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Superamphiphiles are amphiphiles that are formed on the
basis of noncovalent interactions,[1] which may include p–p

interactions,[2] hydrogen bonding,[3] charge-transfer interac-
tions,[4] and electrostatic interactions.[5] Superamphiphiles
with various architectures can be fabricated, and they can
be either small organic molecules or polymers. Because
superamphiphiles are synthe-
sized through noncovalent
interactions, time-consuming
organic synthesis can be
avoided to some extent. In
addition, building blocks with
functional moieties, can be
easily incorporated into the
superamphiphiles, thus allow-
ing for the fabrication of func-
tional supramolecular nano-
structures.[6] Among the vari-
ous noncovalent interactions
that can be used as driving
forces for the fabrication of
superamphiphiles, charge-
transfer interactions between
electron-deficient and elec-
tron-rich building blocks are
especially attractive. The
face-to-face packing mode in
the charge-transfer complex
facilitates the formation of
one-dimensional nanostruc-
tures.

An interesting aspect is
that some charge-transfer

complexes are highly directional.[7] For example, naphthalene
diimide and naphthalene[8] prefer a face-centered packing
arrangement, in which the long axes of the two aromatic rings
are nearly parallel.[9] Using this unique feature, we attempted
to employ this directional charge-transfer interaction to
fabricate superamphiphiles of various architectures and to

establish the relationship between molecular and supramolec-
ular structures, thus leading to further development of
supramolecular engineering. Different building blocks were
designed and synthesized, as shown in Figure 1. These include
bolaamphiphiles that contain electron-rich naphthalene
(BNAPH and IBNAPH) and electron-deficient naphthalene
diimide (BNDI) groups. BNAPH and IBNAPH refer to the
1,5- and 2,6-substitutions, respectively. It was hypothesized
that when BNDI was complexed with BNAPH, an X-shape
superamphiphile would be formed, and the self-assembly of
this superamphiphile would lead to one-dimensional nano-
structures, because of the face-centered packing of naphtha-
lene and naphthalene diimide and the 1,5-substitution of the

Figure 1. Schematic representation of the X- and H-shape superamphiphiles and their assembly into one-
dimensional and two-dimensional nanostructures, respectively.
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two alkyl chains on the naphthalene. However, the complex-
ation of BNDI and IBNAPH would form an H-shape
superamphiphile for the 2,6-substitution of the two alkyl
chains on the naphthalene, which favors the formation of two-
dimensional membranes.

We wanted to understand how the building blocks
themselves self-assemble in water before complexation.
From Figure 2a, it can be seen that the critical micelle
concentration (CMC) of the BNDI was determined to be

3.1 � 10�4
m using concentration-dependent conductivity.

Cryo-TEM images, as shown in Figure 2b, indicate that the
BNDI self-assembles into one-dimensional nanostructures
with a diameter of 3.5 nm (see Figure S1a in the Supporting
Information). There is no sharp contrast between the
periphery and central parts, thus indicating that the one-
dimensional nanostructures are solid nanofibers. Similarly,
the CMC of BNAPH was determined to be 9.0 � 10�4

m, which
is shown in Figure 2c. In addition, it was found that BNAPH
forms micellar aggregates (Figure 2d) with a diameter of
about 14.7 nm (Figure S1b).

To confirm that BNDI and BNAPH form charge-transfer
complexes, we have carried out UV/Vis absorption, fluores-
cence emission, and temperature-dependent 1H NMR spec-
troscopic measurements to provide evidence. BNDI and
BNAPH were mixed in water at a 1:1 ratio; the resulting
solution had a plum color, which is typical of the naphthalene
diimide–naphthalene charge-transfer complex (Figure 3a). A
new and broad absorption band between 450 nm and 700 nm
was detected after complexation, which is a characteristic of
charge-transfer interactions (Figure 3b). In addition, both the
fluorescence emission of naphthalene diimide and naphtha-
lene were quenched after complexation (Figure S2). As the

temperature was increased, both protons on the naphthalene
diimide and naphthalene aromatic groups underwent down-
field resonance shifts after being complexed. Thus, this
observation indicated the charge-transfer interactions
between the two aromatic groups were weakened (Figure S3
and Chart S1). All these data indicate that naphthalene
diimide and naphthalene form charge-transfer complexes,[7-9]

which are responsible for the formation of the superamphi-
phile.

We have observed that the concentration-dependent
conductivity of a BNDI–BNAPH superamphiphile is differ-
ent from that of the BNDI and BNAPH amphiphiles. From
Figure 3c, it can be seen that a new transition point appears at
a concentration of 1.1 � 10�3

m, which corresponds to the CMC
of the superamphiphile formed by charge-transfer complexes
of BNDI and BNAPH. It should be noted that the CMC of
the superamphiphile is higher than that of the two building
blocks (3.1 � 10�4

m and 9.0 � 10�4
m, respectively). The

enhanced CMC of the superamphiphile can be explained by
a decreased area of the hydrophobic part and an increased
area of the hydrophilic part, therefore changing its amphi-
philicity.

To test whether the superamphiphiles formed between
BNDI and BNAPH are X-shaped, we used 1H NMR spec-
troscopy and nuclear Overhauser effect spectroscopy
(NOESY) to gain structural information.[7-9] From Figure 4a,
it can be seen that all the resonances of the protons on
naphthalene and naphthalene diimide were shifted upfield.
The protons of n1, n2, and n3 underwent much larger
resonances shifts compared with that of m1 (Figure S4),
hence suggesting that the protons of naphthalene are located
at the center of the charge-transfer complex, while those of
the naphthalene diimide are located at the edge.[4b] Consid-
ering that the surface area of naphthalene diimide is larger
than naphthalene, a face-centered stacking geometry is

Figure 2. The concentration-dependent conductivity of a) BNDI and
c) BNAPH; cryo-TEM images of b) BNDI, d) BNAPH. The CMCs were
determined to be 3.1 � 10�4

m and 9.0 � 10�4
m, for BNDI and BNAPH,

respectively. The solution concentrations for the cryo-TEM experiments
were 1.0 � 10�3

m for BNDI, and 2.0 � 10�3
m for BNAPH.

Figure 3. a) Photographs of the BNAPH, BNDI, and BNDI–BNAPH 1:1
complex solutions showing their colors. The concentrations of BNDI
and BNAPH were both 2.0 � 10�3

m. b) UV/Vis absorption spectra of
BNDI (red), BNAPH (black), and the BNDI–BNAPH 1:1 complex
(blue). The concentrations of BNDI and BNAPH were both
2.0 � 10�3

m. Inset: Magnification of the charge-transfer band. c) Con-
centration-dependent conductivity of the BNDI–BNAPH 1:1 complex.
The CMC of the BNDI–BNAPH complex was determined to be
1.1 � 10�3

m.
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proposed (Figure 4c). In addition, the resonance shifts of n2
and n3 are nearly equal and indicate that the two protons in
the charge-transfer complex are in a similar environment,
which further supports the face-centered packing arrange-
ment. We further confirmed face-centered stacking geometry
using NOESY. From Figure 4b, it can be seen that the cross-
peaks of the protons on naphthalene and naphthalene
diimide, that is, m1–n1, m1–n2, and m1–n3, indicate the
close contact of the two aromatic rings, because the detectable
limit of NOE signals was less than 5 �. In addition, the cross-
peaks m1–n8, m6–n2, and m6–n3 strongly suggest the face-
centered packing arrangement, which is shown in Figure 4c.
Therefore, the evidence indicates that the intended X-shape
superamphiphile was formed.

Microscopy observations indicate that one-dimensional
nanorods are formed by the self-assembly of the X-shape

superamphiphiles of BNDI–BNAPH. As shown in Figure 5a,
nanorods are seen clearly, however, we are not sure if the
structure is influenced by negative staining of phosphotungs-
tic acid. To arrive at convincing conclusions, we employed
cryo-TEM to observe the assemblies, and as shown in
Figure 5b, straight nanorods with a width of 3.7 nm indeed
are formed. The straightness may arise from the face-centered
packing of naphthalene and naphthalene diimide aromatic
surfaces, which is highly directional and perpendicular to the
aromatic surfaces.[8, 9] The self-assemblies that can be formed
by X-shape superamphiphiles of BNDI–BNAPH are differ-
ent from the ones of the building blocks, BNDI and BNAPH,
hence indicating that superamphiphiles can be used as
building blocks for the fabrication of highly-ordered struc-
tures.

To understand if well-defined nanostructures can be
fabricated by rational design of molecular building blocks,
we have replaced the 1,5-substituted naphthalene with 2,6-
substituted naphthalene and comparatively studied the out-
come. The CMC of the BNDI–IBNAPH superamphiphile
was measured to be 1.1 � 10�3

m (Figure S7b), which is similar
to that of the X-shape superamphiphile. From the Supporting
Information it can be seen that we have employed different
methods to confirm that BNDI and IBNAPH formed H-
shape superamphiphiles based on their directional charge-
transfer interactions. In contrast to the X-shape superamphi-
phile, this H-shape superamphiphile self-assembles into two-
dimensional nanosheets, which can be seen in TEM (Fig-
ure 6a) and were confirmed by cryo-TEM (Figure 6b). The
cryo-TEM is not as clear as expected because of the low
contrast between the assembly and the icy layer. The
formation of twodimensional nanosheets is also indicated
clearly by AFM (Figure 6c). Section analysis of AFM images
shows that the thickness of a single layer of the nanosheet is
about 3.3 nm (Figure S11). In addition, XRD indicates the
existence of a layered structure in the nanosheet with a
d spacing of 3.45 nm (Figure 6d).

In conclusion, we have demonstrated the feasibility of
obtaining well-defined nanostructures by using the supra-
molecular engineering of superamphiphiles. By elaborately
tuning the structures of the building blocks, X-shape or H-
shape superamphiphiles were successfully assembled, which
can be used to create tunable supramolecular nanostructures.
The preference for rod versus sheet formation should be a

Figure 4. a) 1H NMR spectra of the BNDI–BNAPH complex, BAPH,
and BNDI in D2O solutions. b) 2D NOESY spectrum of the BNDI–
BNAPH complex in a D2O solution. c) Proposed packing arrangement
of naphthalene and naphthalene diimide in a charge-transfer complex
(some protons that displayed NOE effects are marked).

Figure 5. a) TEM and b) cryo-TEM images of the BNDI–BNAPH
assembly. The solution concentrations for the TEM experiments were
4.0 � 10�3

m for both BNDI and BNAPH.
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delicate balance between energetic contributions of tail
orientation relative to the core units, deviations relative to
the free energy minimum in the unaggregated state, and the
relative free energy benefits obtained from the different
aggregated structures. If the formation of superamphiphiles is
regarded as a first-order self-assembly, it is probable that
superamphiphiles can function as building blocks for the
construction of highly-ordered assemblies by further second-
order self-assembly. The advance of superamphiphiles will
not only enrich the family of conventional amphiphiles that
are formed based on covalent bonds, but will also provide a
new bridge between the colloidal and supramolecular scien-
ces. In addition, functional groups may be introduced into the
superamphiphile and thus provide a new avenue for the
assembly of functional supramolecular nanostructures.

Experimental Section
1H NMR spectra were obtained by using a JOEL JNM-ECA300
apparatus and a JOEL JNM-ECA600 apparatus (for the temper-
ature-dependent 1H NMR and 2D NOESY spectra); ESI–MS spectra
were recorded using a PE Sciex API 3000 apparatus.

UV/Vis spectra were measured using a HITACHI U-3010
spectrophotometer; fluorescence spectra were obtained by using a
HITACHI F-7000 apparatus (slit: 5.0 nm, scanning rate:
240 nmmin�1).

AFM was performed using tapping-mode in air on a commercial
multimode Nanoscope IVAFM. For sample preparation, a few drops
of the solution were placed on a silicon surface and were incubated for
2 h under moist conditions; excess solution was removed by
absorption onto filter paper and the sample was air-dried.

TEM measurements were carried out on a JEMO 2010 electron
microscope operating at an acceleration voltage of 120 kV. The
samples were prepared by drop-casting the aqueous solution on the
carbon-coated copper grid and were then negatively stained with a
uranyl acetate or phosphotungstic acid solution. Cryo-TEM samples
were prepared in a controlled environment vitrification system

(CEVS) at 28 8C. The vitrified samples were stored in liquid nitrogen
until they were transferred to a cryogenic sample holder (Gatan 626)
and examined by a JEM2200FS TEM (200 kV) at about �174 8C.

For XRD measurements, a few drops of the solution were placed
on a silicon surface, and the solvent was evaporated at room
temperature. The sample was used for XRD measurements. The
Bragg peak l was extracted from the XRD data and the layer
thickness d could be obtained according to the Bragg equation d = l/
2 sinq, l = 0.15405 nm.
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