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� A Raman scattering study under high-
pressures was performed in LTHBr
crystals.

� DFT calculations enabled precision
mode assignments.

� The molecules showed high flexibility
in the lattice mode region under
pressure.

� The material showed structural phase
transition and conformational phase
transition.
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The high-pressure Raman spectra of L-tyrosine hydrobromide crystal (LTHBr) were obtained from 1.0 atm
to 8.1 GPa in the 100–3200 cm�1 spectral region. The structural conformation and dimensions of the
monoclinic unit cell were estimated using the powder X-ray diffraction (PXRD) method and Rietveld
refinement using the GSAS program. At atmospheric pressure, the Raman spectrum was obtained in
the spectral range of 100–3200 cm�1 and the assignment of the normal modes based on density func-
tional theory calculations was provided. Large wavenumber shifts of modes at 106, 123, and 157 were
observed, which were interpreted as the large displacement of the atoms, making the molecule a flexible
structure. The change in the slope (dɷ / dP) of these bands between the pressures of 3.0 and 4.0 GPa and
the appearance of a mode of low wavenumber indicate the occurrence of a structural phase transition. A
band initially observed at 181 cm�1 in the spectrum recorded at 0.7 GPa change the relative intensity
with a band at 280 cm�1 (recorded at 5.8 GPa), indicating a conformational transition. In the region of
the internal modes, the spectra show changes that reinforce the conformational phase transition since
the bands initially at 1247 and 1264 cm�1 observed at 1.0 GPa have their intensities reversed, and at
3.0 GPa it is observed the fusion of the bands at 1264 and 1290 cm�1 (values recorded at ambient pres-
sure). Thus, we can assume that the LTHBr crystal has undergone a structural phase transition and a con-
formational phase transition in the pressure range investigated.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Currently, there is a need to improve the technological devices
used by society, thus justifying the synthesis of new materials that
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have the purpose of meeting this need. New materials with high
optical non-linearity are important due to their practical applica-
tion in information technology and industrial devices [1–3]. This
is due to the possibility of generating a highly efficient second har-
monic, enabling the application in photonics, therefore, amino acid
crystals can perform such applications because many of them have
an asymmetric carbon atom and crystallize in non-
centrosymmetric spatial groups [4].

Pressure is a thermodynamic variable that, like temperature,
can be used as a parameter to study the energy of a system [5].
The main effect resulting from the application of hydrostatic pres-
sure in solids, crystalline or not, is the reduction of the interatomic
and intermolecular distances of the material and, consequently, its
volume [6,7]. This decrease in volume implies an increase in the
energy of the system. The effects of hydrostatic pressure are more
pronounced for intermolecular bonds than for interatomic bonds
[8].

The hydrogen-bond (H-bond) is the interaction responsible for
the stability of a large number of complex biological molecular sys-
tems. Changes in the architecture of the H-bond can be induced by
high hydrostatic pressures and can have an effect on system stabi-
lization. This effect is seen in many aspects of high hydrostatic
pressure in protein biochemistry [9].

The amino acids in their entirety behave like monovalent
anions. Aspartic and glutamic acid, as well as tyrosine and cysteine,
have the ability to form monovalent and divalent anions. This class
of materials can form crystalline structures through various combi-
nations, due to the large availability of cations [10]. Amino acid
crystals are simpler models of organic molecules representative
architecture of H-bond. The H-bond network is composed of an
amino group and a carboxylic acid group linked by N-H���O bonds.
Thus, the study of hydrogen bonds under high pressure can provide
valuable information to probe the stability of the biological molec-
ular systems. For example, L-alanine crystal is a stable molecular
system [11]. On the other hand, some amino acid compounds have
been investigated in the search for structural phase transition and
conformational phase transition in crystals, in particular, by Raman
spectroscopy techniques [12–19].

L-tyrosine hydrobromide (LTHBr) is a semi-organic non-linear
optical material (NLO) and is shown to be suitable for photonic,
optoelectronic device fabrication, and laser related applications
[20,21]. In a previous study with L-tyrosine hydrochloride crystal
(LTHCl) [22] the high-pressure Raman spectra were obtained from
1.0 atm to 7.0 GPa, indicating, that the crystal remained in the
same monoclinic structure of the ambient pressure. LTHCl at a
pressure of 1 atm has an intense band at 125 cm�1 (A1) associated
with the twisting of the L-tyrosine molecule; between 0.5 and 1.0
GPa it shows a shoulder that at 3.0 GPa has an intensity inversion
with the mode initially recorded at 125 cm�1. In addition, this A1
mode also showed a variation in the dx/dP slope between 1.0
and 1.5 GPa. These changes characterized a conformational phase
transition undergone by the LTHCl crystal. In the external modes
region, there were no major changes around 3.0 GPa and in the
decompression process, it was observed that the conformational
phase transition was reversible, without hysteresis. Therefore,
Raman spectroscopy is a powerful experimental technique for
obtaining information on changes in H bonds, studying the vibra-
tional behavior of amino acid crystals [23]. The interpretation of
Raman spectra of amino acids can provide an important contribu-
tion to the study of changes in hydrogen bonds under pressure
variation and the stability of biological molecular systems [24,25].

In this research, we describe the effect of high pressure on the
crystal of L-tyrosine hydrobromide (LTHBr) in the range between
1 atm and 8.2 GPa, with special attention to the bands in the spec-
tral region of the external modes (below 200 cm�1) where it is pos-
sible to collect evidence of structural and conformational phase
2

transitions. We also show calculations using functional density
theory (DFT), providing accurate assignment of the normal modes
of vibration. In addition, the role of the amino acid side chain in the
configuration of the hydrogen bond network and the stability of
the structure are discussed.
2. Material and methods

2.1. Material synthesis

L-tyrosine hydrobromide (LTHBr) single crystals were crystal-
ized from an aqueous solution by the slow evaporation technique
using L-tyrosine (98%; Sigma-Aldrich) and hydrobromic acid
(48%; Sigma-Aldrich) with stoichiometric ratio 1:1. The hydrogenic
potential (pH) was measured at a value of 2.1, and temperature
control was made without exceed the value of 323 K. The solution
was sealed with plastic wrap which was then punched and placed
in the crystal growth chamber maintained at room temperature of
298 K. The crystals were obtained typically after 3 weeks.
2.2. X-ray diffraction

The LTHBr powder sample was subjected to X-ray diffraction
and data were collected with a powder diffractometer Rigaku
Mini-flex II using Cu Ka (k = 1.5418 Å) radiation. The diffraction
patterns were carried out in the 2h angular range 5–50�with a step
size of 0.02� and with a counting time of 2 s/step. The structural
characterization of LTHBr was obtained by Rietveld refinement
using the GSAS program [26].
2.3. Raman spectroscopy and high-pressure measurements

High pressure Raman spectra were recorded in back scattering
geometry using a microscope attached to a triple-grating spec-
trometer Jobin Yvon T64000. For Raman measurements, the
514.5 nm line of an Ar-Kr ion laser was used as excitation and
the spectral resolution was set to 2 cm�1. To achieve high pres-
sures, a Diacell� lScopeDAC-RT(G) diamond anvil cell from Almax
EasyLab with 0.4 mm culets diamonds was used. The sample was
loaded into a 100 mm hole drilled in a stainless-steel gasket with
a thickness of 200 mm using an Almax EasyLab electric discharge
machine. Nujol served as the pressure transmitting medium
(PTM) and the main purpose of the compressor medium is to keep
the sample under hydrostatic conditions; this mineral oil is rela-
tively hydrostatic up to 10 GPa [27–29]. The pressures were mea-
sured based on the shifts of the R1 and R2 ruby fluorescence lines.
2.4. Computational details

The structural and vibrational properties of the monoclinic
structure of L-tyrosine hydrobromide crystal were investigated
with the QUANTUM-ESPRESSO plane-wave code [30], which uses
density functional theory [31,32]. The initial structure was based
on the experimental crystallographic data reported for the L-
tyrosine hydrochloride crystal [33]. For the exchange–correlation
potential, the local density approximation (LDA) [34] was adopted,
considering the Perdew-Zunger [35] functional with 4 ✕ 4 ✕ 4
MonkHorst-Pack [36] K-points and a plane waves cut off of 250
Ry. For the dispersion correction, Grimme-D2 method was used
[37]. The structure was completely relaxed, including the cell
parameters, until the forces became less than 1 ✕ 10-4 Ry/Bohr,
stress less than 0.01 kbar and the energy threshold set to 1 � 10-
12 Ry. The relaxed lattice parameters were found to be a = 11.153
Å, b = 8.707 Å, c = 4.942 Å and b = 90.032�.
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Vibrational frequencies were evaluated from the dynamical
matrix calculated by the density-functional perturbation theory
(DFPT), also implemented in QUANTUM-ESPRESSO [34]. Taking
into account the periodic boundary conditions, this method is able
to simulate vibrational spectra of different hydrogen-bonded crys-
tals in good agreement with experimental data [38]. The dynamical
matrix and frequencies of the harmonic phonon modes were coal-
culated using the DFPT linear response method at the Gamma (U)
point [39,40]. The computed Raman activities are based on the
Placzek’s theory of the Raman effect [41,42]. The theoretical Raman
intensity, which simulates the measured Raman spectrum, can be
calculated according to the equation:

IRi ¼ f ðt0 � tiÞ4Â � Si
ti½1� expð�hcti=kTÞ� ð1Þ

where Si is the Raman scattering activity of the ith normal
mode, f is a suitable normalization factor for all peak intensities
(10-13). The h, k, c and T are Plank and Boltzmann constants, speed
of light and temperature in Kelvin, respectively. The simulated
spectra were plotted using a Lorentzian line shape with a full width
at half maximum of 10 cm�1.
3. Results and discussion

3.1. X-Ray diffraction

The Rietveld refinement and the recorded diffractogram at
room temperature for the L-tyrosine hydrobromide powder sam-
ple is shown in Fig. 1(a). The comparison between the observed
and calculated values gives Rwp = 13.34%, Rp = 9.48%, and
S = 3.00 for the goodness of fit. The LTHBr crystal belongs to the
space group P21 with two molecules per unit cell of monoclinic
structure (Fig. 1(b)), with lattice parameters a = 11.323(4) Å,
b = 9.086(3) Å, c = 5.167(3) Å, and b = 91.211(3)�. According to Riet-
veld refinement, the lattice parameters and the space group are in
good agreement with the values found in literature [20,43]. In
Fig. 1. (a) Rietveld refinement at room temperature of the XRD pattern of LTHBr. (b) Mo
showing the six hydrogen bonds (d1 to d6) that holds the crystal lattice together.

3

Fig. 1(c) 2x2 supercell is shown along the direction [001], where
it is possible to notice the six hydrogen bonds.

3.2. DFT calculations

Before investigating the vibrational properties of LTHBr under
high-pressure conditions, we first consider the structural proper-
ties obtained from our DFT calculations. The parameters of the
equilibrium lattice and the cell volume are in accordance with
the experimental result. Fig. 2(a), (b) and (c) shows Experimental
(red line) and theoretical (blue line) Raman spectra of L-tyrosine
hydrobromide in room temperature for wavenumber spectral
ranges (a) 100–600, (b) 600–1800 and (c) 2860–3300 cm�1.

As can be seen in Table 1, the relaxed lattice parameters a, b and
c deviates from 1.4 to 4.4% of the experimental values, while the b
angle showed a slight reduction of around 1.3%. As a consequence,
the relaxed volume is about 0.6% smaller than the experimental
one. This result is expected since the functional LDA generally
overestimate interatomic forces, reducing their bond lengths and,
consequently, their lattice parameters [44,45].

At this point, it is also important to compare the bond lengths
and bond angles of LTHBr obtained from the calculation with the
respective equilibrium parameters of correlated systems. Table 2
shows a comparison between the optimized bond lengths and
bond angles computed at LDA with those reported for the mono-
clinic L-tyrosine hydrochloride (LTHCl) system at the same level
of theory [22].

As can be seen, in general, deviations in bond length are negli-
gible. However, a greater difference in C-O carboxylic bond lengths
(~0.5%) is found between the crystals of LTHBr and LTHCl. In addi-
tion, the hydrogen bond distances on LTHBr are much greater (1.5
– 10.5%) than those found in LTHCl crystals, with the exception of
b3(N-H3���Br), which is 11.32% smaller. Interestingly, a similar
behavior is observed along the bond angles. The notable deviations
in the angles are related to the carboxyl group C2-C1-O1 (0.55%)
and hydrogen bond angles. In particular, in the LTHBr system,
the bond angle associated with b3(N-H3���Br) is 132.4�, while the
noclinic unit cell of L-tyrosine hydrobromide. (c) 2x2 supercell along the [001] axis



Fig. 2. Experimental (red line) and theoretical (blue line) Raman spectra of L-tyrosine hydrobromide crystal for the (a) 100–600, (b) 600–1800 and (c) 2860–3300 cm�1

wavenumber spectral ranges. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Optimized lattice parameters of LTHBr at DFT-LDA level, compared with those
obtained experimentally.

Lattice parameter DFT-LDA X-ray D (%)

a (Å) 11.154 11.323 �1.49
b (Å) 8.708 9.086 �4.17
c (Å) 4.943 5.167 �4.34
b (�) 90.033 91.211 �1.29
V (Å3) 480.064 531.466 �9.67

Table 2
The DFT/LDA calculated geometrical parameters (bond lengths in Å, angles in �) of L-
tyrosine hydrobromide and L-tyrosine hydrochloride [44].

Bond lengths (Å) LDA/LTHBr LDA/LTHCl [40] D (%)

C1-C2 1.50 1.50 0.27
C2-C3 1.52 1.52 �0.15
C3-C4 1.49 1.48 0.09
C4-C5 1.38 1.39 �0.01
C5-C6 1.38 1.38 0.03
C6-C7 1.38 1.38 �0.04
C7-C8 1.38 1.39 �0.01
C8-C9 1.38 1.38 �0.07
C1-O1 1.22 1.23 �0.50
C1-O2 1.30 1.30 0.43
C7-O3 1.36 1.36 0.03
C2-N 1.46 1.46 �0.07
a1(O3-H���Br) 2.09 1.89 10.48
a2(O2-H���O3) 1.47 1.45 1.58
b1(N-H1���Br) 2.28 2.05 11.54
b2(N-H2���Br) 2.37 2.20 7.84
b3(N-H3���Br) 2.54 2.86 �11.32

Bond angle (�)
C1-C2-C3 109.1 108.4 0.64
C2-C3-C4 113.5 115.4 �1.64
C3-C4-C5 120.7 120.1 0.47
C4-C5-C6 121.4 121.5 �0.07
C5-C6-C7 119.3 119.3 �0.01
C6-C7-C8 120.4 120.3 0.05
C7-C8-C9 119.5 119.6 �0.05
C2-C1-O1 121.7 121.0 0.55
O1-C1-O2 126.2 126.2 0.02
C6-C7-O3 122.1 121.7 0.35
C1-C2-N 108.8 109.6 �0.77
a1(O3-H���Br) 164.0 168.3 �2.55
a2(O2-H���O3) 171.5 172.0 �0.28
b1(N-H1���Br) 167.5 165.3 1.32
b2(N-H2���Br) 143.0 143.9 �0.64
b3(N-H3���Br) 132.4 116.5 13.72
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corresponding angle in LTHCl is much smaller, around 116.6�. It is
important to note that the atomic radius of chlorine (0.97 Å) is
smaller than that of bromide (1.12 Å) and, accordingly our calcula-
tions, this appears to profoundly affect the hydrogen bond interac-
tions between tyrosine and the Br ion compared to the LTHCl
system. These results indicate that particular structural and vibra-
tional properties must be found, as will be discussed later, in the
LTHBr crystals under high-pressure conditions. Table 3 shows the
mode assignments for the LTHBr crystal. The attributions obtained
by the theoretical spectra are in accordance with some references
related to the LTHBr crystals [46].

3.3. High-pressures Raman

High pressure has been used to study properties of materials
under exceptional thermodynamics conditions [47], to produce
new materials [48] or to synthesize others with high purity [49].
The search for an accurate understanding of the behavior of mate-
rials under high pressure is an ongoing subject of research. In the
present paper, we show high-pressure Raman spectroscopic mea-
surements performed on the LTHBr crystal in the range of 0.0 to
8.1 GPa. The region comprising the spectral range from 100 cm�1

to 500 cm�1 was called R1. As shown in Fig. 3(a), the strongest
band at 123 cm�1 (bending ring CC) remains until the final pres-
sure of 8.1 GPa, different from the corresponding mode in LTHCl
[22], which suffers a great loss of intensity with increasing pres-
sure. In Fig. 3(a), we also show the decompression (back) spectrum
4

in red. All other subsequent regions also show the decompression
spectra in red. In the supplementary material, we present five fig-
ures with comparative spectra of compression (black lines) and



Table 3
Selected mode analysis: Observed Raman band positions (xexp), calculated vibrational wavenumbers (xcal), assignments for L-tyrosine hydrobromide crystal.

xexp (cm�1) xcal (cm�1)a symc Assignmentsb xexp (cm�1) xcal (cm�1)a symc Assignmentsb

106 111 B t(O3···HO2C1O1) 1041 1097 B m(C2N) + d(C3H2) + dring(CH)
123 134 A dring(CC) 1154 1207 A m(C3C4) + d(C3H2) + dring(CH) + d(O3H) + d(O2H)
157 225 A q(NH3) 1178 1225 A d(C2H) + d(C3H2) + dring(CH) + d(O3H) + d(O2H)
248 278 A s(NC2C1O2) 1200 1260 A dring(CH) + m(C7O3) + m(C1O2)
333 347 A u(NC2C3C4) + d(NH3) 1213 1265 A d(C2H) + d(C3H2) + m(C7O3) + m(C1O2)
378 409 A sring(CC) + s(NC2C3C4) + q(NH3) 1247 1293 A dring(CH) + d(O3H) + d(O2H)
430 458 B twring(CC) + m(O3···HO2) 1264 1314 A dring(CH) + d(O3H) + d(O2H)
488 510 B wagring(CC) + m(O3···HO2) 1326 1357 B wag(C3H) + wag(NH3) + d(O3H) + d(O2H)
525 553 A wagring(CH) + m(O3···HO2) 1364 1412 A mring(CC) + sc(C3H)
640 645 A q(C3H2) + d(O3H) + s(O1-C1-C2-C3) 1434 1479 B sc(NH3)
713 736 A wagring(CC) 1588 1621 A mring(CC)
742 797 A wagring(CH) 1616 1694 B sc(NH2) + m(O1C1)
797 825 A wagring(CH) 2934 2914 A ms(C3H2) + m(C2H)
828 861 A wagring(CC) + sc(O1C2O2) 2971 2957 B ma(C3H2) + m(C2H)
848 863 B wagring(CC) + sc(O1C2O2) 3020 2987 B m(O2H) + m(O3H) + ma(NH)
879 921 B wagring(CC) + q(C3H2) + q(NH2) 3043 3037 B m(O3H) + m(C9H)
894 937 A wagring(CC) + q(C3H2) + q(NH2) 3066 3050 A m(O3H) + ms(NH3)
982 1052 B d(C2H) + tw(C3H2) + d(O3H) + d(O2H) 3209 3183 A m(NH)

a Calculated with DFT-LDA approach.
b Nomenclature: s = torsion; d = bending; sc = scissoring; tw = twisting; u = out-of-plane; wag = wagging; m = stretching; q = rocking; mas = asymmetric stretching;

ms = symmetric stretching.
c Vibrational modes belonging to the A and B irreducible representations are non-degenerated.

Fig. 3. (a) Raman spectra of LTHBr crystal under pressures for spectral region: 100–500 cm�1 and (b) Wavenumber vs. pressure plots of LTHBr for spectral region: 100–
500 cm�1.
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decompression (red lines) for all spectral regions (R1, R2, R3, R4,
and R5). At 2.7 GPa, a band appears at approximately 169 cm�1;
this band is indicated by an asterisk in Fig. 3(a) and 3(b). As the
pressure increases, it gains considerable intensity when compared
to most others in that region. The weak mode at 157 cm�1 (rocking
NH3), whose wavenumbers are indicated by squares in Fig. 3(b),
decreases in intensity until it disappears at 2.0 GPa. But before that,
another mode appears at 181 cm�1 when a pressure of 0.7 GPa is
reached, and at 1.0 GPa these two modes undergo an inversion in
their relative intensities. At 4.2 GPa, the same mode that appeared
at 0.7 (181 cm�1) gains even more intensity and becomes narrower
5

and then a shoulder appears around 280 cm�1 (at 5.8 GPa), whose
numbers of waveforms are indicated by triangles in Fig. 3(b). These
two modes invert their intensities by 8.1 GPa. In addition, the high
values of the dɷ/dP slopes (12.2, 13.5, 14.5 and 20.3 cm�1 / GPa) of
the modes at 106, 123, 157 and 182 cm�1, respectively, demon-
strate high sensitivity of these modes to the increase in pressure.
Another important point to be highlighted is the change in the
slope of these bands between pressures of 3.0 and 4.0 GPa. This
type of behavior is currently associated with phase transitions.
All of these results are shown in Fig. 3(b) and Table 4; this table
shows the values forxexp,xo, and a for the linear fittingx =xo + aP



Table 4
Values for xexp, xo and a for the linear fitting x = xo + aP of the LTHBr crystal in
different ranges of pressure and for entire all regions.

xexp. (cm�1) x0 (cm�1) a (cm�1/GPa) Presssure range (GPa)

106
148

108
127

12.2
4.8

0.0–3.0
4.0–8.1

123
170

124
152

13.5
4.2

0.0–3.0
4.0–8.1

157
181

160
199

14.5
�1.14

0.0–2.1
4.0–8.1

169
198

162
150

2.35
7.5

2.7–3.0
4.0–8.1

182
251

172
211

20.3
9.9

0.7–3.0
4.0–8.1

280 251 6.6 4.0–8.1
248 244 6.0 0.0–8.1
332 336 6.3 0.0–8.1
378 381 6.4 0.0–8.1
430 433 4.5 0.0–8.1
454 457 4.6 0.0–8.1
470 476 5.1 0.0–8.1
489 494 3.6 0.0–8.1
525 531 4.6 0.0–8.1
640 641 0.8 0.0–8.1
655 652 2.6 1.0–8.1
713 716 2.4 0.0–8.1
741 744 1.3 0.0–8.1
773 773 0.8 0.0–8.1
797 798 2.8 0.0–8.1
830 831 3.7 0.0–8.1
847 848 5.7 0.0–8.1
862 862 5.9 0.7–8.1
897 898 3.3 0.0–8.1
983 986 3.2 0.0–8.1
982 986 3.2 0.0–8.1
1041 1049 4.1 0.0–8.1
1071 1080 5.3 0.0–8.1
1155 1148 1.8 0.0–8.1
1178 1180 1.9 0.0–8.1
1200 1202 1.8 0.0–8.1
1213 1214 2.9 0.0–8.1
1247 1251 4.2 0.0–8.1
1265 1269 3.6 0.0–8.1
1290 1292 0.5 0.0–8.1
1417 1416 �0.52 0.7–8.1
1441 1440 3.2 0.0–8.1
1458 1458 4.3 0.0–8.1
1523 1522 2.6 0.7–8.1
1586 1585 1.7 0.0–8.1
1613 1608 2.8 2.1–8.1
1616 1613 2.1 0.0–8.1
2855
2902

2853
2901

12.8
�1.83

0.0–3.1
4.2–8.1

2934
2953

2935
2941

6.2
3.9

0.0–3.1
4.2–8.1

2965 2971 5.0 0.0–8.1
3021 3022 5.7 0.0–8.1
3066 3068 6.3 0.0–8.1
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of the LTHBr crystal in different pressure ranges and for all spectral
regions.

It would be instructive to compare the behavior of Raman spec-
tra of L-tyrosine hydrobromide and L-tyrosine hydrochloride crys-
tals under pressure. We highlight the following points: a) for the
LTHBr crystal, while the strongest band remains up to 8.1 GPa (still
as the strongest band), for the LTHCl crystal the corresponding
band lost intensity rapidly and by 3.5 GPa this band already has
very low intensity. b) Change of slope dɷ/dP for LTHBr between
3.0 and 4.0 GPa, while for LTHCl it occurs between 1.0 and 1.5
GPa. c) While new bands are observed for LTHBr (P > 3.1 GPa),
no new bands were observed for LTHCl even across the entire pres-
sure range. Based on the above characteristics of both crystals, we
propose a structural phase transition undergone by LTHBr crystal
from 3.1 to 4.2 GPa and a conformational transition from 5.8 GPa
to 8.1 GPa. In view of the structural similarity of these two crystals,
6

the alteration of the halides seems to play an important role in the
behavior of the pressure-induced phase transitions for these types
of crystals.

The region of the spectral range from 560 cm�1 to 960 cm�1 was
called R2. Fig. 4(a) presents the Raman spectra of LTHBr crystal in
the pressure range of 0.0 to 8.1 GPa and a spectral range of 560–
960 cm�1. Fig. 4(b) shows the behavior of the wavenumber as a
function of pressure for the range 600 to 960 cm�1.

The R2 region presents bands associated with combination of
vibrations at 640 cm�1 (rocking C3H2 + bending O3H + torsion
O1-C1-C2-C3) and for wagging ring CC at 713 cm�1. In addition,
bands are observed at 742 cm�1 (wagging of ring CH), at
797 cm�1 (wagging of ring CH), at 828 cm�1 (CC wagging + scissor
ing O1C2O2) the mode most intense of region, at 848 cm�1 (CC
wagging + scissoring O1C2O2). Other bands are observed at
879 cm�1 (wagging of ring CC + rocking C3H2 + rocking NH2)
and 894 cm�1 (wagging of ring CC + rocking C3H2 + rocking
NH2). The bands for this spectral region showed low dɷ/dP values
when compared to the bands in the wavenumber modes of R1
region. There are no considerable changes associated with this
spectral range. Therefore, few changes related to the modes, except
the intensity gains of the strongest band with the increase of the
pressure. On the other hand, the equivalent band in the LTHCl crys-
tal showed a loss of intensity with increasing pressure [22]. In
addition, the spectra showed no significant changes with increas-
ing pressure.

Fig. 5(a) and 5(b) show the R3 region in the pressure range from
1 atm to 8.1 GPa and a spectral range from 960 to 1300 cm�1 and
the behavior of the wavenumber as a function of pressure for the
range of 950 to 1300 cm�1, respectively.

This region presents bands associated with the modes at
982 cm�1 (bending C2N + twisting C3H2 + bending O3H + bending
O2H), 1041 cm�1 (stretching C2N + bending C3H2 + bending of ring
CH), 1154 cm�1 (stretching C3C4 + bending C3H2 + bending of ring
CH + bending O3H + bending O2H), and also an intense band at
1178 cm�1 (bending C2H + bending C3H2 + bending of ring
CH + bending O3H + bending O2H) which decreases its intensity
with increased pressure. The band at 1213 cm�1 1 (bending
C2H + bending C3H2 + stretching C7O3 + stretching C1O2) at ambi-
ent pressure decreases in intensity until it almost disappears at 8.1
GPa pressure. The two neighboring modes at 1247 (bending of ring
CH + bending O3H + bending O2H), 1265 cm�1 (bending of ring
CH + bending O3H + bending O2H), exhibit behavior that reinforces
the evidence of conformational phase transition, since these bands
at 1.0 GPa inverts their intensities. The band at 1247 cm�1 has a
weak intensity in the spectrum at 1 atm, while this same mode
becomes the strongest at 8.1 GPa. In addition to this band gaining
intensity, it undergoes significant shifts with increased pressure
when compared to the neighboring band with the highest
wavenumber. From Table 3, the band at 1247 cm�1 is associated
with bending of ring CH + bending O3H + bending O2H and, there-
fore, participates in the hydrogen bond network. Therefore, chang-
ing the hydrogen bond configuration can trigger anomalies related
to this band.

Fig. 6(a) and 6(b) show the R4 region in the pressure range from
1 atm to 8.1 GPa and the spectral range 1400–1800 cm�1 and the
behavior of the wavenumber as a function of pressure for the spec-
tral range from 1400 to 1660 cm�1, respectively.

This region presents band associated with the 1434 cm�1 (NH3

scissoring). These two neighboring bands form the largest band in
this region. The weak band at 1588 cm�1 (CC stretching of ring)
and the band at 1616 cm�1 (NH2 scissoring + O1C1 stretching) both
initially at ambient pressure, visually invert their intensities to
P > 2.7 GPa. Therefore, these doublets evidenced different Raman
behavior associated with a unit connected to the hydrogen bond
network and another associated with the imidazole ring. On the



Fig. 4. (a) Raman spectra of LTHBr crystal under pressures for spectral region: 560–960 cm�1 and (b) Wavenumber vs. pressure plots of LTHBr for spectral region: 600–
960 cm�1.

Fig. 5. (a) Raman spectra of LTHBr crystal under pressures for spectral region: 960–1300 cm�1 and (b) Wavenumber vs. pressure plots of LTHBr for spectral region: 950–
1350 cm�1.
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other hand, the LTHCl crystal did not show an inversion of intensi-
ties in relation to these bands under pressure. In fact, the corre-
sponding band around 1588 cm�1 loses intensity up to 7.2 GPa
7

[22]. This behavior demonstrates the role of halides in linking
the lattice modes to the internal modes involved in hydrogen
bonds.



Fig. 6. (a) Raman spectra of LTHBr crystal under pressures for spectral region: 1400–1800 cm�1 and (b) Wavenumber vs. pressure plots of LTHBr for spectral region: 1400–
1660 cm�1.

Fig. 7. (a) Raman spectra of LTHBr crystal under pressures for spectral region: 2900–3170 cm�1 and (b) Wavenumber vs. pressure plots of LTHBr for spectral region: 2850–
3125 cm�1.
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The R5 region shows the high energy Raman spectra in the
spectral range between 2900 cm�1 and 3170 cm�1 for the LTHBr
crystal. Fig. 7(a) and 7(b) show this region in the pressure range
of 1 atm to 8.1 GPa and the behavior of the wavenumber as a func-
tion of pressure in the range of 2850–3125 cm�1.

R5 region is characterized by the presence of axial deformations
(symmetric and anti-symmetric stretching). These vibrational
modes correspond to the bands at 2934 cm�1 (C3H2 symmetric
stretching and stretching C2H) and 2971 cm�1 (C2H stretching
and C3H2 anti-symmetric stretching). At ambient pressure, the
bands can be seen at 3020 cm�1 (NH anti-symmetric stretch-
ing + O2H stretching + O3H stretching) and 3066 cm�1 (NH3 sym-
metric stretching + stretching O3H). Two new bands appear,
initially as shoulders, the first at about 3085 cm�1 at 4.2 GPa and
a weak band at 3007 cm�1, at 4.5 GPa. All bands in this region shift
to higher wavenumbers (blue shift) losing definition and intensity,
a fact possibly related to the conformational disorder induced by
the increasing pressure.

At ambient pressure, the complexed structure of L-tyrosine (LT),
LTHBr and LTHCl, are structurally similar, both are monoclinic,
have two molecules per unit cell, and present the same spatial
group P21 [20,22,33,46]. Both LTHBr and LTHCl have their mole-
cules interconnected by O - H ��� O and N - H ���X bonds (X = Br,
Cl). As noted earlier, the temperature decomposition process is
dominated by the N-H. . .X bonds, with little contribution from
the O-H. . .O bonds [43]. The insertion of Br- and Cl- ions in the LT
structure confers some similarity between the vibrational proper-
ties of the LTHBr and LTHCl crystals [22,43]. For LTHCl, almost no
change in the spectral region associated with the internal modes
was observed under high pressure; only a highly intense bond with
low wavenumber undergoes noticeable change [22]. On the other
hand, in our present high-pressure study of LTHBr, we were able
to observe changes both in the internal modes region and in the
lattice modes region. Thus, although there is some similarity in
the vibrational properties, the pressure evolution is diverse, as well
as the pressure ranges where the two structures are stable: the
original phase is observed up to 1.5 GPa for LTHCl and up
to ~ 3.0 GPa for LTHBr. Interestingly, the H – Cl distances vary from
2.378 to 2.505 Å in the N - H���Cl bonds for LTHCl, while the H – Br
distances vary from 2.436 to 2.531 Å in the N - H ��� Br bonds for
LTHBr. Apparently, the longer H bonds makes the structure a little
more flexible, allowing the crystal to maintain its symmetry with-
out the need to change its monoclinic structure. Comparing the
compression and decompression spectra in all spectral regions of
the LTHBr crystal, we note that there is similarity between them,
showing that the changes are reversible, which was also observed
in the LTHCl crystal [22]. Testing this hypothesis for stability of
complexed structure of amino acid is important to support future
applications focused on the halogen ion – organic interactions.
4. Conclusions

Raman spectroscopy measurements were performed as a func-
tion of pressure (from 1 atm to 8.1 GPa) in the LTHBr crystal in five
different spectral regions: R1 (100–500 cm�1), R2 (560–960 cm�1),
R3 (960–1300 cm�1), R4 (1400–1800 cm�1), and R5 (2900–
3170 cm�1). Mode assignments showed good agreement with the
experimental spectra and were based on DFT calculations. At 2.7
GPa, a band appears at 169 cm�1 and with the increase in pressure
it gained considerable intensity when compared to most of the
others in that region of the lattice modes. The high flexibility of
the L-tyrosine molecules is shown with the large displacement
for larger wavenumbers of the modes in 106, 123, 157, and
182 cm�1. In addition, the change in the slope (dɷ/dP) of these
bands between pressures of 3.0 and 4.0 GPa reinforce the occur-
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rence of a structural phase transition. The appearance of a shoulder
at 5.8 GPa (280 cm�1) and the inversion of subsequent pressures,
points to a conformational transition that extends to 8.1 GPa. The
spectra in the region of the internal modes show changes that rein-
force the conformational phase transition, since the bands initially
at 1247 and 1264 cm�1 at 1.0 GPa invert their intensities, and at 3.0
GPa the merger of the modes recorded at 1264 and 1290 cm�1 at
ambient pressure. The decompression spectra are similar to the
spectra before compression, so this similarity reinforces those
spectral changes observed throughout the compression run are in
fact reversible. Thus, we can assume that the LTHBr crystal possi-
bly underwent a conformational phase transition accompanied
by a structural phase transition.
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