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Abstract: Diphenylalanine microtubes have remarkable physical properties that allow one to use
them in electronics. In this work, we measured polarised temperature-dependent Raman spectra in
self-assembled diphenylalanine microtubes grown from the solution. We observed the anomalous
temperature behaviour of the Raman lines. Their temperature changes were minimal, which required
a significant improvement in the resolution and stability of Raman measurements. The anomalies
in the behaviour of the spectra at about 178 K, 235 K, 255 K, 278 K, 296 K, 398 K and 412 K were
observed. The structural phase transition at 398 K is irreversible. This transition is associated with the
release of water molecules from nanochannels. The irreversible phase transition has a temperature
range of about 10 K.

Keywords: diphenylalanine; Raman spectra; phase transition; polarisation; temperature effects

1. Introduction

Peptides attract the attention of researchers due to their biocompatibility, as well as unique
biological and physical properties. The smallest aromatic peptide sequence is diphenylalanine
(C18H29N»0O3). Diphenylalanine organizes itself, forming derivatives dipeptide nanostructures,
including tubes, spheres, plates and hydrogels [1]. Such structures have excellent chemical stability and
significant rigidity at the nanoscale [2]. Peptide microtubes have remarkable properties that allow to use
them as the main element of nanoelectronics. For example, the piezo- and pyroelectric effects [1-4] were
observed in diphenylalanine. Researchers are also attracted to materials with exciting new properties
that are created by compressing peptide microtubes [5,6]. This material is already in use for creating
piezoresonators, micro sensors, and batteries [7-9]. The temperature stability of the piezoelectric
coefficient d5 was previously studied. It is shown that in the temperature range from —20 to 20 °C,
the changes in the piezoelectric coefficient are reversible. An irreversible decrease in the piezoelectric
coefficient occurs when the temperature rises above 120 °C [10]. The investigation of the temperature
dependence of the pyroelectric current in diphenylalanine at the temperature of about 45-50 °C and
following cooling showed almost reversible behaviour of the pyroelectric current. On the contrary,
at higher maximum temperature achieved within the temperature cycle, the irreversible behaviour
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of the pyroelectric current amplitude is noted [4]. The investigation of temperature-driven phase
transformation in self-assembled diphenylalanine peptide microtubes irreversible phase transition into
another phase at about 140-150 °C has been carried out by the optical second harmonic generation and
local piezoresponse [11]. The previously studied changes in the physical properties of diphenylalanine
with temperature change are obviously associated with structural changes. The diphenylalanine
microtube is a complex compound. Therefore, the polarisation studies using Raman spectroscopy
can bring the most significant contribution to the study [12,13]. Particular attention should be paid
to the low-frequency region. Research on low frequencies in organic compounds can lead to exciting
results [14-16]. The aim of this work is a systematical investigation of the polarisation and temperature
effects in a diphenylalanine single microtube by Raman spectroscopy:.

2. Materials and Methods

The solvent 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) was purchased from Sigma-Aldrich and
the lyophilized form of the D-diphenylalanine dipeptide (H-D-Phe-D-Phe-OH, FF) was purchased
from Bachem. Fresh peptide solution was prepared by dissolving the peptide powder in HFP at
a concentration of 100 mg/mL. Fresh stock solutions were prepared before each test to avoid any
preliminary aggregation. Polytetrafluoroethylene substrates were washed with ethanol and then with
water in an ultrasonic bath for 10 min. Two microliters of the initial FF solution was applied to the
substrate, and then 98 uL of water was added. The total volume was 100 uL. The drops were dried at
room temperature for one day.

Typical dimensions of the microtubes ranged from 1 to 5 um in diameter and from 100 to 1000 pm
in length [17]. The size of a single FF microtube at room temperature experiment was about 50 um
length and diameter 1.5 pm. For temperature investigation of polarised Raman spectra, we used bigger
size microtube, our choice was related to the need for stronger Raman signal due to smaller numerical
aperture of the microobjective and consequently bigger scattering volume. Microtubes of various sizes
and typically hexagonal shape were revealed by scanning electron microscopy (SEM) micrographs
(see Figure Al).

Raman spectra in the backscattering geometry were recorded with a Horiba Jobin Yvon T64000
triple spectrometer equipped with a liquid nitrogen-cooled charge-coupled device detection system
in subtractive and additive dispersion modes. The single microtube was attached to a steel pin and
could be oriented relative to the excitation laser beam. The z axis coincides with the microtube long
axis. Ar" ion laser Spectra-Physics Stabilite 2017 with A = 514.5 nm and power 0.3 mW on a sample
was used as an excitation light source. The microscope system based on Olympus BX-41 microscope
with an Olympus MPlan 100" objective lens f = 0.8 mm with numerical aperture N.A. = 0.9 and
LMPlanFl 50* objective lens f = 10.2 mm with numerical aperture N.A. = 0.5 for room temperature and
low temperatures, respectively, were used to measure polarised Raman spectra at single microtube.
The laser beam was focused in a spot of 3 um diameter. Temperature-dependent polarised Raman
spectra were carried out with a Lincam TMS-94-controlled THMS-600 microcryostat in the temperature
range 80-330 K. The excitation laser power was adjusted to avoid the sample’s heating.

Low temperature measurements of unpolarized Raman spectra were carried out with a closed
cycle ARS CS5204-X1.SS helium cryostat in the temperature range 10-420 K. A number of microtubes
with arbitrary orientation of long axes was put into a plate about 100 pm thick and warped by indium
foil as a thermally conductive material for measurements unpolarized Raman spectra. Ar" ion laser
Spectra-Physics Stabilite 2017 with A = 514.5 nm and power 5 mW on a sample was used as an
excitation light source. The laser beam was focused in a spot with a diameter of 150 um. Throughout
measurements, a focused laser spot scanned the sample along a line 300 um. The spectra were acquired
at the temperature step 0.6 K [18]. The temperature was monitored by the LakeShore DT-6SD1.4L
calibrated silicon diode. During experiments, the cryostat was evacuated to 10~¢ mbar. Spectroscopic
measurements were performed in the subtractive dispersion mode, which attained a low-wavenumber
limit of 10 cm ™! in the present setup. Our experiments required measurements of the Raman lines
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positions with high accuracy. The deformation of the low-wavenumber spectral edge by an optical
slit, which sometimes smears the true features of low-wavenumber spectra, was carefully eliminated
by rigorous optical alignment. All spectra have been corrected in the wavenumber using an external
neon lamp source as a reference spectrum. This could help to eliminate errors associated with the
spectrometers deformation due to small changes (less than 0.1 K) in temperature of the room for
high-precision wavenumber measurements. CCD pixel coverage in additive dispersion mode was
as fine as 0.1 cm !, but it was limited by the spectrometer spectral resolution of 0.6 cm~!. The error
was determined by measuring Raman spectra one after another during several hours at a constant
temperature. The result of the fitted parameters of line 1002 cm ! and calculated measurement error
at 15 K is shown in Figure A2.

3. Results and Discussion

Self-assembled diphenylalanine-based peptide nanotubes belong to the space group P6;. The unit
cell includes six FF molecules with 43 atoms in each molecule [19]. The atoms are located in the 6a
Wyckoff positions. The hexagonal unit cell of FF microtube are shown in Figure 1.

Figure 1. Structure of D-diphenylalanine dipeptide (H-D-Phe-D-Phe-OH, FF) microtube:
in grey—carbon, in white—hydrogen, in red—oxygen, in violet—nitrogen. The cyan lines are hydrogen
bonds between the atoms in the molecules belonging one cell. The red lines denote hydrogen bonds
with atoms from neighbouring cells. C axis is perpendicular to the plane of the figure.

Therefore, the Raman, infrared (IR) and acoustic mode representations at Brillouin zone center
are as follows:

T Raman = 128A +129'E, + 129°E, + 128'E; + 128°E;, (1)
I'r = 128A +128'E; + 128%E;, ()
Tac = A +'E; +2 E;. (3)

1E,2E; and 'Ey, 2E; are the complex conjugate representations for longitudinal and transversal
modes. This implies that two peaks are expected to be observed in the spectrum due to the splitting.
In other cases, only one peak has to be seen. In total, 385 lines are expected in the Raman spectrum.

Z-axis is along the tube, whereas x and y axes are oriented perpendicular to the tube (Figure 2).
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Figure 2. Directions of crystallographic axes in FF microtube.

We use Porto’s notation [20]. It is a traditional way to indicate the configuration of the Raman
scattering experiment. This notation expresses the orientation of the crystal with respect to the
polarisation of the laser in both the excitation and analysing directions. The notation of Porto, for Raman
scattering processes, consists of four letters: A(BC)D. A is the direction of the propagation of the
incident light. B is the direction of the polarisation of the incident light. C is the direction of the
polarisation of the scattered light. D is the direction of the propagation of the scattered light.

The expected Raman tensors are presented in Table Al. Depending on the polarisation of the
incident and scattered light, fewer Raman lines should be observed for each configuration. Selection
rules for backscattering geometries are presented in Table A2. The geometries used in this article are
highlighted in bold. Selection rules for right-angle geometries are presented in Table A3.

Figure 3 represents the full Raman spectra at 14 and 345 K. The spectrum can be subdivided
into three distinct regions, corresponding to the vibrations of constituting structural elements:
(i) 10-280 cm ™! that is due to lattice vibrations, (ii) 280-1800 cm ! vibrations of molecules’ functional
groups: lines at 1002 and 1032 cm~! due to phenyl rings vibration, (iii) 2800-3350 cm ™! is a region of
C—H, and N—H vibrational modes (Figure 3).

Latijce vibrations |

— & (Phenyl rings)

(Phenyl rings)

— v (Phenyl rings)
)
3

?
|

p (NH
—§(C-H)

Phenyl rings

14 K

0 200 400 600 800 1000 1200 1400 1600 1800 2900 3100 3300
Wavenumber, cm’
Figure 3. Full unpolarised Raman spectra at 14 and 345 K.

Table 1 presents the positions of the lines found by us at 293 K. In this table, a comparison is made
with previously observed positions [21-28], and the interpretation of vibrations is also included.
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Table 1. Positions of the observed Raman spectra lines and their assignment at 293 K.

Region

Line Position, cm !

Assignment to Functional Groups

This Work i [21-24],ii [25,26], iii [27,28]
17 lattice mode
26 lattice mode
33 33 lattice mode
35 lattice mode
39 41 skeletal torsion+asymmetric twisting HyO
45 lattice mode
57 54 C out of plane + CHCH),, stretching
60 lattice mode
64 65 C out of plane + CHCH), stretching
72 lattice mode
78 82 lattice mode
i 86 lattice mode
89 lattice mode
105 104 Phe-Phe twisting
110 107 lattice mode
115
121 lattice mode
127 130 lattice mode
136 lattice mode
164 lattice mode
170 171 H-C, amine, H wagging
195 lattice mode
224 lattice mode
230 lattice mode
298 295 C—H torsional motion
348 348 C—H torsional motion
496 496 N—H torsional motion
621 622 O—C=0 deformation, phenyl group
1002 1001 phenyl ring breathing mode (C-C)
1032 1032 vibrations of the phenyl group
1038 1038 vibrations of the phenyl group (C-H)
1189 1190 vibrations of the phenyl group
1206 1208 vibrations of the phenyl group (mainly C-C)
ii 1249 1249 amide III (mainly C—N) stretching)
1282 1327 CH; rock, (C—C—H)
1353 1360 6(N—C—H), 6(C—C—H), CH; rock, CHj twist
1394 1413 CH,; bend
1425 1446 CH bond deformation
1584 1586 vibrations of the phenyl group (C-C)
1604 1606 vibrations of the phenyl group (C-C), C=0 vibrations
1687 1686 amide I
2920 2912 CH, symmetric stretching
2938 2933 C-H symmetric stretching
2966 2967 CHj, asymmetric stretching
2985 2979 C-H stretching
iii 3004 C-H stretching
3037 C-H stretching
3044 NHj3 symmetric stretching
3055 C-H stretching
3069 3068 NHj3 asymmetric stretching
3262 O—H stretching, crystalline water region

3.1. Lattice Vibrations

Low-wavenumber region is essential to study critical phenomena since the peaks in this range

are originated from the vibrational modes of large molecular groups constituting peptide microtubes.

The lattice vibrations are typically very sensitive to the variations of the environmental parameters

such as temperature, pressure, solvation, pH. It was demonstrated, that the low wavenumber region
can be used for calculation of effective frequency of lattice vibrations suitable for the determination of
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effective elastic constants and Young moduli of the microtubes [29]. Moreover, this effective frequency
is also sensitive to structural phase transitions occurring in FF tubes at elevated temperatures [30].

Temperature effects on low wavenumber part of Raman spectra were investigated at temperatures
from 80 up to 330 K (Figure 4). In all polarised geometries Raman lines are quite narrow and separate at
low temperatures, whereas heating leads to its broadening and overlapping. Thus, at room temperature,
only a few broad and poor resolved bands can be observed in this region (Figure 4). The comparison of
spectra measured in various polarisation geometries with the derived selection rules for backscattering
(Table A2) and right-angle scattering geometry (Table A3) allowed us to attribute the most intense of
them to the vibration symmetry (Table 2).

Table 2. Positions [cm 1] of observed polarised Raman spectra lines at T = 296 K and they symmetry
attribution in the low wavenumber region.

Symm. Type ZZ YZ YY

A 169

E; 24

A 254

E; 33

E, 34

A 427

E, 43

E, 44

A 56.5

E, 57

E, 58

E, 63

E, 76

E, 76.8
E; 85

A 103

E, 108

E, 109
E; 120

A 121

E, 131
E, 165
E, 168

A 188

E, 219
A 227

A 235
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Figure 4. Transformation of polarised Raman spectra of FF single microtube with temperature in the

low-wavenumber region: a, b, c - different components of the Raman tensor.
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Lines of A symmetry correspond to full symmetric vibrations along the tube axis, whereas lines
of E; and E; symmetry correspond to doubly degenerate vibrations in the x-y plane. We have paid
particular attention to the two lowest Raman lines located at 17 and 26 cm ! earlier not reported in the
literature. Their intensities demonstrate opposite temperature behaviour (Figure 5). During the sample
cooling the intensity of line at 17 cm ™! decreases, whereas the intensity of line at 26 cm ™! increases.
The ratio of their integrated intensities I/ I17 is presented in Figure 5 and gradually decreases with
temperature increasing.

A a F b
-X(zz)x 7F §

323K | %t
W 6-_ §§ i
oK N~ i

W\——-——’/ ‘r ii
wak N T %#

I20/|17

Raman signal, arb. unit

234t

\S_LA—’_/\N’__ 2+ i*
" 1 " 1 " 1 " 1 " 1 " 1 " " 1 " 1 " 1 " 1 " 1 "
10 15 20 25 30 35 40 50 100 150 200 250 300 350
Wavenumber, cm’ Temperature, K

Figure 5. The behaviour of 17 cm~! and 26 cm™! lines: (a) transformation, (b) ratio of integral
intensities.

Raman lines at 17 cm™! and 26 cm™! can be attributed to A symmetry type of the lattice
vibration. The temperatures of spectral anomalies are about 178 K and 296 K. There is some number
of overlapping peaks in the range 100-150 cm~! that change their Raman signals and split into other
peaks with decreasing the temperature. The spectral anomalies can be associated with structural
changes. However, additional studies by X-ray diffraction in a whole temperature range are required.

The line 105 cm~! was attributed to Phe-Phe twisting in the article [24]. This assignment is based
on first-principle calculations. The observed hysteresis of the 105 cm~! line position, depending on
whether we heat the sample or cool it (Figure 6). The temperatures of the spectral anomalies are
235, 255 and 278 K (Figure 6). The Figure A3 shows the dependence of the three low-frequency line
positions on temperature.

140 160 180 200 220 240 260 280 300

106 T T T T T T T T T T T T T 1T
® Heating
o Cooling ®
[}
105 %0g 0®
- [} o
IS
5}
o [}
2104 | o
g
0C> [} o
>
g 103 | ooo
[} %O
" e . 0w, d" o o§° o
w O O
102 b % oo‘p#;o o©°
Ly

140 160 180 200 220 240 260 280 300
Temperature, K

Figure 6. The line position hysteresis dependence on temperature.
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3.2. Vibrations of Functional Groups

The spectral region from 280 cm ! to 3350 cm ! contains lines of functional groups vibrations and
can be divided by two subregions. Polarised spectra of FF microtube for mid- and high-wavenumber
regions (Figure 7a,b) can be used for determination of the orientation of FF molecules in the microtube.

a

-z(yx)z
2
‘®

% -X(yz,XZ)x
=

% ' -Z(XX,yy)z

S ”\ A A

©
e

',| -X(zz)x

' -X(YY,XX)X

[ R I RN 1 1 1

200 400 600 800 1000 1200 1400 1600 1800
-1
Wavenumbers, cm

-z(yx)z

-X(yz,Xz)x

Raman Intensity

\ 2(xxyy)z

-X(zz)x

-X(yy, xx)x

2800 2900 3000 3100 3200 3300 3400
-1
Wavenumbers, cm

Figure 7. Raman spectra of FF microtube in different geometries: (a) 200 cm~—! ~1800 cm ™! region,
(b) 2800 cm ! 3400 cm ™! region.

It was shown, for example, that NH3 group is oriented parallel to the microtube axis, the COO
group is perpendicular to the axis, and the carbonyl group is oriented at 54° relative to the axis [31].
In the following, we will qualitatively discuss the temperature behaviour of several Raman lines.

3.2.1. The Mid-Wavenumber Region

The mid-wavenumber region consists of lines corresponding to vibrations of such functional
groups of FF molecules as phenyl rings and amide groups, whereas the high-wavenumber region is
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due to stretching vibrations of CH,, CH and NH groups. The mode at 496 cm ™! was assigned to the
ring deformation. The modes at 297 cm ! and 348 cm ™! were assigned to the split torsional motion of
the CH group [23]. The line 620 cm ! is associated with O—C=0O deformation. In the mid-frequency
region of the spectrum, the phase transition is manifested by the appearance of new lines in the regions
298 cm~! (C—H torsional motion), and 496 cm ™! (N—H torsional motion) [21] at 398 K. (Figure 8)
There are two amide lines in the Raman spectrum of FF microtubes (Figure 7a). The amide I line
located at 1687 cm ™! is mainly associated with C=0 stretching vibrations with additional contributions
from C—N stretching vibrations, C—C—N deformations and N—H bending vibrations [31]. The amide
III line at 1249 cm™! mainly represents stretching vibrations of C—N bonds [32]. The significant
changes of these lines were not observed in Raman spectra in the studied temperature range.

50.00

400 44.00

~ 38.00

~ 32.00

- 26.00

w
X
o

- 20.00

Temperature, K

320 ~ 14.00

8.000
300

2.000

300 400 500 600

Wavenumber, cm’"

Figure 8. Intensity map during heating in the mid-frequency range.
3.2.2. Phenyl Rings Vibrations

Phenyl rings provide several lines in the spectrum; however, the more strong and interesting
for investigation are those located at 1002 cm~! and a doublet at 1034 cm™~! (Figure 3). The first
line is attributed to in-plane rings’ breathing vibrations, and it is the strongest line in the spectrum.
The doublet at about 1034 cm™! is attributed to in-plane stretching-shrinking oscillations of the
phenyl rings and is sensitive to the presence of water in the nanochannel of the tube [33]. During the
self-assembly, phenyl rings form a rigid frame of FF microtubes. Temperature variations provide
small changes of the parameters of corresponding Raman lines, and therefore precise measurements
are required to detect these changes. The accuracy of the measured line shift of our instrument was
estimated to be better than 0.05 cm ™ (see description to Figure A2). Temperature dependences of the
position and damping of these lines were measured in the range from 14 K up to 405 K.

Variation of the position of 1002 cm™~! line is presented in Figure 9. This line demonstrates
non-monotonous behaviour and abrupt jump to higher wavenumbers at 398 K. Similar behaviour is
observed for 1032 and 1038 cm ™! lines. The jump at 398 K is characteristic for the structural phase
transition, but the value of the jump is much smaller than similar effects in inorganic crystals [18].
The critical temperature is quite far from 420 K, at which an irreversible cyclization of FF molecules
starts [34], and therefore the jump can be related to the reconstruction of the crystal lattice after water
evaporation from the nanochannels [30].
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Figure 9. The temperature behaviour of the phenyl rings vibrations. The inset shows the temperature
behaviour of the 1002 cm ™! line on an enlarged scale.

Both components of the doublet located at about 1032 cm~! and 1038 cm ! (Figure 9) correspond
to in-plane stretching-shrinking vibrations of phenyl rings [33]. The splitting occurs because each FF
molecule contains two not completely identical rings differently interacting with water molecules in
the nanochannel. The distance between these two components strongly depends on the number of
water molecules in tube nanochannel [33]. Additional water molecules which are weakly coupled to
FF molecules [19] cannot be detected by this method. Nanotubes” depletion leads to symmetry change
from hexagonal to orthorhombic [30,35,36] and is accompanied with the disappearance of piezoelectric
and nonlinear optical properties.

3.2.3. The High-Wavenumber Region

The high-wavenumber region of the Raman spectrum of FF microtubes with temperature
changes has not investigated in details earlier. = Raman spectra were recorded at room
temperature for L-phenylalanine, L-phenylalaninium dihydrogenphosphate, and DL-phenylalaninium
dihydrogenphosphate [27]. The Raman spectra of CH stretching region of diphenylalanine micro-
and microtube contains 9 lines located at 2920 cm~—!, 2938 cm~!, 2966 cm~?, 2985 cm~?, 3004 cm 1,
3037 cm™!, 3049 cm™!, 3057 em ™, and 3069 cm~!. We attribute 2920 cm ™, 2938 cm ™!, 2966 cm !
and 2985 cm ™! lines to symmetric and asymmetric stretching vibrations of CH groups, the lines
at 3004 cm~1, 3037 cm~1, 3049 cm~! and 3057 cm~! to CH stretching, and the 3069 cm~! line to
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NH asymmetry stretching. The variations of the high-wavenumber region of the Raman spectrum
was studied in the temperature range from 290 K up to 410 K (Figure 10). The intensities of the
high-frequency lines are very low.

*
*

T,K

410
400

&

390
380
370

360
350

340
330
320

310

300

290

2850 2900 2950 3000 3050 3100 3150

-1
Wavenumber, cm

Figure 10. Temperature transformation of Raman spectra of FF microtube in the high-frequency region.
Stars indicate reference neon lamp lines.

The lines corresponding to symmetric and asymmetric stretching vibrations of CH, groups
represent the doublets located at 2900-2938 cm~! and 2966-2985 cm~!. It is clearly seen that at
temperatures below 398 K these doublets are quite intense in spectra.

Spectral lines corresponding to stretching vibrations of CH and NH groups (located at
3050-3070 cm~!) and separated at room temperature merge together at 398 K (Figure 10). All these
processes are accompanied by lines broadening due to temperature increases.

In general, there is more than one approach to adjust the position of the lines [37,38]. The first
method is a direct calculation of the vibrational spectrum at different temperatures using a
model containing short-range forces on the fourth neighbours and long-range nonlocal dipole
interactions or molecular dynamics modelling. This approach requires very complex and laborious
quantum-mechanical calculations at each temperature [39].

The temperature dependence of the frequency of the optical phonon mode is mainly determined
by the effects of thermal expansion, stresses, and anharmonic contributions (third, fourth, and higher
orders) into the potential vibrational energy. The anharmonicity leads to the decay of an optical
phonon into two (three-phonon model), three or more low-energy phonons [40]. Some contributions
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may be very small and may be excluded from the resulting expression to approximate the frequency.
Therefore, various variants are applied.

For example, only the thermal expansion of the lattice is used. This approach requires knowledge
of the lattice constants and Griineisen parameters. We have no data on the Griineisen parameter in
FF microtube.

Another approach involves accounting for anharmonic contributions. For example, Clemens
used a model that takes into account only processes that include the decay of an optical phonon into
two phonons [41]. Balkanski et al. extended this idea to the calculation of the wavenumber shift and
included four-phonon processes [42]. Menendez and Cardona considered the decay of two phonons
belonging to different branches [43].

For analysis of temperature behaviour we used a three-phonon model [42]:

1 1

hw1 th
exp kT — exp ksT -

AUT)=wo+A |1+ 4)

here wy is the position at T = 0 K. Frequencies w; and w; are the frequencies of two phonons and
wo = wq + wy. A, h, kp are approximation constant, the reduced Planck constant and the Boltzmann
constant respectively.

The approximation of 2938 cm ™!, 2966 cm 1, 3004 cm !, 3037 cm ! lines was performed using
a three-phonon model. These modes correspond to C—H stretching (Figure 11a—d). The difference
between the line position and its approximation depending on the temperature is shown in the
Figure 11e,f,j k. The spectral lines 2938 cm !, 2966 cm ! change the tilt angle at the temperature of
255 K, line 3004 cm ™! at the temperature of 235 K and line 3037 cm~1 at 258 K.

Spectral lines occurring in range 3100-3350 cm ™! can be attributed to O-H stretching vibrations of
water molecules located in the microtubes internal channel. These lines are very weak, and more than
6 h of accumulation time per one spectrum was needed to obtain the representative results presented
in Figure 12. Measurements were carried out under high vacuum (10~° mbar) and at 14 and 295 K.
The wide spectral line at 3262 cm ™! can be attributed to OH stretching vibrations of trapped water
molecules. This line evolves into a complex multiline band shapes at low temperatures. Temperature
studies were carried out under high vacuum. Therefore, in order to understand the effect of vacuum
(possibly accompanied by water drying), we measured spectra at room temperature before and after
evacuation (Figure 8). Upon evacuation, the width of line at about 3262 cm ! decreases, and the new
line appears at 3324 cm~!. The wide spectral band at 3262 cm ™! evolve into complex multiline band
shapes at low temperatures. Knowing the position of water band at 3262 cm™! it could be possible to
determine R(O..O) distance in water molecules. According to the relation between O—H stretching
frequency and R(O..O) distance, we infer that the distance between two oxygen atoms in a nanochannel
is about 2.8 A. This distance does not change much with the temperature change.

3.3. The Irreversible Phase Transition

The experiments were carried out during heating and cooling in the temperature range from
290 K to 420 K to study the effects passing in the region of an irreversible phase transition. In the
region of lattice vibrations, all modes change the temperature behaviour upon transition near 398 K.
With temperature increasing, some lines expand and merge into a single contour in the vicinity of the
phase transition (Figure 13a). After the phase transition, the sample was cooled. The intensity map
of the lattice vibration is shown in Figure 13b. The picture does not repeat when heated and cooled.
The number of lines during cooling after the transition increased. This fact indicates that the phase
changed during the transition of 398 K.
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Figure 11. Dependence of the C—H stretching modes on temperature: (a) 2938 cm~! mode,
(b) 2966 cm~! mode, (c) 3004 cm ! mode, (d) 3037 cm~! mode. The difference between the line
position and its approximation depending on the temperature: (e) 2938 cm™~! mode, (f) 2966 cm ™!
mode, (j) 3004 cm~! mode, (k) 3037 cm ™! mode.
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The mid-wavenumber region (Figure 7a) due to vibrations of such functional groups of FF
molecules as phenyl rings and amide groups. The sharp changes associated with structural phase
transition at 398 K were observed in the mid-frequency spectral region (Figure 8). However,
after passing 398 K and further cooling, the single 500, 620 cm ™! lines are split (Figure 14b,c).
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Figure 14. The intensity map of the mid-frequency spectral regions during temperature increasing

from 400 K to 20 K: (a) in the range from 210 to 280 em™, (b) in the range from 440 to 520 em™, (¢) in
the range from 600 to 640 cm ! .
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The temperature behaviour of the position and width of the phenyl rings breathing mode of the
phenyl ring when heating and cooling is different (Figure 15). The behaviour of the width of this line
also changes. One can see the irreversible phase transition is well observable on the range of 14 K,
beginning at 384 K. The transition becomes irreversible after 398 K and it remains reversible if the
critical temperature was not reached. After passing the temperature of 403 K during cooling, the line
width of 1002 cm~! behaves differently than when heated to the passage of the point of no return
(398 K).

Temperature, K
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Figure 15. The temperature dependence: (a) of the position of the line 1002 cm™!, (b) its width. Black
points—heating, blue points—cooling.

The behaviour of high-frequency vibration modes near 398 K is shown in Figure 16. It is
reasonable to suggest that water molecules affected 2920, 2938, 2966 cm~ 1 C-H stretching vibrations.
Therefore, water evaporation observed at 398 K leads to the frequency shift of these vibrations.
We observe the gradual shift of the 3069 cm ™! line corresponding to stretching of NH groups at higher
temperatures. Two lines 2926 cm ™! and 2939 cm~! appear at a temperature of 412 K. We associate these
structural changes at 420 K with the previously observed cyclization of FF molecules [30]. Cooling
the FF microtube after reversible phase transition leads to the change of some line positions and the
temperature dependence (Figure 16b). The line at 2910 cm ! appeared at 398 K, disappeared at 412 K
and did not appear after cooling.
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Figure 16. The temperature dependence of line positions in the high-frequency region: (a) heating from
275 up to 420 K, (b) cooling after the transition.

4. Conclusions

In summary, after the rigorous analysis of the temperature behaviour of the Raman spectra of
diphenylalanine microtubes, we found several temperature-dependent spectral anomalies.

The spectral anomalies are observed at temperatures of 398 K and 412 K. The spectra after
passing through the temperature above 398 K change significantly and are not restored upon cooling.
The transition is thus irreversible. The mechanism and processes occuring at the phase transition,
are related to rather small changes in diphenylalanine structure causing the modifications of the
phenyl-phenyl interaction region in Raman spectra at 398 K. Evaporation of water at 398 K leads to
significant and irreversible changes in the crystal lattice. The appearance of new lines in the C—H
stretching region at a temperature of 412 K has been associated with the previously observed cyclization
of FF molecules.

The temperature behaviour of the spectral lines in the region of lattice vibrations indicates the
changes in diphenylalanine microtubes at temperatures of 178 K, 235 K, 255 K, 278 K, 296 K and 398 K.
The spectral anomalies are observed at temperatures of 235 K, 255-258 K in the C—H stretching modes
region. The observed temperature anomalies do not extend to the entire spectral region. They are
concentrated in the area of vibration of certain molecular groups. Some anomalies may be associated
with changes in the state of water inside a microtube. However, to confirm this assumption, further
temperature studies in diphenylalanine microtubes by other methods are necessary.
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Abbreviations

The following abbreviations are used in this manuscript:

FWHM  full width at half maximum
FF diphenylalanine

Appendix A

Figure A1l. (a) SEM images of agglomerated FF microtubes. The inset shows magnified image of FF
microtube with hexagonal shape and internal hole. (b) Optical image of single microtube for polarised
temperature investigation.
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We used the Lorentz function to deconvolute spectra and the amplitude, position of the line
center and width were calculated for each line. The aromantic ring breathing is one the strongest
line in the spectra. Therefore, the spectral parameters of this line can be obtained very accurately.
All points of the spectral shape were used to obtain a line position by peak fitting. The number of
points was more than 120 per spectral shape on average. The approximation can give us more than
ten times better results in the position of lines center then coverage of a single CCD pixel [18]. In the
above experiments, the uncertainty in the line position achieved better than 0.05 cm ™! (to prove this,
we carried out measurements for a sequential series of spectra with temperature stabilization, see
Figure A2).
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Figure A2. Time stability of the Raman line of (a) aromatic ring breathing mode (1002 cm~ 1 and (b) its
full width at 15 K.

Table Al. Raman tensor for a self-assembled diphenylalanine nanotube.
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Table A2. Selection rules for backscattering geometry. Geometries used in this work are highlighted
in bold.

Geom. 1E1(LO) 1E{(TO) 'E, 2E{(LO) Z2E1(TO) 2E, A(LO) A(TO)

—X(YY)X X X X
—-X(YZ)X X X

—X(z2)X X
—-Y(XX)Y X X X
-Y(X2)Y X X

-Y(Z2)Y X
—7Z(XX)Z X X X
—-Z(XY)Z X X

—Z(YY)Z X X X

Table A3. Selection rules for right angle scattering geometry.

Geom. E{(LO+TO) E1(TO) 'E; Z2E;(LO+TO) 2E{(TO) 2E, A(LO+TO) A(TO)

X(YY)Z X X X
X(YZ)Y X X
X(ZZ)Y X

Y(XX)Z X X X
Y(XY)X
Y(XY)Z X X X

Y(XZ)X X X

Z(XY)X X X
Z(XZ)X X X

Z(XZ)Y X X

Z(YZ)X X X
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Figure A3. The temperature behaviour of line positions from 100 to 130 cm ™! region: heating and
cooling from 140 up to 300 K.
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