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H
ierarchical self-assembly is a natural
process that spontaneously organizes
molecular units into well-ordered

structures and is becoming a popular tool in
bottom-up nanotechnology. The inherent bio-
compatibility andversatile chemical properties
of peptide molecules render them excellent
building blocks for the formation of various
nanostructures via hierarchical self-assembly
with potential applications in biosensing, cat-
alysis, antibacterial applications, and drug de-
livery.1�12 Diphenylalanine (L-Phe-L-Phe, FF),
the core recognition motif of the Alzheimer's
disease-associated β-amyloid polypeptide, is
believed to be one of the simplest building
blocks. They can readily self-assemble into
various nanostructures such as nano/micro-
tubes (NTs/MTs),13,14 nanowires,15�17 micro-
crystals,18 and vertically aligned nanoforests.14

The main products produced from many ex-
periments have a tube-like morphology with
diameters ranging fromseveral nanometers to
tens of micrometers.
During the NT formation, the FF molecules

shed water molecules to form aggregates as
inferred by nuclear magnetic resonance.19

Hence, it is generally agreed that in a common
nucleation-driven process, NTs are formed via
an ordered and hierarchical assembly me-
chanism. Recent investigations further show
that during the formation of nanowires and
NTs in solutions, the morphological evolution
appears to depend on the amount of free
water in the medium.20 However, in practice,
different FF concentrations are usually used.
Hence, the amount of water and FF concen-
tration are the two most important para-
meters dictating the formation of these
tube-like structures. To our knowledge, a
morphology-controlled study has not been
reported and the essential formation me-
chanism of hierarchical MTs is still unclear.
This is hampering further applications of pep-
tide NT/MT structures in many fields.

In this article, we reveal the morphological
evolution of hierarchical FF MTs under condi-
tions involvingdifferent ratiosof relativehumid-
ity (RH) in the growth chamber to FF
concentrations (RH�FF ratio). Staining experi-
ments and external electric field-induced MT
arrangements provide evidence of the exis-
tence of opposite charges on the two ends of
the MTs. On the basis of the morphologies of
the hierarchical FF NTs/MTs, we present a dipo-
lar electric field driven formation mechanism.

RESULTS AND DISCUSSION

Figure 1 panels a�e depict the field
emission scanning electron microscopy (FE-
SEM) images of five typical morphologies.
When the RH�FF ratio (a dimensionless
constant C) is less than 0.1, no regular
nanostructure can be formed with the ex-
ception of a transparent and flat amorphous
thin film (data not shown). When C is be-
tween 0.1 and 5, different hexagonal NT/MT
morphologies emerge. At C = 0.2, small
rod-shape nanostructures with an average
diameter of ∼50 nm appear on the sample
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ABSTRACT Hexagonal hierarchical microtubular structures are produced by diphenylalanine

self-assembly and the ratio of the relative humidity in the growth chamber to the diphenylalanine

concentration (defined as the RH�FF ratio) determines the microtubular morphology. The

hexagonal arrangement of the diphenylalanine molecules first induces the hexagonal nanotubes

with opposite charges on the two ends, and the dipolar electric field on the nanotubes serves as the

driving force. Side-by-side hexagonal aggregation and end-to-end arrangement ensue finally

producing a hexagonal hierarchical microtubular structure. Staining experiments and the external

electric field-induced parallel arrangement provide evidence of the existence of opposite charges and

dipolar electric field. In this self-assembly, the different RH�FF ratios induce different contents of

crystalline phases. This leads to different initial nanotube numbers finally yielding different

microtubular morphologies. Our calculation based on the dipole model supports the dipole-field

mechanism that leads to the different microtubular morphologies.
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surface (Figure 1a). When C reaches 0.3, hexagonal MTs
several μm in diameter and a few tens of μm long are
formed. These MTs exhibit a perfect hexagonal tubular
morphology (Figure 1b and its inset) and usually grow
in clusters. When C is 0.5, many feather-like MT struc-
tures with a large head and multilevel clustered tails
(Figure 1c) appear. The average diameter of the heads is
∼10 μm, which is larger than those in Figure 1b. When C

is in the range of 0.6�0.9, FF monomers self-assemble
into dendritic MTs with larger sizes and fewer tails
(Figure 1d). When C is more than 1, MTs with an average
diameter of 20 μm are formed without divarication
(Figure 1e). The above results indicate unequivocally that
the RH�FF ratio determines the NT/MT morphology.
According to the size and morphological evolution, it

can be inferred that these MT structures are constructed
based on the NTs with diameters of 50 nm (Figure 1a).
Powder X-ray diffraction (PXRD) patterns are acquired
from all the samples and although the PXRD patterns
from the samples prepared at low RH�FF ratios show a
broad amorphous background, all the diffraction peaks
can be indexed to the hexagonal crystalline structure of
the FF molecules (space group P61) as reported
previously.21,22 As the RH�FF ratio increases, the broad
background disappears gradually and the crystalline
component increases. This increases the initial NT num-
ber. Two representative PXRD patterns acquired from
the samples prepared at RH�FF ratios of 0.37 and 0.5 are
exhibited in Supporting Information, Figure S1a.
As described by Gorbitz,22,23 there is head-to-tail

hydrogen bonding between FF molecules in the helix
with six FF molecules per turn. As the helix grows, the
laminated structure is converted into a channel. The
aromatic groups outside the channel stack serve as the
glue between different channels. Finally, the structure
morphs into a low-density porous supramolecular net-
work. Supporting Information, Figure S1b schemati-
cally shows the view from the axial direction of a 50 nm
diameter NT, and the magnified image of the area in
the solid rectangle is presented in Figure S1c.21,22 The
six FF molecules per turn in the channel give rise to the
hexagonal morphology and the NT can be considered
as an enlarged area of the hexagonal channel so that
the porous NT exhibits a hexagonal appearance.
A lateral view of a channel with four turns is pre-

sented in Figure 1f. The top and bottom planes of the
channel are oxygen (�COO�) and hydrogen (�NH�
and�NH3

þ) terminated, respectively. Hence, there are
net negative and positive charges on the two ends
when a channel is filled with some water molecules via
hydrogen bonding which forms a dipolar electric field
along the channel direction. In the NT structure, the
dipolar electric field will be far larger. In a hexagonal
helix cell consisting of six FF molecules, the net nega-
tive/positive charges of the upper and lower sides are
6e. Based on the cell size,21,22 we can roughly estimate
themaximum positive/negative charges on the two ends
of a 50nmouter and 20 nm inner diameter NT tobe (6e�
378) = 2268e (3.63 � 10�16 C). This charge quantity will
decrease due to random molecular aggregation caused

Figure 1. (a�e) FE-SEM images of the hexagonal NTs and MTs formed at difference RH�FF ratios: (a) 0.2, (b) 0.3, (c) 0.5,
(d) 0.6�0.9, and (e) larger than 1. The inset in image b shows a representative hexangular MT. (f) The lateral view of the
model for a four turn channel. For clarity, FF molecules in the back of each turn are omitted and only the atomic side
chains and hydrogen bonds of the four FF molecules facing to us are shown.
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by the amorphous component. To specify the effects of
dipoles in the aggregation of the FF molecules, a density-
functional-theory (DFT) study using the CASTEP pack-
age24 is performed on two stacked FF molecules in the
presence of awatermolecule.24 The geometric structure is
first optimized using the BFGS minimizer in the CASTEP
package, and the spatial distribution of the electron den-
sity on the optimized structure is then calculated. The
obtained structure andcorrespondingelectrondensity are
shown in Figure 2. It is interesting to note that there is an
obvious difference in the electron density between
the upper and lower sides of the FF molecules. The DFT
calculation shows that the dipole moment of the FF

molecule in this stack is 5.84 D. This value is certainly large
considering the covalent nature of the molecules. Owing
to polarization of water molecules, the presence of water
favors the aggregation of FF molecules as illustrated in
Figure 2.
To identify the existence of positive/negative charges

on the two ends of the NTs, staining experiments
are conducted using some positive/negative charged
dyes.23,25 Without charged dyes, the heads and tails of
the feather-like MT structures do not show any color
difference under optical microscopy (Figure 3a�c). When
the samples are mixed with negatively charged Congo
Red (Supporting Information, Figure S2a), no tails are
stained red (Figure 3d,f), but in the center of the hier-
archical MTs, the heads of many MTs are stained red
(arrows, Figure 3e and its inset). This suggests that the
negatively charged dyemolecules only attach to the head
side. On the contrary, when positively charged Safranine T
is used (Figure S2b), the tails are stained red (Figure 3g,i)
and the center part of theMTs is not (Figure 3h). Selective
and opposite staining results indicate that the two ends of
the NTs/MTs have different charge characteristics thus
constructing an intrinsic dipolar electricfield. The staining
experiments provide direct proof that the tails are nega-
tively charged and the heads are positively charged.
To further indicate the existence of the dipolar

electric field, a horizontal external electric field is
applied to the slide via two Al electrodes parallel to
each other. A 30 μL portion of the FF solution is placed
on the slide between the two electrodes. This experi-
ment is performed at a RH�FF ratio of 1.11, and optical
images are taken after setting for 60 min. When no
voltage is applied, the hexagonal tubular structures

Figure 2. Optimized structure of the stacking of two FF
molecules in the presence of a water molecule and the
spatial distribution of electron density obtained by DFT
calculation. The small white, middle violet, middle red, and
big black balls represent H, C, O, and N atoms, respectively.
The values of the electron density are the differences with
respect to the sum of the electron densities in the corre-
sponding neutral atoms located on the optimized structure
in units of electron/Angstrom3.

Figure 3. Optical microscope images: (a�c) Pure samples without staining. (d�f) Feather-like structures stained with the
negatively charged dye (Congo Red). (g�i) Feather-like structures stained with the positively charged dye (Safranine T).
Panels a, d, and g are the complete images (scale bars = 50 μm); panels b, e, and h are images of the heads and the center parts
(scale bars = 20 μm); panels c, f, and i are images of the tails (scale bars = 20 μm). Scale bars for insets = 10 μm.
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with an average diameter of about 20 μmare formed in
a disordered fashion (Figure 4a). In comparison, when
150 V is applied between the two electrodes, the
tubular structures become more orderly. Most of the
tubes are oriented parallel to the external electric field
(Figure 4b) and become thinner and longer than those
formed without the external electric field. All the
slender tubes have a tapered tail pointing to the anode
and the head pointing to the cathode. This piece of
experimental evidence clearly illustrates that themulti-
levelMT formation is driven by the dipolar electric field.
Accordingly, a dipolar electric field induced NT/MT

formation model is presented in Figure 5. In the
initial stage, large quantities of nanostructures with
hexagonal columnar morphologies (outer diameters of
∼50 nm) are formed due to the presence of water
molecules and supersaturation in the solution (Figure 5a).

These nanostructures have net positive and negative
charges on the opposite ends to produce a dipolar
electric field. Since there are many negatively charged
centers on the surface sites of the glass slice,26,27 the
positively charged ends will be attracted to the surface
negative centers. The dipolar electric field causes aggre-
gation of NTs or end-to-end arrangement due to electro-
static interaction (Figure 5b,b0). As the congeries becomes
thicker, theNTsarearrangedside-by-sideandthearomatic
residues on the lateral surface of the NTs stack to stabilize
the aggregate. As a result, an intermediate morphology is
formed with a large aspect ratio caused by end-to-end
connection and an integrated crust arises from the parallel
arrangement (Figure 5c,c0). When it grows longer, the
parallel arrangement continues and the inner parts ag-
gregate to the crust (Figure 5d,d0). Since the crust is
hexagonally arranged, the premorphology morphs into

Figure 4. Optical microscope images of the hexagonal tubular structures formed without (a) and with (b) the horizontal
external electric field.

Figure 5. Schematic illustration of the growth process of the NT/MT structures.
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thehexagonalMT. It shouldbementioned that because all
the NTs are arranged end-to-end and have the same
orientation, the MTs also have net positive charges on
the heads and negative charges on the tails. To further
elucidate the mechanism, the MTs are plotted in cyan
(Figure 5d) and reduced to tubeswithdifferent charges on
two ends and similar aggregation occurs on a larger scale.
On the basis of the formation mechanism of the MTs, we
believe that the formation of the 50 nm diameter NTs also
involves a similar self-assembled process although no
growth details are observed.
The RH�FF ratio plays a crucial role in the self-

assembly process. Watermolecules are needed to form
the hexagonal channels and so the availability of water
molecules directly impacts the crystal structure. At a
low RH�FF ratio, the supply of water to the FF mono-
mers is limited thus resulting in a larger portion of the
amorphous phase. The changes in the two phases can
be determined from the PXRD patterns (Supporting
Information, Figure S1a). Since the amorphous phase
does not contribute to the end-to-end and side-by-side
arrangements of the NTs, a low RH�FF ratio cannot
lead to the formation of the NTs/MTs. As the RH�FF
ratio goes up, small amounts of NTs are formed and
large MTs appear by the action of the dipolar electric
field, but self-assembly is disturbed by the amorphous
phase so that some clusteredMT structures are formed
(Figure 5e). The higher the RH�FF ratio is, the larger is
the formed NT number, the bigger is the MT size, and
the smaller is the divarication. Finally, when the RH�FF
ratio is large enough and the effect of the dipolar
electric field is overwhelming, single hexangular MTs
without any divarication are produced (Figure 5f). To
show the relationship between the resultant MT struc-
ture and the RH�FF ratio, the influence of the initial NT
number on the MT structure is theoretically evaluated.
We use a dipole to represent a NT and a small RH�FF

ratio implies that there is a small amount of NTs in the
growth system. A larger RH�FF ratio means more
formed NTs. Figure 6 plots the electric field and electro-
static potential distributions caused by four and six
dipoles in the Y�Z plane in addition to a central dipole.
An increased supply of water molecules during NT for-
mation gives rise to the electric field in the region near
the central NT (black dashed circles) gradually aligning
parallel to that of the central NT. Hence, the electric field
reduces theMTdivarication andby increasing theRH�FF
ratio, the MTs without divarication can be finally formed.
As the patterning of FF assembly can be precisely con-
trolled, the FF hierarchical hexagonal structures have
large potential in functional electro-organic hybrid
devices.28 Finally, we would like to point out that a few
papers have recently been published to reveal polar
dielectric properties of the FF NTs such as piezoelectric
effects,29,30 second harmonic generation,29 and phase
transition with variation of symmetry.31 These results
confirm the main point of our work concerning the
electrical dipole structure of these FF NTs.

CONCLUSION

Hexagonal NT-based multilevel FF MT structures are
synthesized in a controlled fashion at room tempera-
ture using different RH�FF ratios. The crystalline struc-
ture formed by hydrogen bonding plays a key role in
the FF self-assembly and subsequent formation of
various morphologies. It determines the initial hexa-
gonal NT structures with opposite charges on the two
ends. The structure then self-assembles into a hier-
archical hexagon as a result of the dipolar electric field.
Themodel is corroborated by staining and electric field
experiments. The concept of using different RH�FF
ratios to alter the morphology of microstructures can
be extended to the fabrication of complex functional
materials and mesocrystals.

METHODS
Materials. The lyophilized form of FF was purchased from

Bachem (Bubendorf, Switzerland), and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFP) was purchased from Aladdin (Shanghai, China).

Lithium chloride, magnesium chloride, potassium carbonate,
magnesium nitrate, sodium bromide, copper chloride, sodium
chloride, potassium bromide, and barium chloride were pur-
chased from Nanjing Chemical Reagent Co., Ltd. (Nanjing,

Figure 6. Electricfield (blue arrows) and electrostatic potential distributions of (a) low and (b) high dipole densities in the Y�Z
plane. The model prisms (gray rectangles) consist of permanent dipoles (red arrows). The electric field distribution near the
central dipole is indicated by the black dashed circles. All the data used to calculate the electrical potential have natural units.
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China). Deionized water (18.2 MΩ/cm) produced by a Millipore
nanopure water system was used in the experiments.

Preparation of FF Multilevel Hexagonal Structures. The experi-
ments were performed in a cylindrical chamber. The water
activity inside the chamber was precisely controlled using
different saturated salt solutions covering water activity from
zero to one (Supporting Information, Table S1). A slide was
washed with pure water and acetone three times, followed by
ultraviolet illumination to produce the surface oxygen vacancy
centers with one or two electrons. A fixed volume of the
saturated salt solution or purewaterwas put inside the chamber
and then incubated overnight to stabilize the water activity. A
fresh FF solution was prepared by dissolving the as-received FF
in HFP at concentrations from 20 to 300 mg/mL by sonication.
To avoid premature aggregation, the FF solution was always
prepared fresh. A 30 μL portion of the FF solution was placed on
the slide and then kept still for 60 min prior to morphology
observation. The experiments were conducted at a constant
temperature of 22 �C.

Characterization. The samples were coated with a thin layer of
gold before FE-SEM examination (S-4800 CFE-SEM, Hitachi
High-technologies Co., Japan). The crystalline structures were
analyzed on a Rigaku D/MAX-rA Rotaflex X-ray diffractometer
(Rigaku, Co, Japan). Optical microscopy (Nikon Eclipse 80i) was
utilized to observe the stained samples and the samples formed
under external electric field.

Stain. Two types of dyes, anionic Congo Red and cationic
Safranine T, were usedwithout further purification. A 0.3 g/L dye
solution was prepared with double distilled water and then the
samples on the slice were put into the dye solution slowly. They
were kept overnight in dark in a sealed bottle. Afterward, they
were taken out and washed thoroughly with double distilled
water and then dried. Finally, the slice was inspected by optical
microscopy.

Influence of External Electric Field. The experiments were con-
ducted under conditions with a FF concentration of 90 mg/mL
at the RH value of 1 at 22 �C. Two Al electrodes parallel to each
other and separated by a distance of 5 mm were pressed
tightly onto the slide to produce a horizontal electric field. A
30 μL portion of the FF solution was placed on the slide
between the two electrodes under an applied voltage of
150 V. In the control experiments, no voltage was applied
between the electrodes.
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