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Abstract—The structural phase transitions in diphenylalanine microtubes caused by an increase in the non-
hydrostatic pressure have been examined. Raman scattering investigations have been carried out and the
results obtained have been interpreted and analyzed. Spectral variations in the ranges of phenyl ring vibrations
and high-frequency oscillations of NH and CH groups have been analyzed. Under pressures of up to 9.8 GPa,
four spectral anomalies indicative of the occurrence of phase transitions have been observed. The transitions
under pressures of 1.7 and 4 GPa are shown to be reversible. The transition at 5.7 GPa is accompanied by par-
tial sample amorphization.
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Peptides attract attention of researchers by their
biocompatibility and unique biological and physical
properties. The shortest peptide sequence is diphe-
nylalanine. Diphenylalanine self-assembles with the
formation of derivative dipeptide nanostructures,
including tubes, spheres, plates, and hydrogels [1].
Such structures are characterized by the very high
temperature and chemical stability [2]. Peptide
nanotubes exhibit unique properties, which make it
possible to use them as main nanoelectronic ele-
ments. Among these properties are the piezo- and
pyroelectric effects [1–4]. This material has been

already used in piezoelectric resonators, microsole-
noids, and batteries [1, 5–7]. In addition, the atten-
tion of researchers has been attracted by the materials
with new intriguing properties synthesized by com-
pression of peptide microtubes [8]. The aim of this
work was to investigate possible structural phase
transitions occurring in diphenylalanine microtubes
under high pressure. It is worth noting that Raman
scattering of light is widely used in studying struc-
tural phase transitions [8–12]; therefore, we used this
technique in the present work.
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Fig. 1. Full Raman scattering spectrum at a temperature of T = 295 K and normal atmospheric pressure (P = 0 GPa).

0 250 500 750 1000 1250 1500 1750
Raman shift, cm�1

(a) (b) (c)

295 K

2900 3050 3200 3350



1312 KRYLOV et al.

Fig. 2. Spectrum transformation in the phenyl ring vibration range with (a) increasing and (b) decreasing pressure.
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In recording Raman spectra, the polarized Ar+

laser radiation with a wavelength of 514.5 nm was used
as an excitation source. The spectra in the 180° geom-
etry were obtained on a Horiba Jobin Yvon T64000
spectrometer. The high-pressure experiments were
conducted at a temperature of 295 K in a Diacell
μScopeDAC-HT(G) high-pressure cell. The pressure
was determined from a shift of the 5D0–7F0 lumines-
cence band of the Sm2+ samarium ion in the SrB4O7 :
Sm2+ crystal [13–15]. The pressure determination
error was about 0.05 GPa.

The organic crystal belongs to the sp. gr. P61 [17].
The cell includes six NH2PhePheCOOH molecules,
each containing 43 ions localized in Wyckoff position
6a. The selection rules at the Brillouin zone center are
ΓRaman = 128A + 1291E2 + 1292E2 + 1281E1 + 1282E1 for
Raman scattering and ΓIR = 128A + 1281E1 + 1282E1
for infrared absorption; the acoustic modes are ΓAc =
A + 1E1 + 2E1, where 1E2, 2E2 and 1E1, 2E1 are the com-
plex conjugate representations of the longitudinal and
transverse modes. Inside nanochannels, there are also
water molecules [17].

Figure 1 shows the full Raman scattering spectrum
at a temperature of T = 295 K. The spectrum can be
divided into three regions corresponding to vibrations
of the structural elements: (a) 10–220 cm–1 corre-
spond to the lattice vibrations; (b) 220–1800 cm–1, to
the internal vibrations of groups including COO and
С–С; the line 1002 cm–1 corresponding to the phenyl
ring breathing mode; the lines 1032 cm–1 correspond
to the deformation vibrations of C–H groups and
vibrations of NH3 groups; and (c) lines 2800–
3250 cm–1 correspond to the stretching vibrations of
C–H and N–H groups [8].

The line 1002 cm–1 corresponds to the breathing
vibrations of the aromatic ring. This line has the high-
est intensity in the spectrum. The changes in this spec-
tral region with increasing and decreasing pressure are
illustrated in Figs. 2a and 2b, respectively. As the pres-
sure decreases, the spectra are not exactly repeated,
which is indicative of irreversibility of the structural
changes. To follow the changes in the spectrum, we
established pressure dependences of the line shift
(Fig. 3a) and width (Fig. 3b). Closed triangles show
positions (Fig. 3a) and widths (Fig. 3b) of the line
1036 cm–1; closed circles, positions (Fig. 3a) and
widths (Fig. 3b) of the line 1032 cm–1; and open
squares, positions (Fig. 3a) and widths (Fig. 3b) of the
line 1002 cm–1. Closed upside-down triangles show
positions (Fig. 3a) and widths (Fig. 3b) of the line
1003 cm–1 detected upon pressure growth to 1.1 GPa.
According to the behavior of these parameters, we
may assume that the structural changes occur under
pressures of 2, 5.7, and, possibly, 4 GPa. To establish
the possible third transition, we plotted a ratio between
the intensities of the lines 1002 and 1032 cm–1. Figure 3c
TECHNICAL PHYSICS  Vol. 63  No. 9  2018
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Fig. 3. Temperature dependences of (a) the line position displacement, (b) line width, and (c) ratio between the intensities in the
phenyl ring vibration range.
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Fig. 4. Distance between the peaks ω1 = 1032 cm–1 and
ω2 = 1038 cm–1 as a function of pressure.
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shows the result that confirms the occurrence of phase
transitions under pressures of 1.7, 4, and 5.7 GPa. The
bands 1032 and 1038 cm–1 correspond to the in-plane
phenyl-ring longitudinal vibrations. The molecule
contains two almost identical aromatic rings; these
two vibrations are split in the spectrum in the presence
of water. The distance between vibrations allows a
number of water molecules inside the ring from
6 diphenylalanine molecules to be estimated [17]. The
behavior of the distance between these two peaks is
illustrated in Fig. 4. It can be seen that the distance
between the peaks decreases to 1.7 GPa, then starts
growing to 4 GPa, and after that continues growing,
but with the change in the curve slope. The slope
changes at 5.7 GPa are also indicative of a phase tran-
sition.

In the high-frequency spectral range correspond-
ing to the vibrations of C–H and N–H groups, one
can also observe the changes related to the phase tran-
sitions. Figure 5a shows spectrum transformations
with increasing pressure. Under normal conditions
(without pressure), seven lines are observed. As the
pressure grows, two broad lines remain in the spec-
trum. Figure 5b presents the pressure dependence of
TECHNICAL PHYSICS  Vol. 63  No. 9  2018
line positions. Dashed lines show the spectroscopic
changes indicative of the occurrence of phase transi-
tions, specifically, the change in the number of lines
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Fig. 5. High-frequency vibrations: (a) transformation of the spectra with increasing pressure and (b) pressure dependence of the
line position displacement.
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and slope of the line position displacement. The
changes in the spectra point out the occurrence of the
fourth phase transition under a pressure of P4 = 7 GPa
(Fig. 5b).

The experimental observations revealed four criti-
cal points under pressures of P1 = 1.7, P2 = 4, P3 = 5.7,
and P4 = 7 GPa. Prior to the first critical point, the
tubes were compressed without the crystal structure
destruction. The first and second phase transitions are
reversible. Nevertheless, even the pressure growth
above 6 GPa did not lead to complete amorphization.
The number of phase transitions observed in this work
is larger than in study [9]. This is due to the fact that
we investigated a wider pressure range upon non-
hydrostatic compression. In addition, we examined
the high-frequency spectral ranges corresponding to
the vibrations of C–H and N–H groups, which were
not studied in detail in [9]. The data obtained by us can
be used to synthesize new materials and understand
the fundamentals of physical properties of microtubes.
However, determination of high-pressure phases of
peptide tubes needs further X-ray diffraction study.
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