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Abstract

In this work results of neutron powder diffraction and inelastic neutron scattering on ali-
phatic amino acid (L-alanine, L-valine and L-leucine) crystals are presented. The study al-
lows inferring important informations about both the stability of the structures and the
dynamics of phase transitions. In particular, it was possible to compare the behavior of
different amino acids and to infer that changes in the mean-square displacements ob-
served for two deuterated forms of L-alanine ND,* — C,H, — CO, and NH;" - C,D, — CO,
are due to a structural rearrangement related to thermally activated amplitude
reorientation of NH;* and CO,. Conformation changes in L-valine and L-leucine related
to the phase transition are also discussed.

Keywords: Amino acid crystal, neutron diffraction, inelastic neutron scattering

1. Introduction

Amino acids are the basic blocks of proteins of all living beings, but are also found alone in
the cytoplasm of several cells. They were produced and selected since the beginning of life in
the Earth, although it is not possible to rule out an extraterrestrial origin. Due to the fact that
they appear forming zwitterion structure (involving simultaneously the NH;" and the CO,
groups) in both aqueous environment and in solid state phase, amino acids have been
extensively studied in the last years. The researches deal mainly with spectroscopic and
structural properties, giving special attention to the hydrogen bonds between the amino acid
and the water molecules in the aqueous solution and among amino acids, when the material
is found in crystalline structures [1 —4].

From the spectroscopic point of view, amino acids have been investigated using mainly Raman
spectroscopy [4 — 6], where information about optical phonons is readily obtained. Based on
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such studies it has been suggested that amino acid crystals can present structural instabilities
at low temperatures or high pressures. Regarding their structural properties, X-rays [7, 8] and
neutron scattering diffraction data [5] have been useful in providing a picture of the origin of
the stabilities of their crystal structures as well as the role played by the hydrogen bonds.

In particular, it was possible to gain information on the modifications of the hydrogen bonds
studying different deuterated of amino acids samples using inelastic neutron scattering [9 —
11]. From these data the elastic intensity can be expressed as a function of temperature such
asI(T)=1(0).exp[-Q? u(T)*], where Q is the scattering vector and u(T) represents the mean-square
displacement of the scattering nuclei. Additionally, if a dynamic transition occurs, one can
observe a change in the slope of the observed u(T)>. Furthermore, selective deuteration allows
tackling changes in the mean-square displacements of particular groups, such as the torsion
vibration of CH;" or the torsion of NH;" group. Inelastic neutron scattering combined to
selective deuteration can also be used to highlight the modes of particular molecular groups
by comparing the spectra of the selected deuterated groups [12].

The objective of this chapter is to present a quick review of neutron powder diffraction and
inelastic neutron scattering results on various aliphatic amino acid crystals. These investiga-
tions allowed to compare the behavior of different aliphatic amino acids (alanine, valine and
leucine), in particular, looking at their vibrational and dynamical properties. For L-alanine, for
example, combining neutron diffraction to incoherent elastic neutron scattering measurements
allowed us to infer that changes in the mean-square displacements observed for two deuter-
ated forms of L-alanine: (i) ND;" - C,H, - CO, and (ii) NH;" - C,D,— CO, are due to a structural
rearrangement related to thermally activated amplitude reorientation of NH,* and CO,.

2. Structural and vibrational anomalies observed in selected amino acids

Many results on the vibrational properties of amino acid crystals are known. From these
studies one has constructed an interesting picture about the behavior of the crystals in a huge
range of temperature and/or pressure. L-alanine, the simplest chiral amino acid, is an example
where surprising aspects of the vibrational properties stand. Among these aspectsitis possible
to cite some: the intriguing step-wise evolution of the wavenumber of some bands [13], the
unconventional increasing of the c lattice parameter when L-alanine is cooled [14], and the
localization of vibrational states as revealed by the variation of intensities of the low wave-
number modes at41 and 49 cm™ [15]. Simultaneously to the increasing of the clattice parameter
a progressive conformational change of the NH,* zwitterion, as well as a strong dynamic Jahn-
Teller-like effect due the coupling between NH;" charge and the lattice were observed [13].
These results can be interpreted as consequence of the N — H stretching self-trapped states
related to the N — H...O hydrogen bonds directed along the head-to-tail chains of the zwitter-
ions. According to Ref. [16] these self-trapped states should be associated with some of the
anomalies reported for L-alanine. The behavior of the intensity of one lattice mode was realized
as consequence of the response of one N — H...O hydrogen bond to respond to the changes in
the interaction of the nitrogen and oxygen atoms with other atoms forming different hydrogen
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bonds. In fact, it is believed that one can assume that hydrogen bonds in chains of zwitterion
have diverse properties from those between the chains and the variation of temperature should
produce subtle rearrangement of the hydrogen bond network, explaining the existence of
anomalies at low temperature [16]. Under high pressure, L-alanine also shows intriguing
aspects. For instance, Raman spectroscopy studies have indicated the occurrence of a phase
transition at ~ 2.3 GPa [17], which was later confirmed by X-ray diffraction measurements [18].
A new interpretation, however, has indicated that the modifications about 2 GPa might also
be understood as a conformation change of the NH;" group [19, 20].

The above considerations for the chiral L-alanine can be extended to encompass the racemic
material. DL-alanine seems to be stable at low temperature, presenting no evidence of a solid-
solid phase transition from room temperature down to 15 K [21]. However, although no
modification in the spectral region of the lattice modes — normally between 30 and 200 cm™ —
was detected, certain changes in the internal mode region of the spectrum were noted. These
changes can be understood as slight conformational modification of the molecule on cooling.
In fact, the rocking vibration of CO, presents an unconventional behavior, i.e., variation of the
wavenumber in step-like shape at specific temperatures. In relation to this, it is important to
mention that the data obtained using polarized Raman shows that the main change associated
with hydrogen bonds take place along the x-axis direction, instead of the bonds along the z-
axis. This behavior was also simultaneously reported in the work presented in Ref. [16] for the
chiral partner of alanine crystal.

Crystalline L-leucine, another aliphatic amino acid, presents an interesting behavior when
submitted to temperature variation between 300 and 400 K. As shown by Raman spectroscopic
measurements, the material undergoes a phase transition at ~ 353 K. One possible explanation
for the occurrence of such a modification is the appearance of transverse optical (TO) modes
at high temperature. Such a vibrational aspect can be translated to the structural language if
one assumes that the room temperature monoclinic structure C, change to a monoclinic C,
structure [22]. In other words, from the point of view of the spectroscopic scrutiny the C, —
C, phase transition is a viable path.

Obviously, other questions are relevant as the interaction of amino acid molecules with metal
ions. Ions can be present in the living beings as participating of biochemistry processes or nosy
hazard agents. Additionally, from a technological point of view it is important to know the
influence of metal doping on several crystals with the objective to modify some of their
properties, including modification of the crystal habit, thermal conductivity, etc. Analysis of
Raman spectroscopy and X-ray diffraction measurements suggested, for example, Ni ions
occupy interstitial crystallographic sites in the lattice of L-histidine hydrochloride monohy-
drate crystal [23]. This specific position is the same occupied by Cu ions in the L-histi-
dine.HCLH,O crystal; the stabilization of the ion — amino acid molecule could be achieved by
the interaction between the metal ion and the NH;* group. On cooling, due to the packing of
structure, the interaction ion —amino acid is intensified. To understand the interaction of metal
ion and amino acid (representing active part of proteins and peptides) is a task with relevance
to biochemistry science.

109
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From this résumé one realizes that many changes might occur when crystalline amino acids
are submitted to different pressure and/or temperature conditions. Therefore, one question
comes to mind: how the hydrogen bonds connecting the molecules in the solid state phase
adapt themselves to the new phases in these amino acids? This question will be addressed in
the next sections, where it is explained how neutron diffraction and inelastic neutron scattering
experiments can bring unique information to this problem.

3. Basic theory

Postulated by Rutherford in 1920 and discovered by J. Chadwick in 1932, neutrons are non-
charged subatomic particles with mass rather close to that of the proton m, = 1.675.10% kg,
magnetic moment equals to - 1.913 p, and a nuclear spin s =2, which are important and unique
properties for developing the theory of neutron scattering [24].

Since neutrons are non-charged particles, their interactions with matter, both nuclear and
magnetic, are short range; therefore neutrons can penetrate deeply into matter. This enables
us to study the structure and dynamics of materials under very precise environmental
conditions. Neutrons can be described using either classical mechanics, with momentum
f»=m5, where m is the neutron mass and v is its velocity, or quantum mechanics, with mo-
mentum fo=hl€, with Ik | =27ﬂ defining the wave vector of the neutron and A its associated

wavelength.

This also implies that neutron scattering processes are based on the analysis of momentum
and energy transfer, which may occur due to the interac;cions between neutrons and matter.
The momentum transfer vector or the scattering vector, Q, is defined as the vector difference
between the incoming and scattered wave vectors as in Eq. (1).

Q = k,‘ - kf ’ (1)
while the variation in the neutron momentum is given by Eq. (2):
hQ = h(k, - k,), @)
The corresponding neutron energy E can be described as described by Eq. (3):

p2 1 - hZ B thZ
2m 2 2mA 2m’

©)

where h =2nh = 6.626.10%Y].s is the Planck's constant. Thus, variation of the energy (fw)
measured in a neutron scattering experiment is given by Eq. (4):
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h2
ho=E -E, =——(k*~k). (4)

During the scattering process, elastic scattering occurs when the variation of energy between
neutron and the sample is zero. On the other hand, when this variation is different from zero,
the scattering processes is called inelastic.

In a typical neutron experiment the collected information is related to the partial differential
cross-section, d*c/(dEdQ2), given by Eq. (5), according to Ref. [25]:

d*c
deEf

k
=3[08, (Q0) 415, (00 ©)

where S, (Q, w)and S,,.(Q, w) are the so-called coherent and incoherent scattering functions.

These functions are Fourier transformations of the van Hove correlation functions G(r, t),
which can be described as the probability for an atom at the origin at time 0, to also be found
within the unit volume at a position  at a time t.

The probability of interactions between the neutrons and the atoms is a characteristic of each
isotope and described by two terms: coherent and incoherent cross sections (o,,;, and 0;,.), as
shownin Table 1. The cross section is related to the coherent (b.,,) and incoherent (b;,.) scattering
length by the following relation: o = 47tb*. The high ¢,,. value of 'H in comparison to the other
elements allows the assignment of the vibrations related to hydrogen atoms. On the other, the
high value of the coherent cross section of 2D when compared to 'H allows to locate the
hydrogen atom by using deuteration.

H D C o N cl
O oo 1.76 5.59 5.55 423 11.0 115
o 80.27 2.05 <0.01 <0.01 0.50 5.30

inc

Table 1. Coherent (0,,,) and incoherent (g,,.) cross-sections in 10* cm? for selected elements and isotopes [26].

For crystalline matrices, the coherent scattering function in Eq. (5) is written as given in Eq. (6):

5. =|FQ) 6(@)3.5(Q-C)
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where the first term represents Bragg scattering and in a diffraction experiment the Bragg’s
Law is satisfied:

nl =2dsiné, (7)

here n is a positive integer and A is the wavelength of incident wave and the angle 0 is defined
as the angle between the incoming ray and the diffraction atomic plane.

The second term in Eq. (6) describes collective atomic motions (phonons), where g is the wave
vector of the collective atomic motion and s an index that specifies the various modes of such
collective motions.

Contributions from single particle motion are described by Sim(é, w) as given by Eq. (8):

5,.(0,0) =12 (0,0) 953 (0,095 (Q.0), ®

In Eq. (8) the terms describe contributions from the translational, rotational and vibrational
modes, respectively.

4. Experimental details

In order to obtain the results presented in this chapter, a series of facilities were utilized.
Neutron powder diffraction (NPD) experiments were carried out using the powder diffrac-
tometers E9 located at the Helmholtz-Zentrum Berlin fiir Materialien und Energie (Berlin,
Germany) and D2b at the Institut Laue-Langevin (Grenoble, France). Such equipments allowed
the determination and refinement of crystal structures with very high resolution, furnishing
lattice constants and internal atomic coordinates with great precision. Through the experi-
ments with temperature variation the data were analyzed using a crystallographic model from
Ref. [27] Due to the thermal diffuse scattering contribution, attention was paid to the modeling
of the background.

Incoherent elastic neutron scattering measurements were carried out using the time-of-flight
spectrometer NEAT at the Helmholtz-Zentrum Berlin fiir Materialien und Energie as well as
the backscattering instrument IN10 located at the Institut Laue-Langevin.

The analysis of the evolution of the elastic line centered around E = 0, (energy resolution, AE
=100 peV (NEAT) or 1 peV (IN10)) as a function of temperature gives information about the
mean square displacement of the atoms around their equilibrium positions or, in very broad
terms, describes the crystal flexibility. On the other hand, the inelastic part of the spectra gives
information on the lattice phonons as well as on the inter-molecular vibrations of the samples.
The obtained information is complementary to infrared (IR) and Raman scattering (RS).
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5. Looking inside amino acid crystals

In relation to amino acid crystals there is a pivotal point to be considered when using neutron
spectroscopy or neutron diffraction: the hydrogen bonds that connect the various molecules
together in the crystal structure. In this chapter results on crystals of the amino acids L-alanine,
L-valine and L-leucine are discussed.

The first discussion will furnish a picture on the simplest chiral amino acid, L-alanine. Selective
deuteration of L-alanine were analyzed: (i) C,H,-(ND;")-CO,, Ala-ND3; (ii) C,D,-(NH;")-CO,,
Ala-CD4; (iii) C,D-(ND5")-CO,, Ala-D7. L-alanine crystallizes in an orthorhombic structure
with four molecules per unit cell in a P2,2,2; space group. The molecules are distributed
spatially as head-to-tail chains along the crystallographic c-axis, presenting a complex three
dimensional network of hydrogen bonds. Here we recall that the c-axis a stepwise change of
the size parameter on cooling. Combining inelastic neutron scattering (INS) and neutron
powder diffraction (NPD) is possible to study the relationship between the local dynamics of
NH;, CO, and CH; and to gain insights about the behavior of hydrogen bonds.

Figure 1 presents the inelastic neutron scattering spectra of (a) Ala-ND3 and (b) Ala-CD4 for
several temperatures in the energy range from 0 to 70 meV. Data were obtained using the
NEAT spectrometer. It is possible to observe several normal modes: lattice modes below 20
meV and other modes such as torsion of CO, group, 1(CO;), torsion of NH;, ©(NH,"), and
torsion of CH;, ©(CH,), as specified in the figure. It is interesting to observe the peak located ~
60 meV that is associated with ©(NH;"). The width of this peak can be understood as conse-
quence of the anharmonicity of the hydrogen bonds because all three protons participate of
N-H...O hydrogen bonds. The influence of anharmonicity is not restrict to the torsion of the
ammonia group; as it can be noted in Figure 1 the large peaks associated with the lattice modes
that involves bending and stretching of hydrogen bonds can be ascribed to the same effect.
Additionally, if one plots the energy of ©(CO,) mode in Ala-ND3 (not shown in Figure 1) as a
function of temperature, one notes a discontinuity between 150 and 200 K. Such a discontinuity
coincides with a discontinuity of the wavenumber of a band associated with t©(CO;) in the
Raman spectrum at temperatures in the same interval.

Figure 2 presents the neutron diffraction patterns of Ala-CD4 for two different temperatures.
The measurements were obtained with a neutron wavelength of 2.8060 A. Impressively, at T
=100K, itis observed a Bragg peak at ~ 20 =78° that does not belong to the P2,2,2, orthorhombic
structure. In the attempt to index this peak authors were guided to assume a primitive
orthorhombic cell with the a-axis with double size [11]. It is remembered that the non-
deuterated L-alanine presents any strong modification in its lattice parameter, although the
crystal itself shows a series of anomalies at low temperatures. As a consequence, the result
presented in Figure 2 suggests that the partial deuteration of L-alanine induces a solid-solid
phase transition. Interestingly such a phase transition can be seen as an enhancement of an
anomaly observed in the non-deuterated partner at T ~ 260 K [13]. The doubling of the a-lattice
parameter involves changes in the two hydrogen bonds represented in Figure 3 and a
rearrangement of the whole molecule. Between 270 and 250 K, a decreasing in the D(2)...0(2)
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Figure 1. Inelastic neutron scattering spectra at various temperatures for (a) Ala-ND3 and (b) Ala-CD4. The assignment

of the main modes is given [11].

bond is observed and an impressive anomaly between 250 and 100 K. On the other hand, the

Energy / meV

D(1)...0(1) bond becomes longer when temperature is lower than 100 K.

Figure 4 presents <uy(T)*> of C,H,-(ND;")-CO, and C,D,-(NH;")-CO,, where uy(T) represents
the mean-square displacement of the scattering nuclei. Here, as specified previously, I(T) =
1(0).exp[-Q? u(T)] is the elastic intensity expressed as a function of temperature (the tempera-
ture dependence is embedded in uy;). In fact, once the elastic intensity has been experimentally
determined, one obtain u(T)*. As it is expected, due the large incoherent cross section of the
hydrogen, u(T) is supposed originated only the motion of H atoms. Another aspect to be
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Figure 2. Neutron diffraction patterns of C,D,-(NH;")-CO, at T=300 K and T=100 K measured with the E9 diffractometer
at Hahn-Meitner-Institut. The arrow indicates the peak that could not be indexed with the original P2,2,2; structure [11].

considered is the following: change in the slope of u(T)* indicates a dynamical transition in the
material. From the Figure 4 one observe that at 160 K and at 220 K there are clear changes in
the slop, that can be interpreted as a phase transition or, at least, to a structural rearrangement.
Such rearrangement should be probably related to thermally activated large-amplitude
reorientations of both CH, and NH, smithereens of the L-alanine molecule.

The previous paragraphs showed that in the study of partially deuterated L-alanine crystal,
the H(1)...O(1) hydrogen bond length increases below 100 K on decreasing temperature and
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Figure 3. Representation of the crystal structure of L-alanine showing the ab-plane. The two hydrogen bonds modifies
at low temperature are shown [11].
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Figure 4. Mean-square dependence from the normalized elastic intensity as a function of temperature. The left scale
and open circles represent data for C,H,-(ND;")-CO, and the right scale and full circles represent data for C,D,-(NH;")-
CO, [10].

the H(2)...O(2) length presents an anomaly between 100 and 250 K. What about the behavior
of fully deuterated L-alanine under the scrutiny of INS and NPD techniques? Roughly
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speaking, deuteration, or isotopic substitution, D — H, produces strong modification in the
length of the hydrogen bond. This change generally affects the tunneling rates and the motional
properties of the molecules, an effect known as Ubbelohde effect; it is observed in crystals with
complex network of hydrogen bonds and even in isolated pair of this type of bond.

Figure 5 presents the temperature dependence of several parameters related to the hydrogen
bonds for the fully deuterated L-alanine crystal, C,D,-(ND;")-CO,, Ala-D7. Several anomalies
are described in the next paragraphs.

From the measurementitis possible to realize that the N-D(3) distance remains almost constant
between 10 and 270 K. On the other hand, the N-D(1) distance remains constant only between
10 and 130 K, and diminishes for temperatures higher than 130 K (Figure 5a). Also interesting
is the dramatic increase of the D(3)...0(2) hydrogen bond responsible for connecting the
molecules into columns (see Figure 5b). This last point is in complete accordance with the fact
that torsion of NH; group presents important anharmonicity, as depicted during the discussion
of Figure 1. So, one can understand the anharmonicity of ©(NH;") as consequence of the
modification of one specific hydrogen bond during the temperature variation [10]. Looking at
the average C-D lengths one notes anomalies at low temperatures as presented in Figure 5c.
From the Figure 5d one also notes an anomaly in the C-C—C bond angle that extends from
about 160 K up to 225 K. In this point is important to emphasize that Raman spectroscopy
studies showed splitting of bands associated with lattice modes at T ~ 170 K. This means
evidence of a phase transition. Additionally, it was observed anomalies in the Debye-Waller
factor, confirming the phase transition at about 170 K in the fully deuterated L-alanine [10].

L-valine was the second aliphatic amino acid crystal studied through neutron techniques.
Investigations so performed revealed aspects related to hydrogen bonds, ultimately, respon-
sible for the structural stability of the material. L-valine crystallizes in a monoclinic structure
with P2; space group and four molecules per unit cell. From these molecules, two assumes
gauche I conformation and two others trans conformation. Previous work using Raman
spectroscopy suggested L-valine should undergo a solid-solid phase transition because
impressive modifications of the bands associated with lattice modes were observed at low
temperatures [28].

Figure 6 presents the dynamical susceptibility (x'(E)) of both L-valine hydrogenated
[(CH;),CHCH(NH,)CO,H] and deuterated [(CD,),CDCD(NH,)CO,H] (synthesized by Dr.
Ehrenstorfer GmbH from Augsburg, Germany). The comparison of the INS spectra of L-valine
and deuterated L-valine (L-valine-dg) shows differences that can be understood as follows. At
first, an intense band at 480 cm™ in the spectrum of L-valine-dg points to the accuracy of the
assignment of the vibrations involving the N-H...O hydrogen bonds. Also, a decrease of the
signal for energy lower than 450 cm™ indicates they are associated with the CH; and CO, groups
and the N-C—C units [9]. It is impressive in the room temperature INS spectrum of L-valine
the presence of a mode at ~ 120 cm™. It is remembered that such a band not visible at T= 300 K
appeared in the Raman spectra of L-valine for temperatures lower than 120 K. In other words,
this band could be associated with a mode not active in the Raman spectrum of the monoclinic
room temperature structure, being active only in the infrared. During the phase transition the
mode should become Raman active and the phase transition should be realized as consequence

17
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Figure 5. Temperature dependence of (a) N-D, (b) D...O, (c) average C-D length, (d) avergage C-C-C bond angles for
fully deuterated L-alanine. The molecule is represented in the top left side of the figure an dashed lines are guides to
the eyes [10].

of the activation of an infrared mode. An additional aspect of the study is to show (Figure 6b)
the splitting of the band at ~ 15 meV at low temperature when compared with the spectrum
recorded at 300 K, reinforcing the idea of a phase transition, as supported by the Raman
spectroscopic study [28].

Up to now the present authors have seen several aspects of the bonds on L-alanine and an
explanation for the phase transition undergone by L-valine using neutrons. It can be noted
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Figure 6. (a) Dynamical susceptibility [x""(E)] for both L-valine (full squares) and L-valine-d (open squares) using a 5.1 A
incident wavelength at the NEAT spectrometer. (b) x'(E) of L-valine for two temperatures, 300 K and 120 K. The arrow in
part (a) corresponds to the mode at 120 cm™, observed in the low temperature range by Raman spectroscopy [12].

that subtle conformational change can lead to impressive modifications in the structural and
vibrational properties of these two members of the amino acid family. Now, the discussion
deals about another aliphatic amino acid. L-leucine, NH;-CH-CO,-CH,-CH-(CH,),, crystallizes
in a monoclinic structure P2; with four molecules per unit cell. The carboxyl and amino groups
are hydrogen bonded in a double layer, forming the crystal structure. The van der Waals
interaction plays its role by connecting neighboring layers [1]. Due the existence of an addi-
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tional CH, group in its chain, L-leucine is slightly more hydrophobic than L-valine. A previous
research demonstrated the occurrence of a phase transition in L-leucine at ~ 353 K possibly
maintaining the crystal with a monoclinic structure [22].

Figure 7 presents the dynamical susceptibility function X" obtained from calculations based
on the inelastic data from NEAT. It is perceived that below 280 K the mode at 30 meV (ap-
proximately at 240 cm™) presents a red shift down to 190 K and below this, presents a blue
shift; also, the intensity increases on cooling. Interesting enough is the occurrence of a re-
distribution of intensity of the bands between 300 and 375 K that can be correlated with the
phase transition observed at 353 K. The phase transition can also be glimpsed by the intensities
of most modes located below 30 meV, associated with lattice modes, that show pronounced
changes in the interval 300 — 375 K.
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Figure 7. (a) Dynamical susceptibility [x""(E)] for L-leucine in the temperature range from 130 and 375 K measured in
the energy interval from 1 to 30 meV. The mode at ~ 30 meV is associated with an out-of-plane vibration of CH, [29].

Supposing S(Q,w) the scattering function, with Q being the magnitude of the scattering wave
vector and w being the energy transfer, it is possible to decompose it in three different
components: Sg(Q, w=0), the elastic; Sg(Q, w ~ 0), quasi-elastic; Sg(Q, w > 0), inelastic. The study
of the elastic scattering decay can furnish information about transitions because it appears as
changes in the temperature dependence of the elastic intensity. Figure 8a shows the elastically
scattered intensity as a function of temperature for L-leucine. The main contribution to Sg
comes from the hydrogen atoms. Within the time scale of ~ 10 ps originated from the resolution
of the equipment one can argue that the transition at ~ 150 K is a consequence of CH; groups.
Such an anomaly confirms differential scanning calorimetry (DSC), as well as X-ray diffraction
measurements [29].

In addition, one notes the broadening of the quasi-elastic response apparently disappears in
the temperature range 220 — 250 K and the peak height decreases. It was possible to derive a
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Figure 8. (a) Elastically scattered intensity as a function of temperature for L-leucine. An anomaly in the temperature
evolution is marked by an arrow. (b) Dynamic structure factors obtained for AE = 98 ueV for several temperatures
averaged over the whole range of Q. (c) Lorentzian half width at half maximum (HWHM), G, obtained using an Ar-
renhius-like relation [29].

qualitative description by fitting the quasi-elastic Sy, using a Dirac function and a Lorentzian
linewidth, which could describe, respectively, the elastic and quasi-elastic signals. In this
approach it is possible to correlate the quasi-elastic broadening (I') with the activation energy,
E,., by the relation I' = I';.exp[-E,/kT]. The most important point derived from this relation is
presented in Figure 8c, where a discontinuity, associated with the high temperature phase
transition is observed between 345 and 360 K.
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6. Conclusions

Neutron diffraction and inelastic neutron scattering are powerful techniques to investigate
several materials, among them, amino acid crystals, as it was shown in this chapter. From
these studies it was presented the possibilty to correlate small variations of the network of
hydrogen bonds to conformation changes in the amino acid molecules.

L-leucine, that presents only one polymorph at room temperature, was shown to undergo
phase transitions at low and high temperatures. The new phases were analyzed and insights
about the conformation of the molecules were attained.

In the case of L-valine it was possible through comparison between Raman spectroscopy and
inelastic neutron scattering to identify infrared active modes responsible for the phase
transition undergone by the crystal at approximately 120 K.

Finally, a series of information was obtained for the simplest proteic amino acid crystal, L-
alanine. In the case of the fully deuterated sample, L-alanine-d;, our results showed a clear
evidence of a structural phase transition at ~ 170 K. Such fact can be related to the Ubbe-
lohde effect, or in other words different dimensions of the hydrogen bonds stabilize
differently the deuterated and the non-deuterated crystals. Consequently, although the
deuterated sister presents a phase transition, the non-deuterated structure, even if a series of
structural and vibrational anomalies are observed, is stable at low temperatures. Our
investigations point to the fact that the Ubbelohde effect can be significant, even if only small
changes of hydrogen bond dimensions occur.

Acknowledgements
PTCF acknowledges financial support from CNPq and FUNCAP agencies. JEMP work is
financed by the Brazilian “Science Without Borders” Program.

Author details

Paulo T.C. Freire!, José E.M. Pereira? and Heloisa N. Bordallo?
*Address all correspondence to: tarso@fisica.ufc.br
1 Departamento de Fisica — Universidade Federal do Ceard, Fortaleza, Brazil

2 Niels Bohr Institute — University of Copenhagen, Copenhagen, Denmark



Application of Neutron Scattering in Amino Acid Crystals — Structural and Dynamical Information
http://dx.doi.org/10.5772/62198

References

[1]

[2]

[3]

[5]

[6]

[7]

[8]

[10]

[11]

Fleck M, Petrosyan AM, Salts of amino acids: Crystallization, structure and proper-
ties. Heidelberg: Springer; 2011. 574 p. DOI: 10.1007/978-3-319-06299-0_1.

Gorbitz CH. Crystal structures of amino acids: from bond lengths in glycine to metal
complexes and high-pressure polymorphs. Crystallography Reviews. 2015; 21: 160-
212, DOI: 10.1080/0889311X.2014.964229.

Boldyreva E, Cristalline Amino Acids: A Link between Chemistry, Materials Science
and Biology, In: Boyens JCA, Ogilvie JF, editors. Models, Mysteries, and Magic of
Molecules. Netherlands: Springer; 2007. p. 167-192. DOI: 10.1007/978-1-4020-5941-4.

Freire PTC, JA Lima Jr, BTO Abagaro, GS Pinheiro, JAF Silva, JM. Filho, FEA Melo.
High Pressure Raman spectra of amino acid crystals. In: Dominique de Caro, editor.
Vibrational Spectroscopy. Rijeka: InTech; 2012. p. 37 — 58. DOI: 10.5772/1345. ch2

Bordallo HN, Kolesov BA, Boldyreva EV, Juranyi F. Different Dynamics of Chiral
and Racemic (L- and DL-) Serine Crystals: Evidenced by Incoherent Inelastic Neu-

tron and Raman Scattering, Journal of the American Chemistry Society. 2007; 129:
10984-10985. DOI: 10.1021/ja073351n.

Freire PTC, Pressure-Induced Phase Transitions in Crystalline Amino Acids, In: Bol-
dyreva E, Dera P, editors, High Pressure Crystallography — From Fundamental Phe-
nomena to Technological Applications. New York: Springer; 2010. p. 559-572. DOI:
10.1007/978-90-481-9258-8.

Moggach SA, Allan DR, Clark SJ, Gutmann M]J, Parsons S, Pulham CR, Sawyer L.
High-pressure polymorphism in L-cysteine: the crystal structure of L-cysteine-III and
L-cysteine-IV. Acta Crystallographica B. 2006; 62: 296 - 309. DOI 10.1107/
50108768105038802.

Kistenmacher TJ, Rand GA, Marsh RE. Refinements of the crystal structures of DL-
serine and anhydrous L-serine, Acta Crysttalographica B. 1974; 30: 2573 — 2578. DOI:
10.1107/S0567740874007618.

Pawlukojc A, Borrowicz L, Natkaniec I, Leciejewicz J. The IINS spectroscopy of ami-
no acids: L- and DL-valine. Spectrochimica Acta A. 1995. 51: 303-308. DOI:
10.1016/0584-8539(94)00812-P.

Souza JM, Freire PTC, Bordallo HN, Argyriou DN. Structural isotopic effects in the
smallest chiral amino acid: observation of a structural phase transition in fully deu-
terated alanine. Journal of Physical Chemistry B. 2007; 111: 5034 — 5039. DOI: 10.1021/
jp070366z.

Souza JM, Freire PTC, Argyriou DN, Stride JA, Barthes M, Kalceff W, Bordallo HN.
Raman and neutron scattering study of partially deuterated L-alanine: evidence of a

123



124 Neutron Scattering

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[22]

solid-solid phase transition. ChemPhysChem. 2009; 10 3337- 3343. DOI: 10.1002/cphc.
200900482.

Silva JH, Lima Jr, JA, Freire PTC, Lemos V, Mendes Filho J, Melo FEA, Pizani PS,
Fischer ], Klemke B, Kemner E, Bordallo HN. Raman spectroscopy and inelastic neu-

tron scattering study of crystalline L-valine., Journal of Physics: Condensed Matter.
2009; 21: 415404. DOI: 10.1088/0953-8984/21/41/415404.

Barthes M, Bordallo HN, Dénoyer F, Lorenzo J-E, Zaccaro ], Robert A, Zontone F. Mi-
cro-transitions or breathers in L-alanine? The European Physical Journal B. 2004; 37:
375-382. DOI: 10.1140/epjb/e2004-00069-1.

Destro R, Marsh RE, Bianchi R. A low-temperature (23K) study of L-alanine. The
Journal of Physical Chemistry. 1988; 92: 966-973 DOI: 10.1021/j100315a022.

Migliori A, Maxton PM, Clogston AM, Zirngiebl E, Lowe M. Anomalous tempera-
ture dependence in the Raman spectra of l-alanine: Evidence for dynamic localiza-
tion. Physical Review B. 1988; 38: 13464-13467. DOIL: 10.1103/PhysRevB.38.13464.

Kolesov BA, Boldyreva EV. Micro-conformational transition in L-alanine single crys-
tals revisited by low wavenumber Raman spectroscopy. Journal of Raman Spectro-
scopy. 2010; 42: 696-705. DOI: 10.1002/JRS.2768.

Teixeira AMR, Freire PTC, Moreno AJD, Sasaki JM, Ayala AP, Mendes Filho ], Melo
FEA. High-pressure Raman study of l-alanine crystal. Solid State Communications.
2000; 116: 405-409. DOI: 10.1016/S0038-1098(00)00342-2.

Olsen JS, Gerward L, Freire PTC, Mendes Filho ], Melo FEA, Souza Filho AG. Pres-
sure-induced phase transitions in L-alanine crystals. Journal of Physics and Chemis-
try of Solids. 2008; 69: 1641-1645. DOI: 10.1016/j.jpcs.2007.12.005.

Funnel NP, Dawson A, Francis D, Lennie DR, Marshall WG, Moggach SA, Warren
JE, Parsons S. The effect of pressure on the crystal structure of 1-alanine. CrystEng-
Comm. 2010; 12: 2573-2583. DOI: 10.1039/C001296C.

Tumanov NA, Boldyreva EV, Kolesov BA, Kurnosov AV, Quesada Cabrera R. Pres-
sure-induced phase transitions in L-alanine, revisited. Acta Crystallographica Section
B. 2010; 66: 358-371. DOI: 10.1107/s010876811001983X.

Lima Jr. ]A, Melo FEA, Mendes Filho J, De Sousa G.P, Lima RJC, Facanha Filho PF,
Bordallo HN. Low-temperature Raman spectra of racemate DL-Alanine crystals.
Journal of Raman Spectroscopy. 2010; 41: 808-813. DOI: 10.1002/jrs.2507.

Facanha Filho PF, Freire PTC, Lima KCV, Mendes Filho J, Melo FEA, Pizani PS. High
temperature Raman spectra of L-leucine crystals. Brazilian Journal of Physics. 2008;
38:131-137. DOI: 10.1590/50103-97332008000100024.

Remédios CMR, Paraguassu W, Lima Jr. ]A, Freire PTC, Mendes Filho ], Melo FEA,
Menezes AS, dos Santos AO, Cardoso LP, Miranda MAR. Effect of Ni(Il) doping on



[24]

[25]

[26]

[28]

Application of Neutron Scattering in Amino Acid Crystals — Structural and Dynamical Information
http://dx.doi.org/10.5772/62198

the structure of L-histidine hydrochloride monohydrate, crystals, Journal of Physics:
Condensed Matter. 2008; 20: 275209. DOI: 10.1088/0953-8984/20/27/275209.

Lovesey SW. Neutron Scattering Theory. Oxford: Oxford Science Publications; 1986.
317 p. DOI: 10.1088/0953-8984/5/34/016.

Squires GL. Introduction to the Theory of Thermal Neutron Scattering. New York:
Cambridge University Press; 1978. DOI: 10.1080/00107514.2012.745613.

Dianoux AJ, Lander G, editors (2003). Neutron data booklet. 2. Edition, ISBN:
0-9704143-7-4.

Lehnman MS, Koetzle TF, Hamilton WC. Precision neutron diffraction structure de-
termination of protein and nucleic acid components. I. Crystal and molecular struc-
ture of the amino acid L-alanine. Journal of the American Chemistry Society. 1972;
94: 2657 — 2660. DOI: 10.1021/ja00763a700.

Lima Jr. JA, Freire PTC, Lima RJC, Moreno AJD, Mendes Filho J, Melo FEA. Raman
scattering of L-valine crystals. Journal of Raman Spectroscopy. 2005; 36: 1076-1081.
DOI: 10.1002/jrs.1410.

Facanha Filho PF, Jiao X, Freire PTC, Lima Jr. JA, Dos Santos AO, Henry PF, Yokai-
chiya F, Kremner E, Bordallo HN. Structure-property relations in crystalline L-leu-
cine obtained from calorimetry, X-rays, neutron and Raman scattering. Physical
Chemistry Chemical Physics. 2011; 13: 6576-6583. DOI: 10.1039/C0CP02278K.

125



ntechOpen

ntechOpen



