

6(9), 6(10), 6(11) Helical fiber water 30–100 ca. 1000 u.p.b

8 Nanofiber ethyl acetate/n-hexane (3/7) 6–30 n.d.a 86
10 Nanofiber and ribbon water/THF (1/9) 50–300 n.d.a 87

aNot determined. bUnpublished.

found to self-assemble into flexible nanofibers of less
than 100 nm in diameter, several hundreds micrometers
in length. Rapid cooling of the hot aqueous solutions
of 1(10) induced typical gelation. The obtained gel can
be turned upside down without any flow. Furthermore,
the longer derivative 1(12) produced helically coiled
right-handed ribbon structures through molecular self-
assembly. The obtained helical pitches of 200 nm–
10 µm and width of 10 nm–3 µm were randomly dis-
tributed. The self-assembling behavior and typical mor-
phologies produced from 1(n), 2(n), and 3(n) are sum-
marized in Table I.

Molecular Arrangement in Self-Assembled Fibers and
Even/Odd Effect of Oligo(methylene) Spacer

In the nanometer-sized fiber formation through
molecular self-assembly, we realized that only even-
numbered bolaamphiphiles 1(6), 1(10), 1(12), and
1(14) produce fibrous assemblies whereas the odd num-
bered homologues gave amorphous solids with 1(9) and
1(13) or a platelet crystal with 1(11).60 To date it has
been well documented that enantiomeric amphiphiles
self-assemble into mirror-imaged molecular assemblies
and the racemic mixtures non-chiral planar platelet rib-
bon morphologies.48, 49, 63, 64 Thus, the present finding
gives the first example of the stereochemical effect of
even- and odd-numbered oligo(methylene) chains on
the self-assembled fiber morphologies.

From the comparison of the molecular packing

of odd-numbered 1(11) in a single crystal with that
of even-numbered galactose homologues 2(10)65 and
2(12),66 we found a remarkable difference in the stack-
ing motif of the layer structure (see next section).
This structural feature can be designated as so-called
“polytypes” 67–69 and should also occur for the present
assembly from the odd- and even-numbered bolaam-
phiphiles. Figure 3 illustrates schematically a “poly-
type” observed for the molecular packing in the crystal
structure of odd-numbered 1(11) and even-numbered
2(12). The odd-numbered bolaamphiphile forms a
pleated sheet arrangement of the layer, whereas the
even-numbered homologue a parallel sheet packing. It
also should be noted here that the relative orientation
of the amide carbonyl groups is the same within both
each molecule and each layer for 1(11) whereas we
found antiparallel orientation of the amide functional-
ities within each molecule for 2(12).60 Thus, we col-
lected several pieces of evidence to depict a possible
self-assembling model based on the monolayered sheet
structure within a unit fiber from 1(12) (Figure 4). The
bolaamphiphiles pack side by side to form the mono-
layer sheet of 2.45 nm long-range spacing. In addi-
tion, the bolaamphiphilic molecules are tilting their
oligo(methylene) chains by 45–50◦ with respect to the
monolayer plane normal.

The CH2 antisymmetric νas(CH2) and symmetric
νs(CH2) stretching vibration frequencies are known
to reflect sensitively a gauche/trans population in
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Figure 3. Schematic illustration of a “polytype”, that means the difference in the stacking motif of monolayers between 1(11) (left) and
2(12) (right). The amide hydrogen bond chains run roughly along the c-axis. The symbols (⊗) and (•©) represent the amide groups in which
the carbonyl oxygen atom is placed below and above the plane, respectively.

― 

Figure 4. A possible self-assembling model for the solid
monolayer sheet of 1(12) in a unit fiber. The parallel stacking
motif of this layer structure will allow the self-assembled fibers to
be helically coiled as the expression of the molecular chirality at
supramolecular level.

the oligo(methylene) chain. The dependence of
both stretching vibration bands of 1(n) on the
oligo(methylene) spacer length indicated a gauche-
including conformation for the relatively shorter-chain
homologues (6 ≤ n ≤ 8, and n = 10) and an all-trans
conformation for the medium- (n = 9, and 11 ≤ n ≤ 13)
and long-chain derivatives (14 ≤ n ≤ 20) (Figure 5a).
Furthermore, the band frequencies of the amide I and

n

n

ν

ν

Figure 5. The dependence of (a) the νas(CH2) and νs(CH2)
band frequencies and (b) the amide I and II band frequencies on
the oligo(methylene) spacer length (n) for the self-assembled 1(n).

II bands clearly show an even/odd effect for the chain
length n (n ≥ 10), as shown in Figure 5b. Similar
kinds of even/odd effect on the amide I and II adsorp-
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tion bands can also be seen upon the nanofiber for-
mation from 2-glucosamide homologues 3(n)57 or di-
amide bolaamphiphiles,70 as well as for the cast films
of azobenzene-containing amphiphiles.71, 72

Powder X-Ray diffraction (XRD) patterns of the self-
assembled 1(n) displayed different types of diagrams in
the wide-angle region, depending on the even/odd num-
bers of the oligo(methylene) chains.60 Consequently,
the subcell structure in 1(n) is found to show an or-
thorhombic (O⊥) or monoclinic (M‖) packing of the
oligo(methylene) chain for n = 6, 12, 14, and a tri-
clinic (T‖) packing for n = 9 and 11. The band fre-
quencies and profile of the CH2 scissoring and rocking
vibration also supported this assignment of the subcell
structure, showing the even/odd effect. Long-range or-
dering observed using small angle XRD also featured
the similar difference in even- and odd-numbered bo-
laamphiphiles. Considering all findings and evidences,
we can assume that the difference in polytype structure
mainly drives the observed even/odd effect on the self-
assembled fiber morphologies.

Molecular Packing in the Single Crystal
Odd-numbered amphiphile 1(11) gave the first ex-

ample of single crystal structure for aldopyranose-
appended bolaamphiphiles. The molecules 1(11) form
a pleated sheet structure in the crystalline state, in
which the undecamethylene chains are tilted by approx-
imately 49◦ to the normal of the bilayer plane (Fig-
ure 6).73, 74 It should be noted here that 24 hydrogen
bonds per molecule proved to participate in the stabi-
lization of the self-assembled crystal structure. The lin-
ear molecular array of 1(11) along the b-axis should be
comparable to that of nylon-77 (4)75 since the nylon-77
can be considered as a bola-form compounds in which
two long polyamide chains are linked to both ends of
1,5-pentadicarboxylic acid. The molecule 1(11) takes
a linear alignment through the hydrogen bond linkage
and then forms a self-assembled quasi-polymer chain
that is similar to that of the common polyamide chain.
In marked contrast, bis(glutaramide) (5) having any
hydrogen-bond functionalities at both ends takes a ran-
dom molecular orientation that cannot be constrained
by the terminal functional groups.76

All the single crystal analysis of mono-head carbo-
hydrate amphiphiles77 determined so far shows the for-
mation of incomplete bilayer structure, including inter-
digitated alkylene chain packing without exception.78

The reason for this feature is that the molecular shape
of each carbohydrate amphiphile is characterized by a
bulky pyranose headgroup. Therefore, no one can en-
visage such stable nanofiber formation from bolaam-
phiphilic molecules with a glucopyranose headgroup

Figure 6. X-Ray single crystal structure of 1(11) viewed along
the c- (left) and the a-axis (right). Hydrogen bond networks are
denoted. A gray linear band shows one-dimensional polymolecular
chain formed by hydrogen bonding.

separated by oligo(methylene) spacers.
We also found that the constraining hydrogen bond

networks can allow the oligo(methylene) chain to
enforce conformational deviation from the extended
form.79 The crystalline character of the obtained self-
assembled fibers allows us to analyze the molecu-
lar arrangement within the fibers using infrared spec-
troscopy (FT-IR), powder XRD and differential scan-
ning calorimetry (DSC). We were able to classify the
behavior of the oligo(methylene) spacer into three cat-
egories, short (6 ≤ n ≤ 8, and n = 10), medium (n =
9, and 11 ≤ n ≤ 13), and long chain (14 ≤ n ≤
20).79 The 1-glucosamide bolaamphiphiles 1(n) with a
short chain oligo(methylene) spacer were found to self-
assemble in water to form a gauche-including multiple
monolayer self-assemblies, whereas the medium- and
long-chain bolaamphiphiles showed polymorphism on
heating, which proceeded with retention of the gauche
chain conformation (Figure 7). Interestingly, the 1(n)
homologues with long-chain spacers transformed from
the K1 crystalline phase into the K2 crystalline phase
with keeping an all-trans conformation, and eventu-
ally to the K3 crystalline phase with a gauche-including
oligo(methylene) spacer. Furthermore, it should be
noted here that the long-chain derivatives 1(n) (n = 14,
16, 18, and 20) and the medium-chain 1(13) formed a
thermotropic mesophase (smectic A).79
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Figure 7. Schematic illustration of conformational changes in
the oligo(methylene) spacers of the self-assembled 1(n) upon heat-
ing.

n

n n

Scheme 2.

pH-DEPENDENT REVERSIBLE POLYMER
FORMATION FROM BOLA-FORM DERIVATIVES

Glucuronamide-appended bolaamphiphiles 6(n) (n =
9, 10, 11, 12, 13, 14, 16, and 18) (Scheme 2) proved to
form a reversible, linear polymolecular array in aque-
ous solutions upon complexation with aromatic boronic
acid-appended homologue 7.58 Of particular note is that
the reversible polymer formation and dissociation were
achieved depending on pH conditions of the aqueous
solutions used.

Aromatic boronic acids are known to form specific
complexes with cis-diol-type hydroxyl groups of car-
bohydrates via ester-linkage formation.81–83 Mikami
and Shinkai first achieved the synthesis of main-chain
sugar-containing polymers through self-condensation
with diboronic acid under nonaqueous conditions.84, 85

Based on our continued interest in sugar-based bolaam-
phiphiles, we have newly synthesized glucuronamide-
appended bolaamphiphiles 6(n) possessing free 1,2-
diols available for ester formation with a bola-form
aromatic boronic acid derivative. In order to confirm
linear complex formation between the glucuronamide-
and boronic acid-appended bola-form derivatives, we
employed 11B NMR spectroscopy since it is very sen-
sitive to the spin state of the boron atom, such as neu-
tral sp2, anionic sp3, and coordinated sp3 states. Actu-
ally, the 11B NMR spectra of the boronic acid deriva-
tive 7 displayed that the complexation with the glu-
curonamide derivative 6(12) produces covalently at-
tached sp3 hybridization to give a polymolecular chain
(ca. 70%) equilibrated with a small amount of free
anions (ca. 30%) (Figure 8). Multiangle laser light
scattering (MALLS) analysis for the present aqueous
6(12)/7 polymer showed weight-averaged molecular
weight (Mw) of 2.04× 106 g mol−1 at pD 10.8. The de-
crease in the pH value of the aqueous solution from 11
to 3 resulted in a down-field shift of the main signal
from δ = −11 to 11 ppm, showing the complete disso-
ciation of the polymer. As illustrated in Figure 9, the
gulucuronamide-based condensation polymer can thus
be “turned” on and off by tuning the pH of the aqueous
polymerization medium.

SELF-ASSEMBLY AND SUBSEQUENT
POLYMERIZATION OF BOLA-FORM

MONOMERS IN NANOMETER-SIZED FIBERS

In order to achieve topochemical polymerization
within nanometer-sized self-assembled fiber matrix,
we introduced polymerizable 1,4-butadiynes into an
oligo(methylene) spacer of the sugar-based bolaam-
phiphiles 1(n) and 2(n) (see, 8, 9, and 10 in
Scheme 3).86 Thus, we succeeded in obtaining cova-
lently linked polydiacetylenic nanometer-sized fibers
by the combination of the self-assembly into nanofiber
morphologies and subsequent polymerization within
the nanofibers.87 The polymerization scheme using a
nanofiber matrix is schematically shown in Figure 10.
Polymerization of constituent polymerizable molecules
in supramolecular assemblies resulted in stable cova-
lent assemblies. Only few studies have been reported
for the polymerization using monolayer lipid mem-
branes (MLMs) of diacetylene derivatives as a matrix,
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δ

Figure 8. 11B NMR spectral change of the monomer 6(12)
upon complexation with 7 [0.1 M, at 25 ◦C in D2O/methanol-d4

(6 : 4, v/v)]. (a) 7 under weak acidic aqueous condition (pD = 3.0);
(b) 7 under alkaline aqueous condition (pD = 12.7); (c) a 1 : 1 mix-
ture of 6(12) and 7 (pD = 10.9); and (d) a 1 : 1 mixture of 6(12) and
7 (pD = 3.0).

Figure 9. Possible structures of the polymer main chain formed from the mixture of the glucuronamide- 6(12) and aromatic boronic
acid-based bolaamphiphilic monomers 7.

such as liposomes88 or multi-layer sheets,89, 90 which
highly contrasts to a number of studies on the bilayer-
membrane (BLM)-templated polymerization.91–97 Fur-
thermore, the molecular weights of the polydiacetylne
products have been uncertain due to the fairly poor sol-
ubility of the polymerized entity. Unidirectional self-
assembly along the molecular short axis and subse-
quent polymerization enabled us to obtain isolated, sin-
gle poly(diacetylene) chains. Favorably, the packing
parameters of the alkylene chains in the single crystal of
1-glucosamide and 1-galactosamide bolaamphiphiles
1(10), 2(10), and 2(12) are found to be in good agree-
ment with those of well-known, reactive diacetylene
monomers.65, 66, 73, 74, 98

Polymerizable bolaamphiphile with a butadiyne moi-
ety 8 can gelatinize a mixture of ethyl acetate and
n-hexane (4/1, v/v) to form an organogel consisting
of nanofibers of 5–20 nm widths, as shown in Fig-

Scheme 3.
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Figure 10. Polymerization scheme of bola-form butadiyne 1-
glucosamide 8, consisting of (a) the self-assembly into single
nanofiber morphology and (b) the subsequent polymerization in the
nanofiber as a matrix.

ure 11a. The galactosamide homologues 9 gave no
gel structures from common organic solvents such as
MeOH, CHCl3, and N,N-dimethylformamide. The
fibrous gel of 8 in the mixture of ethyl acetate/n-
hexane changed the color from colorless to red (λmax =

506 and 546 nm) upon exposure to 254 nm UV light.
This finding corresponds to a blue-shifted UV ab-
sorption maxim in comparison with those for solid-
state-polymerized poly(diacetylene)s and shows good
consistency with that of poly(5,7-dodecadiyne-1,12-
diol-bis{[(4-butoxycarbonyl)methyl]methane}) (poly-
4BCMU) characterized by λmax = 494 and 530 nm at
56 ◦C in toluene.99, 100 FT-IR spectroscopy can support
that the ladder structure stabilized linear amide hydro-
gen bond chains is crucial for the present topochemi-
cal polymerization. Actually, dried amorphous solids
of 8, derived from chloroform solution, gave no drastic
color change based on the extension of the π-conjugate.
The UV-polymerized nanofibers were found to be in-
soluble in toluene that can solubilize monomer species,
but were still soluble in chloroform. Therefore, we
performed gel permeation chromatography (GPC) of
the polymerized nanofibers using chloroform as an elu-
ent and found the existence of a peak maximum at
Mn = 1.1 × 104 corresponding to a 13-mer (Fig-
ure 12a). High-resolution energy-filtering transmission
electron microscopy (EF-TEM) revealed that the min-
imum width of the polymerized nanofibers was ca. 3-
nm corresponding to an extended molecular length of
8. This also means that we are showing an example of
a direct TEM observation of an isolated or bundles of
oligodiacetylene-containing chain(s) (Figures 11a and
11b).

On the other hand, deacetylated bolaamphiphilic

100

Figure 11. EF-TEM images of (a) self-assembled (unpolymer-
ized) nanofibers made of 8 and (b) γ-ray-irradiated (polymerized)
fibers of 8. Corresponding self-assembled structure in the single
nanofiber and the resultant polymer chain structure were shown us-
ing CPK molecular model.

derivative 10 also gelatinized a mixture of water and
tetrahydrofuran (THF) to result in a gel structure con-
sisting of a number of nanofibers.87 TEM observa-
tion showed that the obtained fibrous assemblies are
fiber- or ribbon-shaped sheets with a minimum width
of 50 nm, much larger than those obtained for fibers
from 8 (6 nm). The UV polymerization for the fi-
brous assemblies from 10 resulted into the produc-
tion of polydiacetylenic nanostructures with relatively
higher molecular weights of 64-mer (Figure 12b) since
the amide and sugar hydroxyl groups in 10 will allow
the formation of stronger, multiple hydrogen bond net-
works within the gel nanofibers as compared to the case
of 8. These polydiacetylenic nanofibers and nanorib-
bons can be applicable as conducting molecular wires
and ribbons in that the nanometer-sized fibers consist
of both conducting π-conjugated moieties in the cen-
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n
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nLog

Figure 12. Molecular weight distribution of the UV-
polymerized nanofibers evaluated against a polystyrene standard:
(a) the GPC profile of the polymerized 8 after 40-min irradiation
for 8 in EtOAc/n-hexane (1 : 9, v/v) and (b) the GPC profile of
the subusequently peracetylated 10 after 10-min irradiation in
H2O/THF (1 : 9, v/v). Absorbance was monitored at 462 nm.
Eluent: CHCl3.

tral part and acetylated sugar units as an insulating
layer. The present self-assembly approach also pro-
vides a more facile preparation for an isolated molecu-
lar wire as compared to recently developed, interesting
π-conjugated long molecules.101–103

OLIGOPEPTIDE-APPENDED
BOLAAMPHIPHILIC MONOMERS

Formation of Vesicle-Encapsulated Microtubes
We incorporated an oligopeptide moiety instead

of the aforementioned sugar headgroup into a hy-
drophilic group of bolaamphiphiles. Thus, C-
terminated oligopeptide-based bolaamphiphiles 11(n)–
16 were designed and synthesized, in which an oli-
goglycine, oligosarcosine, oligo(L-proline), glycylsar-
cosylsarcosine, or glycyl-L-prolyl-L-proline moiety is
connected to both ends of the α,ω-long-chain dicar-
boxylic acid (Scheme 4).104 Bolaamphiphiles with a
glycylglycine residue as a hydrophilic headgroup self-
assembled in weak alkaline aqueous solutions into un-
precedented, few micrometer-sized tubular structures
with high-aspect ratios and closed ends.105 Several light
microscopic studies revealed that the microtubes encap-
sulate a number of spherical assemblies inside the tubu-
lar structures (Figure 13). In particular, phase-contrast
light microscopy indicated that the encapsulated assem-
blies are neither oil droplets nor air bubbles, but multi-
lamellar vesicles (Figure 13b). Surprisingly, the tubu-
lar morphologies were very stable and remained intact
even after sonication or heating of the aqueous disper-

n

n

n

n

n

n

6, 8, 9,10,11,12, and 14)(

Scheme 4.

sions up to 90 ◦C. Furthermore, dehydration and sub-
sequent drying in vacuum induced no morphological
change of the microtubes (Figure 13c). The addition
of excess of water to the dried microtubes regenerated
the vesicle-encapsulated microtubes through effective
hydration by sonication.

The present findings imply that once hydrogen-
bond networks were formed in the self-assemblies
of the glycylglycine-appended bolaamphiphiles, the
well-defined tubular nanostructures are physically
and thermally very stable. Both the glycylglycine
residue in oligopeptide headgroup and appropriate
lengths of even-numbered oligo(methylene) spacers
are indispensable for the microtube formation.104

Table II summarizes the self-assembled morpholo-
gies from a series of oligopeptide-appended bo-
laamphiphiles. The bolaamphiphiles lacking glycyl-
glycine or glycylglycylglycine residues in the head-
group produce no microtubular structures through
self-assembly. Poly(glycine) (Nylon-2) is known to
form a hexagonal array [poly(glycine) II-type struc-
ture] with amide hydrogen-bond-gliding even 120◦.107

This structural feature highly contrasts to the fact
that aliphatic polyamides always form a parallel sheet
structure through the formation of two-dimensional
hydrogen bonds (Figure 14).106, 108 Thus, the gly-
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Figure 13. Vesicle-encapsulated microtubes from 11(10) observed using phase-contrast light microscopy. (a) and (b): in water at 25◦C
(left and middle) and (c): after vacuum drying (right).

Table II. Representative self-assembled morphologies from oligopeptide-appended bolaamphiphilic monomers

Amphiphile
Self-assembled

morphology
Solvent Width (nm) Length (µm) Ref

11(6), 11(8), 11(10) Microtube water (pH 7–10) 1000–3000 ca. 1000 105
11(6), 11(8), 11(10) Vesicle water (pH 7–10) 100–3000 0.1–3 104

11(10) Rod-like micelle water (pH 7–10) 10 0.05–0.3 104
11(10) Needle water (pH 7–10) 20–50 2–10 105,113

12(6), 12(10) Microtube water (pH 7–10) ca. 1000 ca. 1000 104
13, 14, 15, 16 Solution water (pH 7–10) n.d.a n.d.a 104
17(n) (n ≥ 7) Nanofiber water (pH 7–10) 10–15 ca. 10 124

18(8) Ribbon water (pH 5–6) 103–105 ca. 1000 125
19(8), 19(10), 19(12) Nanofiber water (pH 5–6) 10–15 ca. 10 125

aNot determined.

Figure 14. Molecular packing in (a) the polyglycine II struc-
ture by Nylon-2 (polyglycine), and (b) the sheet structure formed
by Nylon-6.108 Each polymer chain of Nylon-2 (polyglycine)
hydrogen-bond to its 6 closest neighbors. No hydrogens are shown
and hydrogen bonds are indicated by dashed lines.

cylglycine residue induces a helical structure in
polyamides to form three-dimensional hydrogen-bond
networks.107, 109 Unlike a participation of common
amino acids, this structural characteristics of the glycyl-
glycine residue will allow the self-assembly of unique
microtubes from corresponding bolaamphiphiles.

Microtube Formation Mechanism
The terminal carboxylate anions of the glycylglycine

bolaamphiphiles 11(n) are gradually protonated, per-
haps by the dissolution of carbon dioxide into air.105

FT-IR spectroscopic analysis of the dried microtubes
actually revealed the new appearance of a COOH band
absent for the sodium salt added initially in addition
to a carbonyl-stretching band of COO− groups. Thus,
all spectroscopic evidence supports the view that in-
tralayer acid/anion intermolecular hydrogen bonds are
crucial for the formation of microtubes (Figure 15a).104

Further protonation to the terminal carboxyl groups
cause interlayer acid/acid interactions (Figure 15b),
as is well-known for carboxylic acid dimer formation,
eventually resulting in the formation of needle-shaped
crystals (Figure 13b) that are projecting outward from
the microtube surfaces.

It has been well documented so far that the self-
assembling behavior of long-chain fatty acids is
strongly dependent on the protonation degree of the
terminal carboxylic acid.110 Similarly, the protonation
state of the terminal carboxyl groups was found to sen-
sitively influence the self-assembled morphologies of
the present peptide bolaamphiphiles. By titrating the
aqueous dispersion of the bolaamphiphile, we exam-
ined the pH dependence of the protonation degree (β)
for 11(n). Figure 16 displays the dependence of pro-
tonation degree (β) on the spacer chain length for a
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Figure 15. Schematic representation of (a) intralayer
acid/anion interaction and (b) interlayer acid/acid interaction
proposed for the glycylglycine bolaamphiphiles 11(n).

series of glycylglycine-based bolaamphiphiles 11(n).
The obtained curve has a sigmoidal shape and is shifted
to acidic pH with decreasing the spacer chain length,
as already reported elsewhere.111, 112 The longer the
oligo(methylene) spacer chain length is, the more eas-
ily the bolaamphiphiles are protonated to form a car-
boxylic precipitate. This means that the association of
longer bolaamphiphiles should be promoted due to the
effective hydrophobic interaction between the alkylene
chains. Microtube formation occurs just before precip-
itation of the acid species. The pH values upon the
microtube formation correspond to the protonation de-
gree β = 0.16 – 0.19 and β = 0.02–0.01 for 11(6) and
11(10), respectively.

On the basis of all FT-IR spectroscopic analysis
and the pH dependence of the protonation behav-
ior, we can depict the formation mechanism for the
vesicle-encapsulated microtubes and the subsequent
needle-shaped crystals on the microtube surfaces (Fig-
ure 17). Dicarboxylate anion species of the bolaam-
phiphiles exist as rod-like micelles just after the begin-
ning of incubation (Figure 17a), as can be confirmed by
cryo-transmission electron microscopy.104 Protonation
of carbon dioxide into the terminal carboxylic acids
immediately takes place at the fluid surfaces of the
micelles and induces efficient association of charged
species with uncharged ones (Figure 17b). The grad-
ual protonation of the terminal carboxylate anion group

β

β

Figure 16. (a) pH dependence of the protonation degree (β)
when aqueous dispersions of 11(n) (n = 6–12) were titrated with
1N-NaOH aqueous solution. (�) 11(6); (�) 11(7); (©) 11(8); (•)
11(9); (	) 11(10); (�) 11(11); ( �) 11(12). (b) Detailed titration
profile (0 ≤ β ≤ 0.4) for 11(6) and 11(12). The pH and the pro-
tonation degree (β) range, at which we observed microtubes, are
denoted arrows. Appearance of the aqueous solution is clear (· · · ·)
and opalescent (———).

causes the intralayer acid/anion interaction and eventu-
ally promotes the self-assembly into tubular morphol-
ogy with the help of intermolecular hydrogen bond
formation between the glycylglycine residues (Fig-
ure 17c). However, protons added externally are local-
izing at the headgroup surfaces. The aggregation num-
ber of the bolaamphiphiles forming the tubular mor-
phologies gradually increases and the microtube then
precipitates at a certain pH value due to the less solubil-
ity of the assemblies in aqueous solutions. Further pro-
tonation rearranges the hydrogen bond network from
interlayer acid/anion association to intralayer acid/acid
interaction to result into the growth of needle-shaped
crystals on the microtube surfaces (Figure 17d). On the
other hand, a defect in the inner monolayers of the mi-
crotube walls will trigger the formation of energetically
favorable spherical vesicles in the aqueous environment
of the hollow cylinder.

Molecular Packing in a Single Crystal and in a Micro-
tube

Using slow vapor diffusion of diluted acetic acid
into the aqueous solutions, we successfully ob-
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Figure 17. Possible formation mechanism of the vesicle-encapsulated microtubes and needle-shaped crystals on the outer surfaces of
the microtube.

Figure 18. X-Ray single crystal structure of 11(10). (a) projected on the bc-plane and (b) projected on the b(2a/3 + 1c/8)-plane. A gray
linear band shows one-dimensional polymolecular chain formed by hydrogen bonding.

tained a single crystal of 11(10) coexisting with
vesicle-encapsulated microtubes, which can be sub-
jected to a single crystal X-Ray structural analy-
sis. The bolaamphiphilic molecules 11(10) are found
to form a layer structure with 2.72 nm long-range
ordering in the single crystal. The terminal car-
boxylic acid forms intermolecular bidentate hydrogen
bonds contributing to the formation of a linear poly-
molecular chain (Figure 18a).113, 114 Interestingly, each
molecule hydrogen-bonds to the surrounding six ad-
jacent molecules through the amide functionalities of
glycine residues and eventually forming a hexagonal
lattice in the crystalline state (Figure 18b). The poly-
glycine II structure is again noted to be characterized
by a nearly 120◦ rotation between the amide carbonyl

directions (Figure 14a).106 Therefore, the present find-
ings give the first example of a polyglycine II structure
formed by self-assembly of a noncovalent polymolecu-
lar chain.113

The hydrogen bond networks of 11(10) between the
glycylglycine units are not completely ordered unlike
in the single crystal114 since the amide NH group in
the microtube is partly non-hydrogen-bonded.104 High-
resolution atomic force microscopy (AFM) allowed us
to evaluate thickness of the tube membrane to be ap-
proximately 100 nm, corresponding to 30 – 40 mono-
layers of a fully extended bolaamphiphile. The present
AFM also revealed that the molecular headgroups are
arranged in a distorted hexagonal lattice on the mi-
crotube surfaces.104 In addition, the AFM visualized
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0.5  0.7 nm

Figure 19. High-resolution atomic force microscopic (AFM)
friction image (8.0 nm× 8.0 nm) of the edge of the microtube mem-
brane.

Figure 20. Schematic illustration of the observed hierarchical
self-assembly of the bolaamphiphilic monomers into the microtube.

the predominance of intralayer interactions in the mi-
crotube structure, as shown in Figure 19. We were
also able to observe a well-resolved hierarchical self-
assembly: bent molecule → layer structure → colum-
nar domain → tube membrane.115 Figure 20 shows a
schematic illustration of the hierarchical self-assembly
observed for the microtubes.

In a similar manner as the nanofiber formation of
the sugar-based bolaamphiphiles 1(n) and 3(n),57, 60

we observed a remarkable even/odd effect on micro-
tube formation for the series of glycylglycine-based
bolaamphiphiles 11(n). Only glycylglycine bolaam-

phiphiles with even-numbered or relatively shorter
oligo(methylene) chains were found to give micro-
tubes. The FT-IR band frequencies of the N–H stretch-
ing, and the amide I and II bands clearly showed an
even/odd effect for all chain lengths (6 ≤ n ≤ 12)
measured. This finding is quite different from that of
1-glucosamide bolaamphiphiles 1(n)60, in which we
could observe a definite even/odd effect only for the
longer hydrocarbon spacers (n ≥ 10). Hydrogen-bond
networks between oligopeptide moieties should play an
important role in determining the spacer conformation
of the oligo(methylene) chain.79

Nanofiber Formation from C-Terminated Valylvaline-
Appended Bolaamphiphilic Monomers

The pioneering work of Kunitake and his co-
workers greatly influenced the recent progress in
the self-assembly studies of peptide-containing
amphiphiles.29, 30, 116–118 In particular, dipeptide-,119

tripeptide-,61, 62, 120 and polypeptide-appended amphi-
philes121 are known to shape interesting, well-defined
self-assembled morphologies, such as helical fibers,
rods, and vesicles through self-assembly. Further-
more, the fiber formation of peptide amphiphiles is
of great interest since it is closely related to β-sheet
self-assemblies within amyloid fibrils.61, 62, 122, 123

Peptide amphiphiles can thus producing diverse
peptide surfaces and architectures favorable for the
understanding of biological phenomena. Actually,
the two- and three-dimensional structures of the
peptide headgroup should significantly influence
the resultant self-assembled morphologies. Typical
examples include twisted and coiled helical ribbon
structures self-assembled from oligo(sarcosine)- and
oligo(L-proline)-containing peptide amphiphiles,
respectively.61, 62 If the hydrophilic part in bolaam-
phiphiles includes a dicarboxylic functionality, the
resulting intra- and interlayer hydrogen-bond networks
should dominate the self-assembled structures and
morphologies.104

With this background in mind, we introduced a
β-sheet-forming L-valyl-L-valine residue, as an al-
ternative for the glycylglycine fragment that forms
a hexagonal-type hydrogen bond network, into the
headgroup at each end of the peptide bolaam-
phiphiles. Thus, we synthesized C-terminated
valylvaline-appended bolaamphiphiles 17(n) with a
carboxylic acid group at each end (Scheme 5).124 The
bolaamphiphile 17(6) produced a crystalline precipitate
through self-assembly whereas 17(n) (n ≥ 7) gave a hy-
drogel consisting of a great number of nanofibers of 10–
15 nm widths and 0.1–10 µm lengths. FT-IR displayed
that the valylvaline moiety is forming a β-sheet struc-
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Figure 21. FT-IR spectra in the carboxyl regions of the self-
assemblies from (a) 17(6), (b) 17(8), and (c) 17(10). The COOH
band can be deconvoluted by curve-fitting analysis (left) and
second-derivative plots (right).

ture in all of the self-assemblies as predicted. How-
ever, FT-IR spectra of the carbonyl regions revealed a
remarkable difference in the interlayer interaction be-
tween the short- (n = 6) and long-chain homologues
(n ≥ 7) (Figure 21). From the detailed analysis of the
C=O stretching band, we found that intralayer lateral
acid/acid hydrogen bonds within a monolayer are dom-
inant in nanofiber structures formed from the longer ho-
mologues. On the other hand, the shorter derivatives
17(4) and 17(6) dominated by interlayer hydrogen-
bond interaction were found to produce non-fibrous
crystals.

N-Terminated Oligopeptide-Appended Bolaam-
phiphilic Monomers

We also prepared N-terminated diaamonium-type
oligopeptide-appended bolaamphiphiles 18(n) and
19(n) with either glycylglycine or L-valyl-L-valine
residue at each end (Scheme 5).125 In contrast
to the protonation-triggered self-assembly of the
C-terminated bolaamphiphiles, dehydrochlorination-
driven self-assembly can be expected for these N-
terminated homologues.104, 124 As a result, we found
that only valylvaline-appended bolaamphiphile 19(n)
with an even number of oligo(methylene) chains self-
assembled into nanofiber structures in aqueous solu-
tions. The N-terminated glycylglycine bolaamphiphile
18(n) gave a ribbon or sheet structure with slightly
curved edge, which contrasts to the well-defined mi-
crotubular structures. The intermolecular interactions
between the peptide residues and those between the
oligo(methylene) chains should be structurally identi-
cal for 11(n) and 18(n). Therefore, we conclude that
only the difference in the terminal hydrogen bond mo-
tif is very crucial for the formation of different type of
self-assembled morphologies.

NUCLEOBASE-APPENDED BOLAAMPHIPHILIC
MONOMERS

Double-Helical Rope and Nanofiber Formation from
Nucleobase-Appended Bolaamphiphilic Monomers

Molecular recognition-driven self-assembly through
the formation of complementary hydrogen bonds is ex-
pected as a potent strategy for the construction of well-
defined nanostructures.36, 37, 52, 126–129 We can refer to
supramolecular liquid crystals,39, 40, 130 supramolecular
fibers and membranes,51, 131 two-dimensional mono-
layers,132–134 and supramolecular polymers,26 as typ-
ical studies in line with that concept. The most so-
phisticated system will be double helical DNA struc-
tures stabilized by base pairing and aryl stacking be-
tween adjacent base pairs.135 Individual base pairing
between the nucleobases is, however, generally per-
formed only in aqueous solutions in the presence of a
double-stranded polynucleotide chain.136, 137 We have
recently achieved an unprecedented hierarchical self-
assembly of high-axial-ratio nanostructures using com-
plementary thymine/thymine, thymine/adenine, and
adenine/adenine internucleobase interactions.138

We have synthesized 1,ω-homo-ditopic and 1,ω-
heteroditopic nucleobase-appended bolaamphiphiles
20(n), 21(n), and 22(n), in which the thymine or ade-
nine derivatives are connected to both ends of the
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oligo(methylene) spacer (Scheme 6).138 In analogy
with a polynucleotide DNA chain, one may envis-
age that a linear amide hydrogen bond chain should
facilitate nucleobase stacking and interactions of the
present bolaamphiphiles even in the absence of the
normally present sugar-phosphate structures. Further-
more, this family of nucleobase bolaamphiphiles has
the advantage that the effect of inter-nucleobase inter-
action forces on the self-assembled morphologies can
be compared with keeping the terminal nucleobase un-

charged. This advantage implies that the strength of
inter-nucleobase interactions is tunable by changing
the combination of the base pairing: with the strength
being enhanced in the order pyrimidine/pyrimidine <
purine/pyrimidine < purine/purine.139, 140

Homoditopic adenine bolaamphiphile 21(10) self-
assembled in a 10% ethanolic aqueous solution to
form a microcrystalline precipitate with 1–10 µm in
size, whereas the thymine homologue 20(10) pro-
duced double-helical ropes of 1–2 µm width and sev-
eral hundred µm length through self-assembly.138 Ta-
ble III summarizes the obtained self-assembled mor-
phologies from a series of nucleobase- and nucleotide-
appended bolaamphiphiles. These double-helical ar-
chitectures correspond to 100 times as large as DNA
double helices and may give the first example of
micrometer-sized double helices generated through
self-assembly.48, 141, 142 The helical ropes are thermally
and physically very stable in solution even after one
year. The total number of left-handed and right-handed
double-helical ropes, estimated using light microscopic
images, indicated an approximately even preference
for each rope. High-resolution EF-TEM showed that
two independent ropes with the same helical sense
are consisted of nanofiber (10 –15 nm) bundles and he-
lically interwoven with each other (Figure 22a). It
should be noted here that a 1:1 mixture of homoditopic
adenine 21(10) and thymine bolaamphiphiles 20(10)
only produced nanometer-sized fibers (10–20 nm in
width) instead (Figure 22b), different from the double-
helical ropes observed for the thymine bolaamphiphiles
20(10). This finding clearly indicates an inhibition of
double-helical rope formation of the thymine bolaam-
phiphile in the presence of the complementary adenine
homologue.

Nanofiber Formation and Inhibition Mechanism
Enantiomeric amphiphiles should form mirror-im-

aged molecular assemblies.48, 49, 60, 63, 64, 96, 141, 143–146

Therefore, the present double-helical rope formation
from achiral thymine bolaamphiphile 20(10) is incom-
patible with the well-known general findings men-
tioned above. It is known that pyrimidine bases
reversibly photodimerize by irradiation with higher-
wavelength UV light (λ > 270 nm).147 The photodimer-
ization of thymine derivatives produces four differ-
ent stereoisomers among which cis-anti- and trans-
syn-type isomers are chiral.148 Therefore, as a use-
ful reference of photoreacted compounds we synthe-
sized macrocyclic photodimer mixtures 23 of thymine
bolaamphiphiles and photodimeric mixtures of 1-(2-
carboxyl-ethyl)thymine 24a–24d.149 Thus, we were
able to compare 1H NMR spectra of isolated double-
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Table III. Representative self-assembled morphologies from nucleotide-appended bolaamphiphilic monomers

Amphiphile
Self-assembled

morphology
Solvent Width (nm) Length (µm) Ref

20(10) Double-helical rope water/ethanol (9/1) 200–1000 ca. 1000 128
21(n) (n = 10, 11, 12) Microcrystal water/ethanol (9/1) 103–104 1–10 138

22(12) Nanofiber water/ethanol (1/1) 15–150 15–100 138
20(10)/21(10) Nanofiber water/ethanol (9/1) 15–30 1–10 138

25(20) Nanofiber water (pH 4–9) 15–30 1–10 169

Figure 22. EF-TEM images of (a) double-helical ropes made of 20(10) and (b) nanofibers formed from a 1 : 1 mixture of 20(10) and
21(10).

helical ropes with those of identified photodimerized
derivatives 23 and 24a–24d. 1H NMR spectra revealed
that trace amounts of photodimeric impurities are gen-
erated from thymine bolaamphiphile 20(10) in the
double-helical ropes during incubation under natural
light, which correspond to macrocyclic dimer 23. From
the detailed 1H NMR analyses (Figure 23), we con-
cluded that the most plausible candidate for the trigger
substance is a chiral trans-syn isomer of 23. The neigh-
boring thymine residues thus photodimerized and the
resultant, enantiomeric photoreacted cyclic dimers trig-
gered the formation of mirror-imaged double-helical
ropes. On the other hand, when the complementary
adenine derivative is coexisting, the thymine moiety
takes an orientation unfavorable for photodimerization
due to the formation of complementary A–T base pair-
ing. That should be the reason why the hetero-assembly
of thymine and adenine bolaamphiphiles produced no
helical self-assembled structures.

Homo-assembly of heteroditopic 1,ω-thymine/ade-
nine bolaamphiphiles is characteristic of a 1 : 1 hetero-
assembly of homoditopic 1,ω-thymine and 1,ω-adenine
bolaamphiphiles. However, no remarkable nanofiber
formation was observed for the relatively shorter 1,ω-
thymine/adenine bolaamphiphiles 22(n) (n = 10 and
11). However, the longer derivative 22(12) having a
dodecamethylene spacer was found to produce nice
nanofibers through homo-assembly. Inter-nucleobase
interaction strength and composition sensitively affect
the hetero- and homo-assembled morphologies.

FT-IR spectrum and powder X-Ray diffraction pat-
tern of the 1 : 1 hetero-assembly of 20(10) and 21(10)
gave different features from those of the single com-
ponents, indicating the formation of complementary

δ

Figure 23. 600 MHz partial 1H NMR spectra of (a) dried dou-
ble helical ropes of 20(10), (b) macrocyclic photodimers 23, and
(c) photodimers of the carboxyethyl thymine derivative 24a–24d.
New signals generated by the photoreaction are denoted by the sym-
bols A and B. The symbols C, D, E, and F indicate nonhydrogen-
bonded-, hydrogen-bonded thymine imide N–H, amide N–H, and
thymine ring C–H protons of 20(10), respectively.

thymine/adenine base pair. The hetero-assemblies
proved to form lamellar organization with 5.06 nm
long-range ordering. Thus, linear amide hydrogen bond
chains much contribute to stabilize both the stacking
interaction of nucleobase and the double-chain inter-
nucleobase hydrogen bonding, as shown in Figure 24.
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Figure 24. A possible hydrogen bond scheme for the hetero-assembly formed from a 1 : 1 mixture of 20(10) and 21(10).

Nanofiber Formation from Nucleotide-Appended Bo-
laamphiphilic Monomers

Though wide variety of polymeric hydrogelators
have been developed,150–153 to date there have been
few examples of nonpolymeric hydrogels sponta-
neously formed from small molecules.154–162 We
recently proposed the following three requirements
for the rational design of efficient low molecular
weight hydrogelators: (i) the introduction of ad-
ditional hydrogen bond functionalities into an am-
phiphile,155, 159, 160 (ii) the presence of chiral cen-
ters,154, 156, 157 and (iii) a bola-form amphiphile rather
than mono-head homologue.155, 156, 158, 160, 161, 163 Nu-
cleotides, having the greatest variety of hydrogen bond-
ing functional groups, can be very useful as a pro-
grammable headgroup in terms of the molecular de-
sign of building block toward molecular recognition-
driven self-assembly.164–168 Considering these mo-
tivation, we newly synthesized nucleotide-appended
bolaamphiphiles 25(n) (n = 12–20), in which two
3′-phosphorylated thymidine moieties are connected
to both ends of a long oligo(methylene) spacer
(Scheme 6). Their self-assembling behavior in aqueous
solutions was investigated in terms of gelling ability of
water molecules as well as self-assembled fiber forma-

tion.
The gelation behavior of the nucleotide bolaam-

phiphiles 25(n) was found to be strongly dependent
on the pH of the aqueous solutions used and the
oligo(methylene) spacer lengths.169 In particular, the
longer homologue 25(20) can form robust hydrogels
with Mill-Q water and the buffer solutions (> pH
4.01) (Figure 25). We found that the gelation of wa-
ter by 25(20) can be achieved even at concentrations
of 0.2 wt% (> 25000 water molecules per hydrogela-
tor molecule). The gel-to-sol transition temperature
of 25(20) was determined to be approximately 85◦C,
showing a much higher value among those reported so
far.155, 159, 161

EF-TEM displayed the existence of intertwined
nanofibers with well-defined size dimensions of ca. 10–
30 nm in diameter and several micrometers in length,
which eventually form developed nanofiber networks.
From the scanning electron and atomic force micro-
scopic analyses, we found that no remarkable, helically
twisted fiber morphologies170, 171 are observable (Fig-
ure 26). In order to get further insight into the molecu-
lar packing and orientation within the nanofibers, we
measured X-Ray diffraction of a freeze-dried hydro-
gel of 25(20). A sharp reflection peak appears at
d = 3.59 nm in the small angle region together with
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Figure 26. (a) TEM and (b) SEM images of hydrogel from 25(20), which consists of intertwined nanofibers.

Figure 25. Stable hydrogel formed from 25(20), which can be
turned upside down without any mass flow (conc. = 0.2 wt%).

a single broad reflection band at around d = 0.43 nm.
Thus, we proposed a possible view that the molecules
are arranged parallel with respect to the normal to the
monolayer plane with a long-range ordering of 3.59 nm.
Molecular mechanics calculation using the dynamics
and the molecular force field gave a minimized con-
formation of 25(20), in which the C3′-end puckering of
the deoxyribose ring and an anti-orientation of the base
relative to the sugar moiety (Figure 27).38 The evalu-
ated molecular length (3.51 nm) is compatible with the
3.59 nm long-range ordering. Furthermore, the mini-
mized structure indicated that two hydroxyl groups of
the phosphate and the deoxyribose moieties are expos-
ing to aqueous environment whereas the thymine group
is shielded from that. This situation is much favorable
for the effective hydrogen bonding to water molecules,
leading to efficient hydrogelation.

CONCLUDING REMARKS

A variety of bolaamphiphiles, in which sugar-,
peptide- and nucleobase-based headgroup is con-
nected to each end of a hydrophobic spacer like
oligo(methylene) via amide linkage, were designed
and synthesized. Glucopyranose-appended bolaam-
phiphiles self-assembled in water to form helical
fibers characterized by both nanometer-sized widths
and the axial ratios of more than 1000, strongly de-
pending on the carbon numbers and even-odd num-

Figure 27. Computer-minimized structure of 25(20) with a
hooklike conformation at each end. Detailed conformation of the
nucleoside moiety using a wire molecular model is also shown,
where hydrogens are omitted to simplify.

bers of the connecting oligo(methylene). Incorpora-
tion of 1,4-butadiyne moiety into the spacer hydro-
carbon enabled us to obtain a single polydiacetylenic
chain through the self-assembly of the monomers
and the subsequent polymerization in nanometer-sized
fibers. Bolaamphiphiles with glycylglycine residue as
a hydrophilic headgroup gave unprecedented vesicle-
encapsulated microtubes that are thermally and phys-
ically very stable in aqueous solutions. Thymine-
appended bolaamphiphiles spontaneously assembled to
form micrometer-sized double helical ropes, which
was driven by the generation of trace amounts of
enantiomeric photodimer impurities. Finally, bolaam-
phiphiles with 3′-phosphorylated thymidine moieties
as headgroups proved to be capable of gelling wa-
ter very effectively through spontaneous formation of
a fibrous network. Surprisingly, size distribution of
all the obtained nanostructures was essentially the
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same as that of self-assembled fibrous protein struc-
tures like collagen fibers, flagella, and actin fibers,
and their morphologies were found to strongly de-
pend on the chain length and even-odd carbon num-
bers of used oligo(methylene) spacers. The subtle bal-
ance of inter- and intralayer interactions of monolay-
ers are noted to be major determinants of fiber mor-
phology as well as the hydrogen bond network between
the headgroups. These fibrous self-assemblies are con-
structed hierarchically in a manner similar to biological
structures. Furthermore, the recently developed, self-
assembled nanotube structures from synthetic glyco-
lipids171 proved to be the final expression of molecular
chirality at supramolecular level172 since coiled helical
ribbon structures as an intermediate finally transform
into tubular structures (not mentioned). Organic self-
assembled HARNs are, thus, now greatly contributing
to the exploitation of quite novel nanostructures with
well-controlled morphologies,173–176 inorganic build-
ing blocks,177, 178 and diverse functionalities.179
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