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Chan Beum Park*

The self-assembly of bioorganic molecules, which are ubig-
uitous in nature, is an attractive route for fabricating func-
tional supramolecular architectures.!! It also facilitates the
preparation of highly ordered nanostructures by the organ-
ization of molecular building blocks through the combination
of noncovalent interactions including hydrogen bonds, elec-
trostatic interactions, m—s stacking, hydrophobic interactions,
and dipole—dipole interactions.”*! The fabrication of nano-
structures through the self-assembly of peptides has attracted
interest because of the unique properties of peptides, such as
their functional flexibility and molecular recognition capa-
bility.*'? In particular, the self-assembly of an aromatic
dipeptide consisting of two covalently linked phenylalanine
units (namely, diphenylalanine, FF), which is a key structural
motif in Alzheimer’s f-amyloid polypeptides, serves as an
excellent model because it can spontaneously form various
nanostructures in aqueous or organic environments.!'’!
Herein, we report the first synthesis of semiconducting,
single-crystalline, peptide-based nanowires (NWs) through a
simple vapor-transport process as well as the characterization
of their molecular arrangement. Single-crystalline NWs were
synthesized through a simple vapor-transport process in
which the linear FF peptide was used as the starting material.
Powdered FF was vaporized at 250°C in an argon atmosphere
and transported downstream in a horizontal tube (see Fig-
ure S1 in the Supporting Information). Thermogravimetric
analysis (TGA) shows that the peptide powder begins to
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vaporize at approximately 250°C (Figure S2a). Peptide NWs
were grown on a silicon substrate located downstream at
180°C. The as-synthesized peptide NWs were well-faceted
with a smooth surface and an average diameter of approx-
imately 90 nm (Figure 1a). A gradual growth of peptide NWs
occurs during the vapor-transport process (Figure S3): after
the formation of nuclei on the substrate, short peptide fibrils
grow into peptide NWs that are longer than 10 pm. No
additional mass loss was observed by TGA up to 250 °C, which
indicates a high thermal stability of the synthesized peptide
NWs (Figure S2b). Figure 1b shows a selected-area electron-
diffraction (SAED) pattern of a representative single peptide
NW. The SAED pattern of the NW exhibits a regular spot
pattern, thus indicating that the peptide NW is single-
crystalline.

To investigate the crystal structure of the peptide NW a
finely ground sample of the peptide NW was analyzed by
powder X-ray diffraction (PXRD) at room temperature
(Figure S4). Most reports previously suggested that the crystal
structure of self-assembled FF nanostructures consisted of an
ordered hexagonal array of normal linear dipeptide mole-
cules.'* ! According to our results, the vapor-transport
process converted linear FF into cyclo-FF, in which the
terminal carboxylic acid and amine groups fused together
during evaporation to form a cyclic amide bond—namely,
3,6-bis(phenylmethyl)-2,5-piperazinedione (cyclo-FF)—and
with aromatic stacking between the side chains. According
to the literature,'" ! dipeptides can lose water and form
cyclic analogues upon heating. To unravel the molecular
arrangement of NWs we performed Pawley refinement to
optimize the lattice parameters and, subsequently, carried out
Rietveld refinements (Figure S4) using the single-crystal
structure of cyclo-FF?? and considering all the possible
geometrical degrees of freedom. The simulated pattern fits
well with the experimental PXRD pattern (R,,=8.82%,
and Rp =6.81 %, respectively) collected by using synchrotron
radiation (Pohang Accelerator Laboratory, Korea);
the refined lattice parameters [a=6.18517(17) A,
b=10.38349(29) A, ¢=23.85128(62) A] from Rietveld
refinement are consistent with the SAED pattern (Figure S4).
While TGA showed that the FF powder lost water at around
100°C, the peptide NWs did not show such a water loss, which
indicates that the as-synthesized peptide NWs did not contain
water (Figure S2b). The NWs in this study were assembled by
a vapor-transport process, with no water molecules involved.
The FF molecules in the previously reported linear FF based
nanotubes (NTs) assemble around central water clusters
through hydrogen bonds to form a hexagonal unit cell in an
aqueous environment.>!! Vapor-phase processes often pro-
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Figure 1. a) Representative SEM images of semiconducting cyclo-FF NWs grown on a Si substrate, b) SAED
pattern of a single cyclo-FF NW, and c)—e) molecular arrangements of cyclo-FF dipeptide in NWs with an
orthorhombic lattice (pale violet solid line) after Rietveld refinement; c) aromatic stacking (green dotted line,
1) and two types of herringbone interaction networks (green dotted lines, 1l and Il1) along the b axis.

d) Intermolecular hydrogen bonds (blue dotted lines, within 2.5 A) between cyclo-FF dipeptide molecules in
NWs along the x axis. The angle between facing phenyl rings is 18°. e) The herringbone-type conformations of
phenyl rings (Il and Il1) in the red dotted rectangle in (c). The refined lattice parameters from Rietveld
refinement are measured to be a=6.18517(17) A, b=10.38349(29) A, c=23.85128(62) A.

duce nanostructures of higher crystallinity than solution-
phase processes because the self-assembled crystallization of
building blocks in the vapor phase occurs at significantly
higher temperatures, with no participating solvent mole-
cules.® The detailed molecular arrangement of cyclo-FF
molecules in the unit cell is represented in the lower panel of
Figure 1, and is characterized by aromatic stacking (Fig-
ure 1¢c; green dotted line; I), two kinds of herringbone
interaction (Figure 1c; green dotted lines; II, III) along the
b axis, and intermolecular hydrogen bonds between carbonyl
oxygen atoms and amine hydrogen atoms along the a axis
(Figure 1d). The aromatic stacking slightly deviates from a
parallel geometry, with an angle of 18° between facing phenyl
rings, and thus the interaction distances vary from 3.642 to
4.678 A. The inequivalent herringbone interactions (Fig-
ure 1e) show two kinds of angles between the planes of the
phenyl rings: 75° and 83° for geometries II and III, respec-
tively. In addition, the C(st)---C(7t) distances were measured to
be approximately 3.85 A and 4.07 A in geometries II and III,
respectively.

We characterized the optical properties of the cyclo-FF
NWs by using diffuse reflectance spectroscopy (DRS),
photoluminescence (PL) spectroscopy, and Raman microsco-
py on single NWs. Optical-diffusion reflection spectra of the
cyclo-FF NWs was measured and compared with those of
hexagonal linear-FF nanotubes (NTs) and linear-FF powders.
The linear-FF NTs with a hexagonal crystal system were
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prepared by the reported
method.”+> Figure 2a
shows plots of the Kubelka—
Munck remission function
versus photon energy, which
corresponds to the absorp-
tion spectra. The peptide
powders, NTs, and NWs all
exhibit two strong absorp-
tion bands around 220 and
260 nm, which are attributed
to phenylalanine.!  The
cyclo-FF NWs, however,
show an additional strong
band at 306 nm and a weak
one at 365 nm; the optical
band gap (E,) of the NWs
estimated from the DRS
spectra is 3.63eV  (Fig-
ure 2a, inset). It has been
reported that linear-FF NTs
possess a wide band gap
(E,>4eV) and are elec-
tronically insulating.”*?"!
Although the presence of
aromatic rings in the side
chain of NTs can signifi-
cantly reduce the size of the
band gap [2.94 eV for cyclic
(GIn-Phe), peptide NTs], a
large distance (typically
47A) between peptides
may prevent efficient orbital overlap (34 A) and make
peptide NTs poor tunneling conductors.!

Figure 2b compares the photoluminescence (PL) spec-
trum of cyclo-FF NWs with those of linear-FF powders and
linear-FF NTs excited at 367 nm. While very weak emission
was observed in the visible region for the powder and NTs, the
NWs exhibited a fairly strong emission band at 465 nm. We
recorded the PL spectra of a single NW and a single NT by
using a spectrometer coupled to a dark-field microscope
system fitted with a halogen lamp (Figure S6). The NW
exhibited strong blue emission centered at 465 nm. The inset
of Figure 2b shows a dark-field microscope image of a single
cyclo-FF NW, from which blue emission is clearly seen. We
investigated the Raman properties of a single peptide NW by
using polarized Raman microscopy on a single NW. The
positions of the observed NW Raman bands are identical to
those of NTs,”*! and the Raman bands of a single NW are
distinctly observed only when the incident light is polarized
parallel to the NW axis (Figure 3). The strong polarization
dependence of the Raman bands of the FF NW is related to a
shape effect.*!] A locally induced electric field within a NW
decreases when the diameter of the NW is less than the
wavelength of the laser light,?? thus explaining the reduced
Raman intensity when the polarization is perpendicular to the
peptide NW axis.

The electric transport properties of a single cyclo-FF NW
were also measured: a single NW was positioned between Pt
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Figure 2. a) DRS curve; b) PL spectra of peptide powder, linear-FF
NTs, and cyclo-FF NWs. The NWs exhibit a fairly strong emission band
near 465 nm on excitation with light with a wavelength of 367 nm. The
NTs and the powder show similar PL, which is much weaker than that
of the NWs in the visible region. The inset in (a) shows an estimation
of the optical band gap of the NWs. The inset in (b) shows a dark-field
microscope image of a single NW recorded on a spectrometer coupled
to a dark-field microscope system fitted with a halogen lamp, and the
image shows strong blue emission from the NW (see Figure S5).
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Figure 3. Polarized Raman microscopy of a single cyclo-FF NW with
the polarization of the incident laser beam parallel (||) and perpendic-
ular (L) to the NW axis. The peptide NW was illuminated by a He-Ne
laser operating at a wavelength of 632.8 nm. The inset shows that the
incident light (ca. 500 nm diameter) is focused on the center of the
single NW. The NW Raman bands were observed only when the
incident light was polarized parallel to the NW axis (top spectrum)
and disappeared when the light was perpendicularly polarized (lower
spectrum).
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Figure 4. a) SEM image; b) AFM image and section analysis of a
single cyclo-FF NW deposited between Pt electrodes, and characteristic
current-voltage (I-V) curves of an orthorhombic peptide NW at

) 300 K and d) various temperatures. In (c), The I~V characteristics of
the single NW (solid line) show a symmetrical behavior. When no NW
was between the Pt electrodes (dotted line), the characteristic I-V
curve was not observed.

electrodes that were prefabricated with a gap of 10 um
(Figure 4a,b). Platinum was deposited on both ends of the
NW for electrical contact by using a focused ion beam. A
symmetrical characteristic I-V curve indicates a Schottky-like
barrier at the interface of the Pt and the NW at room
temperature (Figure 4c). Figure 4d shows the temperature-
dependent I-V characteristics of a cyclo-FF NW. The current
increased as the temperature was increased from 273 K to
387 K under a fixed voltage. This behavior shows a typical
semiconductor resistivity-temperature relationship. The I-V
characteristics of the NW were stable over several potential
cycles. The electric transport property observed for the cyclo-
FF NW is quite striking compared to the insulating properties
of linear-FF NTs self-assembled in aqueous solution.**%!
Further studies are needed to unveil the detailed electrical
transport mechanism in relation to the structure and surface
properties of cyclo-FF NW.

In summary, semiconducting, blue-luminescent, and
single-crystalline cyclo-FF NWs have been synthesized by
vapor-phase self-assembly. The NWs are well-faceted with
smooth surfaces, are orthorhombic crystals, and exhibit strong
luminescence at 465 nm. Furthermore, electric-transport
measurements reveal that the cyclo-FF NW possesses semi-
conducting properties. These results should open up new
possibilities for employing the self-assembly of biological
molecules in the fabrication of nanoelectronic and optical
devices.
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