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Self-assembled peptide diphenylalanine (NH2-Phe-Phe-COOH, FF) is one of the most important emergent functional materials,
demonstrating wide range of fascinating physical and chemical properties including biocompatibility, chemical variability, excep-
tional rigidity, outstanding piezoelectric, pyroelectric and ferroelectric responses. Up to now, the phase transitions in FF nano-
tubes were investigated by scanning and transmission electron microscopy, atomic force microscopy, differential scanning
calorimetry, thermogravimetry and mass spectroscopy. The Raman spectroscopy was implemented at room temperature only,
and the microscopic details of these transitions remained unknown. In this work, the structural transformations in FF nanotubes
at elevated temperatures (up to tubes destruction at 160 °C) were studied by Raman spectroscopy. Two structural transformations
were observed in this region: hexagonal to orthorhombic transition at about 100 °C and the cyclization of FF molecules at about
150 °C. For the first time, these transformations were considered in the context of reconstruction of the water subsystem in the
nanotubes, thus demonstrating the strong relation between the peptide tube and the state of the water inside. Using an effective
frequency of nanotubes’ lattice vibrations, we found that many effects observed earlier by other methods are induced by the var-
iation of the water subsystem. The analysis of certain lines in the middle part of the Raman spectrum allowed us to describe the
microscopic details of FF molecule cyclization. These results improve the understanding of the role of water in the origin of out-
standing properties of FF nanotubes and thus promote developing new functional devices on their basis. Copyright © 2017 John
Wiley & Sons, Ltd.
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Introduction

Self-assembled short dipeptides are recognized as important build-
ing blocks in a novel generation of ‘smart’ nanomaterials combin-
ing biocompatibility, chemical variability, and outstanding
physical properties.[1–3] Diversity of noncovalent intermolecular
interactions[4] realized by the peptides allows them to assemble
micro- and nanostructures of various morphologies: vesicles, mi-
celles, monolayers, bilayers, fibers, tubes, ribbons and tapes,[5] thus
expanding their possible applications in biocompatible
micromechanical systems[6,7] as well as in biosensors and
biochips.[8–11]

One of the most studied aromatic dipeptide is diphenylalanine
(NH2-Phe-Phe-COOH, FF). Growth andmorphology of FF nanostruc-
tures have been rigorously studied as a function of external
conditions.[12,13] Nanotubes of FF demonstrate exceptionally high
rigidity,[14] piezoelectric properties comparable with those of lith-
ium niobate,[6,15] notable pyroelectric effect[16] and ferroelectric-like
properties with high enough transition temperature.[17,18] Such
tubes were used for fabrication of high-quality prototypes of bio-
compatible microresonators.[7,12]

Recently, the temperature transition from the polar to non-polar
phase in FF nanotubes was detected.[19] An irreversible loss of pie-
zoelectric response and second harmonic generation occurred at
about 150 °C have been attributed to the phase transition fromhex-
agonal P61 group to orthorhombic Pbca[19] and irreversible FF

cyclization.[20] Up to now, the phase transitions in FF nanotubes
were investigated by scanning and transmission electron
microscopy,[21,22] atomic force microscopy,[22] differential scanning
calorimetry,[23] thermogravimetry,[22,23] mass spectroscopy[20,23]

etc. However, the details of these transformations at the micro-
scopic level can be revealed by the Raman spectroscopy, which is
a powerful supplementary tool for indirect studying the structure
and the conformation ofmolecular species,[24,25] andwhich was im-
plemented before at room temperature only.[26–28] Recently, differ-
ent behavior of several Raman lines at elevated temperatures was
demonstrated,[29] but the details of the phase transformations were
not discussed.†
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It is known that at ambient conditions the structure of FF nano-
tubes grown from aqueous solution includeswatermolecules local-
ized in the hydrophilic nanochannels of about 1 nm in
diameter.[30–35] This water plays a crucial role in the nanotube
formation[36–38] and determines their structure,[39,40] electrical,[39]

optical[33] and mechanical properties.[41] Therefore, the role of the
water in the structural transformations in nanotubes cannot be
overestimated. Unfortunately, up to now, these phase transitions
were not associated with the water state.
In this work, we studied structural transformations in FF nano-

tubes by Raman spectroscopy in a temperature range from 25 up
to 160 °C. We analyzed both low-frequency lattice vibrations and
water content in the nanotubes and demonstrated that observed
phase transitions are related to the reconstruction of the water sub-
system and the cyclization of FF molecules. Analysis of specific lines
in the middle part of the Raman spectrum allowed us to describe
the microscopic details of FF molecules cyclization.

Experimental details

FF microtubes were grown from the solution of FF powder
(Bachem, Switzerland) in 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma-
Aldrich) at a concentration of 100 g/l. Then, 2 μl of the obtained so-
lution was put on acetone cleaned Pt/SiO/Si substrate, and 98 μl of
deionized water was immediately added in order to make the final
concentration of FF equal to 2 g/l. The droplet was naturally dried at
ambient conditions in open air (temperature is about 25 °C, relative
humidity is about 50%), and finally sufficiently long microtubes
were obtained.[12]

Raman spectra were measured by confocal Raman microscope
Alpha 300AR (WiTec, GmbH, Germany). Excitation of Raman scatter-
ing has been performed by He–Ne laser with wavelength 632.8 nm
and maximum power 35 mW. Scattered light was collected by 10×
objective (NA = 0.2) in backscattering geometry. The diffraction
grating with 600 lines per mm provided the spectral resolution of
about 1.9 cm�1. The spectrum has been detected by CCD camera
with 1600 × 200 pixels. Multimode optical fiber with diameter
50 μm has been used as a confocal pinhole.
The sample was placed into hermetically closed thermal stage

THMS600 (Linkam, UK) mounted onto the sample holder of the

microscope. No special ventilation of the stage was performed. Ra-
man spectra have been measured in the temperature range from
25 to 160 °C with the cooling rate 10 °C/min. In order to reduce
the temperature gradient in the nanotubes, the spectra were mea-
sured 10 min after the reaching the required temperature. The ac-
quisition time for all the measurements was 10 s.

Results and discussion

Typical Raman spectrum of FFmicrotubes consists of threemain re-
gions (Fig. 1). The low-wavenumber region propagates from 10 to
375 cm�1 and corresponds to lattice vibrations of the tubes. Re-
gions 2 (from 375 to 1850 cm�1) and 3 (from 2750 to 3250 cm�1)
are due to vibrations of the molecular functional groups. Heating
of FF tubes leads to changes in all three regions of the spectrum.
In this work, we consider the temperature effects in low- and
middle-wavenumber regions only. The assignment of middle- and
high-wavenumber spectral lines (Fig. 1) can be based on the analy-
sis of the published data,[42] whereas the assignment of several low-
wavenumber lines[35,43] provides little information about the tube
structure.

Raman spectra measured at different temperatures are pre-
sented in Fig. 2. At temperatures above 105 °C, a profound modifi-
cation of the spectra takes place. Up to this temperature no
essential changes can be observed; therefore, the structure of the
tubes and FF molecules remains more or less the same.

Noticeable variations of relative intensities of several lines in the
middle-wavenumber region occur above 105 °C. This indicates the
reconstruction of the tubes’ crystal structure and changes in the
form of the molecules or in their surroundings. Below, we present
a detailed study of these effects.

Analysis of lattice vibrations

Low-wavenumber Raman lines correspond to different vibrations
of the tube’s crystal lattice. Variation of this part of the spectrum
during the heating is presented in Fig. 2 (for more details see Fig.
S1). The detailed analysis of this region is hampered by the compli-
cated tube’s structure and overlapping spectral lines. Even the
deconvolution of this region into separate lines provides little

Figure 1. Characteristic regions in the Raman spectrum of FF nanotube: (1) lattice vibrations, (2) and (3) vibrations of functional groups.
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information about the tube’s structure, in spite of the partial lines
assignment was performed recently.[35,43]

Nevertheless, a lot of important information about the crystal
structure and its behavior can be obtained from this region using
an integrated approach based on the calculation of the effective
frequency of the nanotubes’ lattice vibrations.[41] Such frequency
allows characterizing structural modifications and phase transitions
in the tubes under the action of external forces. The accuracy of the
calculation is comparable with that of classical first-principles calcu-
lations of phonons’ frequencies in the solid state.[44] The details of
the calculation are discussed in Ref. [41] and in Supporting
Information.

Temperature dependence of the effective frequency calculated
in the spectral range 50–375 cm�1 demonstrates two pronounced
features at Т = 105 and 140 °C (Fig. 3). The stability of the tube’s
structure at low temperatures (below 100 °C) is confirmed by the
constant effective frequency. Abrupt decrease at 100–105 °C indi-
cates a structural reconstruction and reorganization of the hydro-
gen bonds network between FF molecules and water. Further
increasing of the effective frequency can be related to the stabiliza-
tion of the new crystal structure.

The temperature of the second dip in effective frequency, at
140 °C, is very close to that of cyclization of FF molecules.[20,23]

The cyclization is accompanied by an extraction of a water molecule
and formation of an additional cycle (2,5-diketopiperazine group) in
FF molecule (Fig. 4).[20] At temperatures above 160 °C, the destruc-
tion of the tube started, and no Raman spectra could be recorded.

For better understanding the origin of the observed structural
transformations in FF tubes under the heating, the analysis of
middle-wavenumber range in Raman spectra was performed.

Analysis of water subsystem

The structure and the properties of FF nanotubes are strongly de-
pendent on the state of the water subsystem.[39] Water molecules
are weakly bound with peptides and can move along the
nanochannel.[45–48] This movement can be initialized by sufficiently
low external electric fields,[49] hydrostatic pressure,[48] light
illumination[35] and changes of relative humidity.[50] Therefore, spe-
cial attention in this work was directed to the variations of the water
subsystem during the heating.

Raman line in the range of 1030–1040 cm�1 corresponds to in-
plane stretching–shrinking oscillations of the phenyl rings and its
splitting is related to water molecules in the nanotubes.[34] In the
case of empty nanotubes, the two components of this line have
the same position, whereas increasing of the number of water mol-
ecules in the nanochannel increases the distance between them.[34]

Therefore, this effect can be used for determination of the water
content in the nanotubes at different temperatures.

It was found that at low temperatures the line consists of two
components, whereas at higher temperatures it becomes one-
component (Fig. S2a,b). Both components were fitted by
Lorentzian curves, and their positions were plotted versus the

Figure 2. Raman spectra of FF nanotubes measured at different temperatures.

Figure 3. Variation of the effective frequency of FF tubes lattice vibrations
at elevated temperatures.

Figure 4. Scheme of the cyclization of FF molecule. Red circles denote the
functional groups involved into the process.

Structural transformations in FF nanotubes
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temperature (Fig. S2c). At temperatures above 110 °C, the position
of both components became equal.
It is worth noting an additional line splitting observed at about

150 °C (Fig. S2c). The corresponding shape of the line is presented
in Fig. S2b, and this confirms the effect, which is discussed in details
below.
Using the data obtained in Ref. [34] and measured positions of

the components of the line at 1030–1040 cm�1, the number of wa-
ter molecules in a ring of the nanotube at different temperatures
was calculated (Fig. 5). It is worth noting that the obtained number
ofmolecules should be considered as an effective number, because
the used method is only suitable for those water molecules, which
directly interact with FF molecule. At the same time, additional wa-
ter molecules can exist in the tubes’ nanochannels, which are indi-
rectly coupled to FF molecules and thus cannot be detected by this
method.[40,46] Nevertheless, this method provides important infor-
mation about the state of the water subsystem.
The number of water molecules in the ring gradually decreases

with heating starting at about 50 °C and then abruptly goes to zero
at about 110 °C, thus demonstrating fast water evaporation. This is
in line with the simultaneous measurements by differential scan-
ning calorimetry and mass spectrometry.[23] It is known that the
symmetry of the nanotube changes from hexagonal to orthorhom-
bic when water is completely removed from the nanochannel.[40]

Such transition accompanied by the disappearance of piezoelectric
and nonlinear optical properties in FF nanotubes was confirmed by
X-ray powder diffraction.[19] Thus, the first jump of the effective
frequency observed at 105 °C (Fig. 3) corresponds to hexagonal to
orthorhombic phase transition.
At the temperature of about 150 °C, the number of water mole-

cules unexpectedly increases (Fig. 5). This effect can be related to
the cyclization of FF molecules. As it was shown above, the cycliza-
tion of FF molecule is accompanied by extracting the water mole-
cule. These molecules can be extracted into the nanochannel or
into the intertubes’ space, but in any case their interaction with
FF molecules should lead to the splitting of the line at 1030–
1040 cm�1.
It was shown that X-ray diffraction pattern of FF nanotubes

heated above 150 °C coincides with that of the structures made
from the cyclic-FF dipeptides.[20] Therefore, no symmetry changes
occur at 150 °C, and the nanotube remains in the orthorhombic
phase. Thus, the jump of the effective frequency at 140 °C (Fig. 3)
can be related to the beginning of the cyclization and formation

of 2,5-diketopiperazine group. This process can be directly ob-
served in Raman spectra.

Cyclization of FF

As follows from Fig. 4, two main functional groups of FF molecules
are involved in the cyclization process: carboxyl group (COO�) and
ammonium group (NH3

+). The carboxyl group possesses two lines in
the spectrum corresponding to stretching (1390 cm�1) and bend-
ing (535 cm�1) vibrations. Both lines completely disappear at about
150 °C (Fig. S3a,b), whereas the spectral line, previously absent in
the spectra, appears at 1655 cm�1, that corresponds to stretching
vibrations of the carbonyl group (C=O) (Fig. S3c).

The ammonium group is represented in the spectrum by a line at
1094 cm�1 corresponding to rocking vibrations, which disappears
at about 150 °C (Fig. S3d). This process is accompanied by an ap-
pearance of two lines at 1134 cm�1 and 1505 cm�1 corresponding
to rocking vibration of N―H group and a superposition of bending
vibrations of N―H and stretching vibrations of C―N groups (Am-
ide II line), respectively (Fig. S3e,f).

All the described effects in the Raman spectra are in line with
the cyclization process described above. The disappearance of
the carboxyl group is a result of the oxygen atom detaching, so
that the carbonyl group forms. Simultaneously, ammonium group
loses two hydrogen atoms thus leading to the formation of N―H
group involved into several vibrations. Formation of new func-
tional groups, in particular 2,5-diketopiperazine group, leads to re-
orientation of the cycled FF molecules and thus to variations in
effective frequency of lattice vibrations, while the general symme-
try of the tube remains the same.

Conclusions

Structural transformations in FF nanotubes were studied by Raman
spectroscopy in a temperature range from 25 up to 160 °C. For the
first time, these transformations were considered in the context of
reconstruction of the water subsystem in the nanotubes. We
demonstrated that the effective frequency implemented for analy-
sis of tubes’ lattice vibrations is sensitive to the structural transfor-
mations of the nanotubes and to the cyclization of FF molecules.
Joint analysis of the temperature dependence of the effective fre-
quency and water content in the nanotubes allowed us to reveal
the hexagonal to orthorhombic phase transition at about 105 °C
and to describe in details the process of FF molecules cyclization
at about 150 °C. These results improve the understanding of the
role of water in the origin of outstanding properties of FF nano-
tubes and thus promote developing new functional devices on
their basis.
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Figure 5. Temperature dependence of the number of water molecules in
FF ring.
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