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ABSTRACT: High-frequency molecular vibrations in bio-
inspired peptide nanostructures provide insight into the
important interactions between peptides and water molecules.
Raman spectra acquired from diphenylalanine (FF) nanotubes
show that water bonded weakly to FF molecules in the
nanochannel cores leads to splitting of the molecular
vibrational mode of benzene rings at 1034 cm−1 into a
doublet with the separation diminishing with decreasing water
content. X-ray diffraction discloses that loss of water results in
noticeable lattice expansion in the subnanometer crystalline
structure comprising hexagonal unit cells, and derivation based
on the density functional theory shows that the Raman-active phonon modes often appear in pairs due to the duality of the major
components in the FF molecules. Without water, the two typical peaks in the vicinity of 1034 cm−1 from the vibrations of two
benzene rings in the FF molecule are very close and usually cannot be distinguished experimentally, but with the addition of
water, the two peaks are gradually separated and the relative intensities change. Our results demonstrate that Raman scattering
can be used to probe the quantity of water molecules in FF NTs via the linear dependence of the Raman mode position at the
low-frequency side of the double-peak mode at 1034 cm−1 on water molecule number bonded to each FF molecule. This
knowledge is important to the fundamental understanding of the interactions between FF nanotubes and water, device design, as
well as applications to biochemistry, medicine, and molecular sensing.

■ INTRODUCTION
Self-assembly of diphenylalanine (L-Phe-L-Phe, FF) molecules,
the core recognition motif of the Alzheimer’s disease-associated
β-amyloid polypeptide, can form various stiff as well as
chemically and thermally stable nanostructures in aqueous
solutions including nanotubes (NTs), nanowires (NWs),
nanoribbons, vertically aligned nanoforests, nanovesicles trans-
formed from NTs, as well as well-organized films.1−9 These
self-assembled nanostructures have potential applications in
biochemistry, medicine, and molecular sensing. Among the
various nanostructures, FF NTs are very interesting because the
formation involves hydrogen bonding, aromatic stacking, and
electrostatic interactions, which can lead to different
morphologies and consequently many unique and novel
physical, chemical, and biological effects.10−23 It has been
shown that increasing the FF concentration in water leads to
the formation of NWs, whereas decreasing the FF concen-
tration produces NTs.13 It has also been reported that the
quantum confinement effect observed previously only from
semiconductor crystals can occur in these self-assembled NTs
made of biological building blocks in the form of helices with
six FF molecules per turn and side chains emanating from the
channel core filled with water molecules.15−18 This implies that

water molecules bonded weakly to FF molecules play an
important role in the biological activity of FF NTs. The
interaction between water and FF NTs is a crucial cross-
disciplinary research subject encompassing biophysics, nano-
chemistry, and molecular sensing because it provides the
platform to study new and not well-understood biological,
chemical, and physical effects based on atomic-scale structural
information. Hence, systematic investigation and better under-
standing of the interactions are crucial to device design and
applications to biochemistry, biomedical engineering, and
medical science.
Although Raman scattering is a useful nondestructive tool to

study molecular interactions, very little work has been
conducted in this area due to the complexity of FF molecular
NT structures.24 It is still unclear how addition or loss of water
in the nanochannel cores affects the vibrations in FF molecules
in the subnanometer scale crystalline structure (hexagonal unit
cell), which shows the quantum phenomenon. In this work, we
experimentally and theoretically study the Raman spectra
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acquired from hierarchical hexagonal FF NTs and demonstrate
that water molecules bonded weakly to FF molecules in the
channel cores of the NTs cause significant peak splitting and
intensity change. Our results suggest that Raman scattering can
be used to determine the number of water molecules in the FF
NTs by probing the interaction between water and FF
molecules.

■ EXPERIMENTAL SECTION

The water-sensitive FF NTs were prepared by evaporating a
drop of fresh FF solution dissolved in 1,1,1,3,3,3-hexafluoro-2-
propanol on a glass substrate.19 The initial concentrations of
the FF solutions were varied between 20 and 300 mg/mL, and
the water vapor pressure was controlled during fabrication by
adjusting the relative humidity (RH) at 22 °C. The FF
solutions were dried for 3 min, and the FF NTs produced were
characterized after 30 min.
The morphology and size of the FF NTs were determined

using a field-emission scanning electron microscope (FE-SEM)
equipped with an energy-diffuse X-ray spectrometer (EDXS,
Hitachi High-technologies Co., Japan, acceleration voltage from
1 to 15 kV). X-ray diffraction (XRD) patterns were obtained on
a Rigaku 3015 with Cu Kα radiation (λ = 0.15418 nm). Raman
vibration spectra were acquired on a T64000 triple Raman
system at a micro-Raman backscattering geometry using the
514.5 nm line of an Ar ion laser as the excitation source, and
the resolution of the spectrometer was 0.1 cm−1. The diameter
of the beam was 2 μm, and the power illuminating the NTs was
less than 4 mW to avoid possible sample degeneration from
laser heating. Each Raman spectrum was acquired from a single
microtube (MT) of different NT samples for 2 min at room
temperature without the polarization configuration based on an
optical microscope. The acquired spectra are the same as those
excited by the 488 nm line, and so the observed Raman lines do
not arise from luminescence.

■ RESULTS AND DISCUSSION

The samples produced with different FF concentrations under
different water vapor pressure have tube-like structures. Figure
1a depicts a typical FE-SEM image of the FF MTs fabricated
with an FF concentration of 90 mg/mL at an RH of 1. The
MTs exhibit a hierarchical hexagonal morphology, and the
radial size ranges from 2 to 5 μm.2,10,19 Our previous study has
shown that the observed FF MTs stem from assembly of many
FF NTs via the dipole-field mechanism.19 Figure 1b shows the
top view illustrating construction of the hexagonal tube. The
MT wall is composed of a large number of nanochannel cores
as shown in Figure 1c. The schematic of the hexagonal unit cell
with water (red balls) bonded weakly to the FF molecules in
the channel core is shown in Figure 1d.10,18 The main
interaction between the FF molecules and water is
intermolecular hydrogen bond (Figure 1e, green dotted
lines). Because the interaction is weak, the water molecules
can be depleted easily from the channel cores by simple
processes such as drying and light exposure.20 If the FF
concentration used in the NT fabrication is small, only a small
amount of water is needed. However, if the FF concentration
increases, the FF NTs are water deficient and the FF will need
more water to be hydrated.13 A similar phenomenon can be
observed from MTs produced at different RH values but the
same FF concentration as indicated by thermogravimetric
analysis.20 Hence, the water content in the channel cores can be
altered by varying the FF concentration or RH during
fabrication.
Figure 2a shows two complete Raman spectra obtained from

the initial commercial FF powders and FF MTs produced with
an FF concentration of 60 mg/mL and RH of 1. These two
spectra are very similar with respect to the vibrational mode
distribution. No significant new Raman modes can be observed
from the NTs, indicating that the FF molecules do not undergo
major structural rearrangement when they self-assemble into
NTs. This is understandable because the arrangement of FF
molecules into hexagonal unit cells cannot cause large changes

Figure 1. (a) Typical FE-SEM image of the FF MTs fabricated using a FF concentration of 90 mg/mL at an RH of 1 and 22 °C (scale bar = 10 μm).
(b) Top view of the model illustrating the construction of a hexagonal FF NT. (c) Local magnification of the tube wall consisting of a large number
of nanochannel cores. (d) Schematic of a highly ordered hexagonal crystalline unit cell weakly bonded to water molecules (red balls). (e) FF
molecule in the nanochannel core bonded to several water molecules via intermolecular hydrogen bonds (green dotted lines).
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in the atomic structure of the FF molecules. However, the
atomic vibrations in the FF molecules can be affected by the
presence of weakly bonded water molecules in the channel
cores. Different amounts of water molecules can significantly
modify the interaction between FF molecules and consequently
change the line-widths and position of the vibrational modes in
the Raman spectra. Here, the NTs fabricated with different FF
concentrations and RH values have different water contents as
revealed by photoluminescence spectroscopy20 and are
expected to exhibit different Raman vibration behavior.
To identify the spectral differences among the MT samples,

three local Raman spectra are presented in Figure 2b. They are
acquired from the initial powders and four FF MT samples
fabricated with FF concentrations of 30, 60, 90, and 200 mg/
mL at a RH of 1. The ∼623 cm−1 Raman peak corresponds to
the vibration of the phenyl group, which is insensitive to the
excitation laser polarization.24,25 The ∼1249 cm−1 peak is
attributed to the amide III band, which is a highly coupled
vibration with a strong contribution from C−N stretching. The
∼1429 cm−1 peak is associated with CH bond deformation and
depends strongly on the incident laser polarization.24 For the
powders and 30 mg/mL sample, the peak position and line-
width are almost identical, indicating that the FF molecules in
the two samples have similar random aggregation. FE-SEM
indicates that the NTs are formed only when the FF
concentration exceeds 60 mg/mL, and thus no NTs can be
observed from the 30 mg/mL sample.19 As the FF
concentration is increased, the characteristic Raman peaks
become narrower, and the peak positions downshift initially
and then upshift gradually. When the FF concentration reaches
200 mg/mL, the peak position is almost the same as that of the
30 mg/mL sample. At the same time, the peak is wider than
that of the 90 mg/mL NTs but still narrower than that of the
30 mg/mL sample. The wide peak observed from the 30 mg/
mL sample is actually composed of two subpeaks with the
separation determined by the interaction between water and FF
molecules via hydrogen bonding, because the main difference

between the NTs fabricated with different FF concentrations is
the water content.
These three Raman peaks have different origins but

demonstrate similar behavior with different FF concentrations
and RH modification. To further investigate the peak shift, we
focus on the strongest Raman peaks in the wavenumber range
of 970−1060 cm−1 originating from the vibration of the phenyl
group without a dependence on incident beam polarization.
Figure 3a depicts the corresponding Raman spectra from five

MT samples. It is clear that the change in the position and
width of the ∼1005 cm−1 peak, which belongs to the aromatic
ring breathing mode,24 is consistent with that shown in Figure
2b. Interestingly, the ∼1034 cm−1 mode of the 30 mg/mL
sample manifests as a single broad peak, but that of the 60 mg/
mL MTs clearly splits into two subpeaks at 1031.2 and 1038.4
cm−1 with a separation of 7.2 cm−1. The two subpeaks upshift,
and the separation decreases to 6.6 cm−1 as observed from the
90 mg/mL NTs. Here, it should be noted that the high-
frequency peak has a relatively low intensity in the two samples.
Finally, in the 200 mg/mL NT sample, the two subpeaks
seemingly merge into one peak again with the line-width larger
than that of each subpeak. The wide peak can be Lorentzian
divided into two subpeaks (their positions are marked by the
vertical dotted lines). The upshift of the high-frequency
subpeak is slightly smaller than that of the low-frequency
one. Their separation becomes 4.7 cm−1. It is apparently due to
more water deficiency, and so the Raman peaks are separated
less. As the FF concentration is further increased, the 1034
cm−1 mode still shows a single peak structure but becomes
slightly broader. By deconvoluting the broad peak into two
subpeaks, the low-frequency peak begins to exhibit a slight
downshift. The feature and behavior of the 1034 cm−1 Raman
peak are very similar to those of the 623, 1005, 1249, and 1429
cm−1 peaks in which the high-frequency peak has a low
intensity so that it cannot be detected. The line-width changes

Figure 2. (a) Two complete Raman spectra acquired from the initial
powders and NTs fabricated using an FF concentration of 60 mg/mL
at an RH of 1. (b) Three local Raman spectra obtained from the initial
powders and four NT samples fabricated with FF concentrations of 30,
60, 90, and 200 mg/mL at an RH of 1.

Figure 3. (a) Local Raman spectra in the range of 970−1060 cm−1

acquired from the four NT samples synthesized with FF
concentrations of 30, 60, 90, and 200 mg/mL at an RH of 1. Splitting
of the Raman peak on the high-energy side can be observed clearly.
(b) Local Raman spectra in the range of 1002−1012 cm−1 acquired
from the four NT samples fabricated with an FF concentration of 160
mg/mL at RH values of 0.33, 0.52, 0.67, and 0.83.
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are also noticeable from spectra acquired from NTs fabricated
using the same FF concentration but different RH values, as
shown in Figure 3b. As the RH value drops, the line-width of
the Raman peak at ∼1005 cm−1 decreases gradually, further
corroborating the decreased interactions between water and FF
molecules.
The reduced interactions caused by loss of the water lead to

lattice expansion in the hexagonal nanocrystalline unit cell
structure (Figure 1d). To study this effect, the XRD patterns of
the FF NTs fabricated with different FF concentrations or
different RH values are analyzed. Figure 4a shows two complete

XRD patterns acquired from the initial powders and NTs
fabricated using an FF concentration of 160 mg/mL at an RH
of 1. Some diffraction peaks disappear, and the other diffraction
peaks observed from the 160 mg/mL NTs are narrower than
those from the powders. This implies that the FF molecules are
not disorderly aggregated in the NT samples, but rather an
orderly arrangement is apparent. Figure 4b depicts three local
XRD patterns obtained from the 200, 160, and 90 mg/mL NTs
produced at an RH of 1. These diffraction peaks can be indexed
to the nanocrystalline unit cell structure of FF molecules.13,18

Although the diffraction peak shifts are not linear with
increasing FF concentrations (decreasing water contents), all
of the XRD peaks shift toward the low 2θ side. Simple
calculation shows that the expansion of the water-deficient
channel in the plane perpendicular to the channel of the 90−
200 mg/mL samples is 4.2%, whereas the aromatic stacking
distance along the channel contracts by less than 0.07%.13

Hence, hydrogen bonds are dominant, and the XRD results
also indicate that the diffraction peak shift is not due to random
aggregation of FF molecules because no distinct peak
broadening can be observed as compared to the initial powders.
With regard to the NT samples produced with an FF
concentration of 160 mg/mL at RH values of 0.33, 0.52, and
0.83, XRD also reveals that with decreasing RH, the diffraction
peaks shift toward the low 2θ side,20 and this is consistent with
Figure 4. Therefore, even though the water molecules are
weakly bonded to the FF molecules in the nanochannel cores,

they play an essential role in the vibrational characteristic
modification of the FF molecules.
It should be stressed that changes in the aromatic stacking

distance may not be responsible for the observed Raman
behavior because the distance change is relatively small as
shown by XRD. A previous report also confirms this.13 To
further investigate this phenomenon, the 120 mg/mL FF NT
sample is divided into two pieces. The first piece is used as is
(sample 1), whereas the second piece is dried at 90 °C for 16 h
(sample 2) and then exposed to saturated water vapor at 90 °C
for 16 h (sample 3). The NTs after post-treatment possess the
same morphology, and the Raman spectra show features similar
to those in Figure 3a. The Fourier transform infrared spectra of
the three samples in the wavenumber range of 400−4000 cm−1

do not reveal chemical bonding changes with the exception of
intensity changes in the vibration bands associated with water
molecules at ∼3400 cm−1.20 Hence, the results further reveal
that the spectral modification stems from the modified
interactions between water and FF molecules. Here, it should
be mentioned that because water molecules are hydrogen-
bonded to the FF molecules in the channel cores, the same
postprocessing conducted on different NT samples (drying or
exposure to saturated water vapor) cannot ensure the same and
reproducible water addition and loss.20 Therefore, the Raman
spectra of the NT samples after different postprocessing may
show different peak widths and positions depending on the
amount of water interacting with the FF molecules. Here, it
should be emphasized that these FF NTs are not intended to
be water sensors in the conventional sense, although they are
able to detect water in air or other media. Instead, our results
demonstrate that Raman spectra obtained from the NTs can be
used to probe the amount of water molecules bonded to the FF
molecules. This is important because water molecules play an
important role in the biological properties of FF PNTs.
To obtain further insight, the vibrational characteristics of the

FF NT systems and the effects of water molecules are studied
by density functional theory (DFT) calculation using the
Perdew−Burke−Ernzerhof potential function and Gaussian 03
code.26,27 Because the vibrational modes are usually located
within a specific part of the system, all of the Raman active
modes in the FF molecule are calculated. Geometric
optimization is performed by the density functional method
by adopting the frozen-core approximation.28,29 Calculations of
the phonon frequencies and Raman intensities are based on the
numerical differentiation of energies from the DFT results,30,31

and the effect of water molecules is calculated using the
polarized continuum model (PCM).32 The calculation results
show that the typical phonon modes in the range of 1030−
1040 cm−1 shown in Figure 3a correspond to the in-plane
stretching−shrinking oscillations of the benzene rings, as shown
in Figure 5a and b. Because there are two nearly identical
benzene rings in a FF molecule, two such modes are located on
different benzene rings. In the absence of water, the calculated
frequencies of the two modes (ω1 = 1033.73 cm−1 and ω2 =
1036.12 cm−1) are very close, and their Raman activities are
also almost the same (A1 = 2.3227 and A2 = 2.2755). That is,
the two benzene rings in the FF molecule are almost the same,
and coupling between the two modes is weak (localized
behavior). Consequently, peak splitting is difficult to observe by
experiments. This corresponds to the case observed from the
200 mg/mL NT sample in which only a broad peak is detected.
However, in the presence of the weakly bonded water
molecules, the calculated frequencies of the two modes become

Figure 4. (a) Two complete XRD patterns acquired from the initial
powders and NTs fabricated with an FF concentration of 160 mg/mL
at an RH of 1. (b) Three local XRD patterns acquired from the initial
powders and three FF NT samples produced with FF concentrations
of 90, 160, and 200 mg/mL at a RH of 1.
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ω1 = 1029.85 cm−1 and ω2 = 1035.94 cm−1 with Raman
activities A1 = 13.8953 and A2 = 45.7743, respectively. The
corresponding oscillations of the two benzene rings are shown
in Figure 5c and d. The two peaks are separated in the presence
of water, and their Raman activities are significantly different, as
in the case of the 1034 cm−1 mode observed from the 60 and
160 mg/mL NT samples (Figure 3a). The increased separation
is due to the strengthened coupling between the two modes in
the presence of water, whereas the difference in the Raman
activity originates from the variation of the dipole derivative
direction (yellow arrow) as a result of water molecule
polarization. Without water, the dipole derivative directions
are along the same straight line, but with water molecules, they
are along different lines as shown in Figure 5a−d. This variation
in the dipole derivative directions depends on the amount of
water molecules in the channel cores. Considering the
broadening of the Raman peaks, Figure 6 plots the Raman
spectra without water (curve 1) and with water (curve 2) of the
Raman peaks. Obviously, if there are different water amounts in
the NTs, A1, A2, ω1, ω2, and Δω = ω2 − ω1 all will be different.
When the dipole derivation directions of the two benzene rings
interacting with water molecules are perpendicular to each
other, A1 or A2 will become extremely small. Consequently, the
subpeak disappears, as illustrated by the Raman modes at 623,
1005, 1249, and 1429 cm−1 in Figures 2b and 3a. The curves in
Figure 6 clearly explain the shifting, splitting, and relative
intensity modification of the observed Raman modes for
different water contents. The dual structure in the FF molecules
can produce similar pairing features in other modes located on
the benzene rings or other parts of the molecules.
To determine the quantity of water molecules bonded to

each FF molecule by Raman spectroscopy via the interaction
between water and FF molecules, the influence of water

molecules on the characteristic vibration mode in the
wavelength range of 1020−1050 cm−1 is quantitatively
calculated. As there are no rigid contacts between the FF and
water molecules, the coupling between them mainly comes
from the long-range electric interaction. The field at an atom n
in the FF molecule produced by dipoles of relevant N water
molecules is:33

∑
πε

⃗ =
μ⃗ · ⃗ ⃗ − μ⃗

=

E
R R R

R
1

4

3
n

j

N
j nj nj j nj

nj0 1

2

5

where μ⃗j is the dipole of the jth water molecule, R⃗nj is the
distance between n and j, and ε0 is the dielectric constant.
When the jth water molecule vibrates at mode ω0 with
generalized displacement Xj and the FF molecule vibrates at

Figure 5. (a−d) Displacement vectors of atoms (blue arrows) and dipole derivative unit vectors (yellow arrows) for modes ω1 (a and c) and ω2 (b
and d) of an FF molecule without water (a and b) and with water (c and d).

Figure 6. Raman spectra obtained from modes ω1 and ω2. The solid
black and dashed red lines correspond to the results calculated by
Gaussian 03 without and with water molecules, respectively.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp212087h | J. Phys. Chem. C 2012, 116, 9793−97999797



mode ωi (i = 1, 2) with generalized displacement xi, the
coupling of modes ω1 and ω2 in the FF molecule with mode ω0
of water molecules can be described by the energy change ΔE =
(1/2)∑i = 1

2 ∑j = 1
N λij

2xiXj to the lowest order of the displacements.
Here, the coupling strength is

∑λ
πε

=
μ⃗ · ⃗ η⃗ · ⃗ − μ⃗ ·η⃗R R R

R
1

2

3( )( ) ( )
ij

n

j nj in nj nj j in

nj

2

0

0
2

0
5

where μ⃗0j and η⃗in are defined as Δμ⃗j = μ⃗0jXj and ΔR⃗n =
∑i = 1

2 η ⃗inxi. Because the positions and dipole orientations of
water molecules are spread, the values of λij

2
fluctuate. By using

the perturbation theory, the frequency shifts of ω1 and ω2 due
to coupling to water molecules can be calculated as δωi = −αiN
for i = 1 and 2, where αi = (⟨λij

4⟩)/(2ωi(ω0
2 − ωi

2)) with ⟨λij
4⟩

denoting the averaging over N water molecules for λij
4. In the

calculation, we only consider the bending mode of ω0 = 1767
cm−1 for the water vibrations, because it is mostly close to ω1
and ω2 among the three H2O modes34 and thus interacts most
strongly with ω1 and ω2. Frequency ω1 as a function of the
number of water molecules attached to each FF molecule can
also be calculated directly from vibrational equations with
randomly distributed coupling strengths, yielding the results in
Figure 7. The dependence of ω1 on the molecule number N can

be fitted linearly by setting parameter α1 = 0.5 cm−1. This
interesting result suggests that we can use the frequency of the
Raman spectrum to measure the density of water molecules in
the FF NT. To corroborate the validity of the theoretical
derivation, the photoluminescence spectra of the three FF NT
samples fabricated with FF concentrations of 60, 160, and 200,
220 mg/mL at RH = 1 are obtained, and the mean water
molecule numbers N coupled to each FF molecule are derived
from the thermogravimetric analysis. We have observed a
correlation between the PL peak position and water number N
coupled to each FF molecule based on the thermogravimetric
results.20 If the NT diameter and length are known, we can
derive the water molecule numbers in the NT based on a
biological building block cell. These building block cells are
regularly arranged in the tube walls and have a similar
subnanometer scale for the two sidewalls a = b = 2.407 nm
and c = 0.545 nm as reported by Gorbitz.10 At the same time,

the ω1 value can be obtained from Figure 3a. Finally, we
provide the four experimental data points (N, ω1) in Figure 7
(labeled with ★). The three points obtained from the 60, 160,
and 200 mg/mL NT samples agree very well with the
theoretical curve, but the experimental point from the 220
mg/ML NT sample has a large deviation from the calculated
result. This indicates that when the FF concentration exceeds
220 mg/mL or the amount of water amount is below a certain
value, the theoretical calculation cannot predict the number of
water molecules in the NTs. This theoretical deviation is based
on the assumption of noninteractions between the benzene
rings in the nanochannel direction and in the plane
perpendicular to nanochannel. In this case, these interactions
are weak and can be neglected. When there are no water
molecules, these interactions will be dominant and need to be
considered in the theoretical calculation. However, under the
current experimental conditions with FF concentrations lower
than 200 mg/mL, our results provide strong evidence that
Raman scattering can be used effectively to detect the number
of water molecules in nanostructured FF materials. Because FF
nanomaterials generally consist of the self-assembled peptide
quantum dots on the subnanometer scale,14,15 we believe that
the Raman spectral features induced by the interaction between
water and FF molecules will not be affected by the types of
nanomaterials.

■ CONCLUSION
Water bonded weakly to FF molecules in the nanochannel
cores gives rise to splitting of the molecular vibrational mode
into a doublet, and the absolute separation decreases with lower
water content. The separation decreases as water is lost, finally
yielding a single peak structure. XRD reveals that water
deficiency leads to lattice expansion in the hexagonal
nanocrystalline unit cell structure as a result of the reduced
interactions between water and FF molecules. DFT calculation
discloses that the dual structure of the FF molecules produces
the double phonon modes. The separation and relative
intensity of the two subpeaks depend on the amount of
water molecules in the channel cores of the FF NTs. Our
experimental and theoretical results clearly demonstrate that
Raman scattering can be used to characterize the interactions
between FF molecules and water and especially to determine
the water molecule number in the self-assembled FF NTs.
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