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• l-Methionine has a dynamically disor-
dered structure at room temperature
connected to the flexibility of the thiol-
ether group.

• It undergoes a structural phase transi-
tion at body temperature.

• The room temperature structure is on-
ly recovered after 15min of relaxation
time upon warming.

• Reorientational dynamics of the methyl
group appear as precursor to conforma-
tional changes in l-methionine.
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We have investigated the dynamics in polycrystalline samples of L-methionine related to the structural tran-
sition at about 307 K by incoherent inelastic and quasielastic neutron scattering, X-ray powder diffraction as
well as ab-initio calculations. L-Methionine is a sulfur amino acid which can be considered a derivative of al-
anine with the alanine R-group CH3 exchanged by \CH3S\(CH2)2. Using X-ray powder diffraction we have
observed at ~190 K an anomalous drop of the c-lattice parameter and an abrupt change of the β-monoclinic
angle that could be correlated to the anomalies observed in previous specific heat measurements. Distinct
changes in the quasielastic region of the neutron spectra are interpreted as being due to the onset and
slowing-down of reorientational motions of the CH3–S group, are clearly distinguished above 130 K in crys-
talline L-methionine. Large-amplitude motions observed at low frequencies are also activated above 275 K,
while other well-defined vibrations are damped. The ensemble of our results suggests that the crystalline
structure of L-methionine is dynamically highly disordered above 275 K, and such disorder can be linked to
the flexibility of the molecular thiol-ether group.
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1. Introduction
Amino acids are small biomolecules with an average molecular
weight of about 135 Da and are the principal building blocks of proteins
and enzymes. The structure of a protein determines its function, and it is
determined by the amino acid sequence and the H-bond network built
up by the amino acid side chains. The amino acid residues play an im-
portant role in substrate binding particularly in the case enzymes.
Amino acids naturally exist in a zwitterionic state where the carboxylic
acidmoiety donates a hydrogen to the basic amino group. L-Methionine
(HO2CCH(NH2)CH2CH2SCH3, hereafter L-MET) is one of only two sulfur
containing amino acids with an unbranched and highly hydrophobic
side chain [1,2]. MET is essential in the initiation of protein synthesis
as it is encoded in the start codon [3,4]. Most MET residues are buried
inside the proteins because of their hydrophobic side chain, while
other residues on the protein surface can be oxidized to sulfoxides.
These oxidation effects have been associated with the development
and progression of neurodegenerative diseases associated with aging
such as Alzheimer's and Parkinson's [5]. It is also now widely accepted
that MET residues constitute an important antioxidant defense by act-
ing as “molecular bodyguards” [6,7]. Finally, it is worth noting that
MET side chains in proteins have been shown to possess unique struc-
tural properties, which result in a malleable non-polar surface that
can easily adapt to a variety of other peptides [8].

Structural studies in crystalline samples have been reported by
three groups [9–11] all of which found that L-MET crystallizes in the
monoclinic P21 space group with four molecules in the unit cell
(Z = 4) in a double layer structure consisting of hydrophilic and hy-
drophobic layers. The hydrophilic layers are linked together with
H-bonds between the head groups NH+

3 and CO−
2, while the hydro-

phobic layers are held together by van-der-Waals forces between the
methyl groups (Fig. 1). The single crystal structures reported in [10]
and [11] are very similar with lattice-parameters a = 9.498(5)Å,
b = 5.189(5)Å, c = 15.318(5)Å, and β = 97.69(1)° at 300 K and
a = 9.493(2)Å, b = 5.201(2)Å, c = 14.831(3)Å, and β = 99.84(2)°
at 120 K, respectively. However, the lattice parameters of polycrystal-
line samples at room temperature were reported [9] to differ appre-
ciably with a = 15.49 Å, b = 3.84 Å, c = 14.11°A and β = 103.9°
albeit with the same symmetry. All of the structural investigations
agree on the existence of two crystallographically distinct molecules
in the unit cell which differ mainly in the side-chain torsion-angles.
Here it is important to realize that the structural plasticity (or flexibil-
ity) of the MET side chain is likely to arise from the unusual properties
of the [C3–C4–S –C5] torsional unit, which is virtually flat, as was
pointed out by Gellman [2]. Indeed, in our recent report [12] of the
temperature dependence of Raman scattering spectra for two orien-
tations of L-MET single crystals we were able to demonstrate the pres-
ence of two conformers of L-MET in the crystalline unit cell up to a
temperature of 307 K. Above this temperature, however, the crystal
undergoes a phase transition, and the conformations of the two
Fig. 1. Calculated structure of the gas phase L-MET molecule indicating the formation of
two distinct C\O bond lengths of the carbonyl group. Note that the hydrogen of the
COOH is transferred to the NH2 group in the crystal.
types of molecules A and B are modified, even though the monoclinic
structure is conserved [12].

It is therefore of considerable interest to gain further understanding
of the dynamics of the thiol-ether (R–S–R′) group in this particular
amino acid. Dynamics involving the H atoms can be probed by spectro-
scopic techniques such as Nuclear Magnetic Resonance (NMR) [13],
Raman scattering (RS) [14], Infrared (IR) [14] and incoherent inelastic
neutron scattering (IINS) [15] spectroscopies, which in turn are highly
sensitive to the subtle structural changes that arise from changes in
packing density from variations in intermolecular distances in the
H-bond network. The special utility of IINS measurements on organic
molecules is based on the fact that the signal is dominated by the inco-
herent scattering fromH,whichhas been exploited in reports by several
groups on the H-dynamics of amino acids [15–21].

In this work we add significant new information to our studies
[12] of the dynamics of L-MET by combining quasielastic and inelastic
neutron scattering with DFT calculations along with X-ray powder
diffraction (XRPD). Our results now clearly show that the dynamical
disorder observed in L-MET is indeed a result of the flexibility of the
thiol-ether group. Moreover, analysis of the evolution of the methyl
group dynamics with temperature provides improved understanding
of the weak intramolecular interactions [22], which facilitate the sub-
tle conformational changes, and thereby result in a great deal of com-
plexity in the analysis of the crystal structures.

2. Materials and methods

2.1. Powder samples and single crystals

L-MET powder samples were purchased from Sigma-Aldrich and
used without further purification. Possible traces of water in L-MET
were analyzed by means of thermogravimetry and differential ther-
mal analysis using a Nietzsch TG 449F3 up to 620 K and a PerkinElmer
instrument in the temperature range from 320 K to 470 K. No water
was found to be present, however two high temperature phase tran-
sitions were clearly observed, see SI for details. Single crystals were
grown by slow evaporation of an aqueous solution at 275 K. Crystals
in the form of thin elongated plates of diverse sizes were obtained
after three to four weeks.

2.2. Incoherent inelastic neutron scattering

The dynamic behavior of L-MET powder samples was studied
using IINS over a wide range of time scales, from tenths of picosec-
onds to a few nanoseconds, using three different spectrometers,
NEAT, SPHERES and IN10 at HZB (Berlin, Germany), JCNS (Garching,
Germany) and ILL (Grenoble, France), respectively. To minimize the
effects of multiple scattering during the INS measurements, the sam-
ple transmission was kept at 0.9.

The measured scattering function S(Q,ω), where Q is the magni-
tude of the scattering wave vector and ω is the energy transfer, will
express different contributions distinguishing different types of
motion depending on the temperature and energy resolution (time)
range. S(Q,ω) can be decomposed into three components: elastic
(SE(Q,ω = 0)), quasi-elastic (SQE(Q,ω ~ 0)) and inelastic (SIN(Q,ω N 0))
[23] scattering. INS measurements on polycrystalline samples were car-
ried out between 80 and 375 K using the time-of-flight (ToF) spectrom-
eter NEAT, λi = 5.1 Å, ΔE = 98 μeV. The dynamical susceptibility [24]
χ″(ω), defined in Eq. (1), was calculated after elimination of detectors
with intensity from diffraction peaks using the program FITMO [25],

χ} ωð Þ
ω

¼ 1
ND

∑
i
S θi;ωð Þ � B ω; Tð Þ

ℏωj j : ð1Þ

ND is the total number of detectors, and S(θ,ω) is the scattering
vector which is calculated at each energy transfer for the averaged
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scattering angle. B(ω,T) is a function accounting for the population
of the vibrational modes with temperature. The susceptibility is
obtained after an averaging over the scattering angles used in the ex-
periment, which improves the counting statistics but smoothes the
coherence effects of the scattering. This is the so-called incoherent
approximation. A broader view of the different motions that can be
activated in L-MET can be obtained by a detailed analysis of the
quasielastic part of the spectra. The quasielastic spectra were also
investigated using the backscattering instruments SPHERES (λi =
6.27 Å, ΔE = 0.65 μeV) and IN10 (λi = 6.27 Å, ΔE = 1 μeV) to
study motions on the ns time scale. Finally, analysis of the tempera-
ture dependence of the elastic intensity, SE(bQN,ω0), binned over
the total Q range explored, makes it possible to identify relevant dy-
namical transitions from abrupt changes in the elastic scattering in
a manner which is model-independent [26].

2.3. Computational details

The experimental crystal structure [10,11]was the starting structure
for the optimization of the atomic positions with the lattice parameters
kept fixed. Calculations on molecular L-MET were performed at the
B3LYP/6-31G** level of theory with the GAMESS-UK package [27]. The
geometry was optimized and confirmed to be a genuine minimum by
a Hessian calculation. The flexibility of the molecule was investigated
from calculations of rotational profiles around various bonds in the
gas phase molecule. This was accomplished by varying the correspond-
ing dihedral angle from 0° to 360° in steps of 10°, and this angle was
kept fixed during optimization of the remaining structural parameters.
Periodic calculations on crystalline L-MET were performed with the
VASP [28] package using the PBE functional along with Vanderbilt
ultrasoft pseudopotentials [29] with a plane wave kinetic energy
cut-off of 450 meV. A 4 × 4 × 4 Monkhorst-Pack mesh of k-points
was used for the periodic calculations. The barrier to rotation for the
methyl group was derived from single point energy calculations in
the periodic structure, where the methyl group orientation about the
S–CH3 axis was incremented in 5° steps in a frozen atom approach. Dif-
ferences between the gas phase and periodic calculations of the methyl
barrier to rotation are discussed in detail below.

2.4. X-ray powder diffraction

Variable–temperature X-ray powder diffraction, XRPD, studies of
L-MET were carried out between 100 and 375 K using a Bruker D8
Advance Diffractometer with CuKα radiation, λ = 1.5418 Å in
θ/θ-geometry equipped with a Bruker Lynx Eye position sensitive de-
tector, PSD, which makes it possible to do measurements in a very
short time without loss of resolution. A TC wide range temperature
chamber (MRI Physikalische Geräte GmbH), which can operate be-
tween 83 K and 723 K, was used for the variable–temperature mea-
surements. A 2θ range from 5° to 60° was covered using a step of
0.0126° and a counting time of 53 s. The evolution of the main
Bragg-peak located between 22.5° b 2θ b 25.5° was monitored using
a scan with fixed PSD (position sensitive detector) on cooling from
room temperature to 130 K and again on heating up to room temper-
ature. The powder diffraction data were analyzed using the program
FullProf [30].

3. Results and discussion

3.1. Temperature dependence of the vibrational spectra

We begin by reviewing some of the results of detailed Raman
spectra of L-MET reported by us in a recent publication [12]. Therein
we proposed a relatively complete assignment of the vibrational
modes of crystalline L-MET based on a limited number of literature
reports of vibrational spectroscopic studies, ab initio calculations of
L-MET [31–34] and our own Raman spectroscopic studies and atten-
dant calculations. This also took into account results from THz
time-domain spectroscopy [33], which suggest that the Cβ–Cα tor-
sion, τ(Cβ − Cα), and the S–CH3 deformation, δ(S–CH3), modes in
L-MET are located around 30 and 60 cm−1, as well as the general
finding [35–39] in amino acids that the lattice modes and the torsion
of the CO2

− group, τ(CO2
−) are expected below 200 cm−1. Differences

between observed frequencies and those calculated for the isolated
molecule were shown to arise mainly from the fact that the hydrogen
of the COOH group is transferred to the NH2 group in the crystal
(Fig. 1) so that the C\O bond lengths of the carbonyl group are
almost identical in the crystal with a bond length around 1.3 Å,
while two distinct bond lengths of 1.21 Å and 1.36 Å are found for
the free molecule [12].

We now turn to the low frequency range of the vibrational spectra
of L-MET, where better insight can be gained from the IINS spectra.
Because of the large incoherent scattering cross section of hydrogen,
the inelastic scattering function S(Q,ω) corresponds to a good ap-
proximation to those molecular vibrations involving displacements
of the H-atoms. Resolution of IINS spectra is, however more limited,
than that in RS and IR spectroscopy. Moreover, thermal motion
(Debye Waller factor) has a significant effect on the IINS spectra so
that the IINS spectrum is dominated by anti-Stokes scattering, and
will obey the Bose–Einstein statistics [40]. On the other hand, the
use of the NEAT spectrometer in neutron energy gain makes it possi-
ble to follow the evolution of the quasielastic part of the dynamical
response over an unrestricted temperature range in addition to the
evolution of the lattice vibrations on cooling down to 100 K, as well
as the vibrational spectra to temperatures as low as about 150 K.

The temperature dependence of the vibrational spectra in the form
of the dynamical susceptibility, χ″(ω), of L-MET obtained using expres-
sion (1) is shown in Fig. 2(a), along with the IINS spectrum obtained
[41] from the atomic displacements and frequencies of the VASP calcu-
lation, Fig. 2(b). The nature of a particular vibrational mode can be
assessed by visual inspection of the atomic displacements involved
(e.g. with the use of Jmol [42]). The low frequencymodes are, of course,
largely coupled and of collective character. The most prominent bands
in the INS spectrum at 110 K near 83 cm−1, for example, involves a
skeletal twistingmotionwith rocking of the\CH2 groups, i.e. large dis-
placements ofmanyH atoms. The other intense band in the INS at about
200 cm−1 contains several modes including δ(S–CH3) calculated to be
at 191 cm−1, CO2 torsional (186 cm−1) and rocking motions coupled
with skeletal deformations which also involve H atom displacements.
The somewhat less intense band near 140 cm−1 appears to have its or-
igin in C–S–C deformation modes. Another mode of interest in the cur-
rent study is the methyl torsion about the S-C bond, which is found
around 330 cm−1 in the periodic VASP calculation. Since frequencies
calculated by standard quantumchemistry programs are, however, har-
monic, it is likely that the highly anharmonic methyl torsional motion
occurs at somewhat lower frequencies, even though the IINS spectrum
at 140 K exhibits a fairly strong band in this region of the spectrum.We
tentatively propose that this mode is likely to be assigned to the stron-
gest component of the broad and structured band around 200 cm−1,
because the methyl torsion is normally one of the most intense bands
in an IINS spectrum.Wewill see below in the discussion of the temper-
ature dependence of the quasielastic response that this assignment is
more consistent with the results presented therein than a torsional fre-
quency of 330 cm−1 would be.

Above the phase transition observed in the region 310 K b T b 375 K
in earlier calorimetricmeasurements [12,43,44]well defined peaks from
vibrational modes are virtually absent in our IINS spectrum. This type of
spectrum arises from the presence of a significant degree of structural
disorder above room temperature combined with very large thermal
motion of the molecules, which most likely include conformational
rearrangements [12] and the attendant displacements of the H atoms
that dominate the IINS intensities. This picture of the molecular



Fig. 2. (a) Experimental IINS spectrum (dynamical susceptibility) from 0.5 meV to
50 meV. Changes from 300 K to 375 K appear to be rather small, but much more no-
ticeable between 300 K and 230 K. Additional changes are seen to occur between
230 K and 170 K. (b) INS spectrum obtained from frequencies and displacements
given by the VASP calculation (0 K).
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structure of the L-MET crystal at high temperatures is further supported
by the powder diffraction studies described below.

The IINS spectrum appears to change gradually upon cooling from
300 K to 230 K. Such a continuous change confirms our recent Raman
results, where the broad room temperature phase transition in L-MET
between approximately 180 and 350 K with a maximum in the heat
capacity at 307 K, results in a more ordered arrangement of the
L-MET molecules [12]. Below the phase transition, i.e. from 170 K
down to the lowest temperature in this experiment of 110 K, the in-
tensities of some of the vibrational modes appear to increase more
rapidly. This observation is in accord with the strong temperature de-
pendence usually exhibited by libronic excitations [45].
3.2. Phase transitions and memory effect

Somemore detailed information on likely structural rearrangements
underlying the observed temperature dependence of the vibrational
spectra were obtained by XRPD studies on L-MET over the temperature
range of 100 to 375 K. Partial XRPD patterns of L-MET for selected tem-
peratures and 2θ values from 5° to 40° are shown in Fig. 3. The dashed
vertical lines in the figure indicate the expected positions of the Bragg
reflections for the published structurewith the P21 space group [11] cal-
culated for the full description of the structure at 120 K using the code
FullProf. Only the cell parameters were refined at each temperature
for this analysis without varying the atom positions or refining the dif-
fraction peak shape. The final refined parameters obtained at a particu-
lar temperature were used as input parameters for the next higher
temperature and so on startingwith the 100 K data. It was not possible,
however, to obtain the correct intensities for the diffraction peaks in the
course of the structure refinement of L-MET. Possible effects of grain size
and preferred orientation were considered since the particles of the
powder sample consisted of somewhat large, elongated plates. Grinding
of the sample did not, however, lead to a structural change as observed,
for instance, for DL-cysteine [25]. Furthermore, it is important to note
that the [001]-reflection (2θ ~ 5.8° ± 0.1° at 120 K) exhibits a highly
asymmetric lineshape (see insets in Fig. 3), even though it is indexed
as a unique reflection [12] in the P21 space group. This Bragg peak
may well consist of more than one peak over the entire temperature
range of our analysis. This observation strongly suggests that either
the P21 structure is not correct or that more than one phase is present.
This question cannot, however, be resolved from the limited powder
diffraction data we have which are available, and would require exten-
sive temperature dependent single crystal neutron diffraction studies.

While it was not possible to carry out a more complete structural
analysis because of problems with data and sample quality, as well
as the complexity of the P21 space group, cell parameters and cell vol-
ume within the P21 space group could be analyzed over the entire
temperature range as described above. Rather different trends can
be distinguished in phases I and II, i.e. below and above the small
anomaly observed in the specific heat [12] at about 220 K. On heating
we observe (Fig. 4) an anomalous drop of the c-lattice parameter at
around 190 K, which is followed by a linear increase upon further
heating. The β-angle is also observed to decrease abruptly at the
same temperature. Another striking feature revealed by the XRPD ex-
periments is the continuous increase of the b-lattice parameter on
cooling from room temperature with a small decrease near 250 K.
Such negative thermal expansion along one particular crystallograph-
ic direction has been reported for many molecular crystals, such as
NMA [28], organic conductors, such as (TMTTF)2X [29], molecular
crystals, such as, methanol monohydrate [30], and amino acids, such
as L-alanine [31], and has been interpreted to be the result of
anharmonicity of the interatomic potential. The expansion of the
c-axis in L-MET is found to be 10 times greater than that of the
a-axis, which is consistent with the fact that the structure is layered
perpendicular to the c-direction. These changes in the crystallographic
data can then be directly connected to the second, small anomaly ob-
served at about 220 K in the Cp-measurements on powder samples.

Anomalies observed in the structural parameters were further ex-
plored by scanning the intensities of selected reflections ([004], [202],
[112]) on cooling to 130 K and subsequent heating to 300 K with a
fixed position-sensitive detector (PSD) at a continuous cooling rate
of 2 K/min. These measurements confirm, (Fig. 5), that below 250 K
there is a change in the evolution of the intensities of the peak
followed by another change below 180 K. These temperatures notice-
ably correspond, respectively, to anomalies observed in the Cp data
[12] and the maximum in the unit cell volume. We also find that
the crystalline structure is strongly dependent on thermal history of
the sample. We observe (Fig. 4) that the peak at 23.4°, indexedmainly
as the [004] reflection, shows an interesting hysteresis after a cycle of

image of Fig.�2


Fig. 3. X-ray diffraction pattern in the 2θ-region from 5° to 40° at 120, 160, 300 and 375 K.
Themarkers indicate the Bragg reflections for theP21 structure obtained from the structural
refinement described in the text. The inset shows the [001]-reflection in greater detail.

Fig. 4. (a) Lattice constants of L-MET determined by Rietveld refinementswithfixed atomic
positions in themonoclinic cell [11]. The lattice parameters are shown as a percent change
with respect to measurements at 375 K (e.g. Δa (T) = [a(T) − a(375 K)]/a(375 K)),
while their values at 375 K are a = 9.5444(9)Å, b = 5.1802(1)Å and c = 15.535(5)Å.
Errors are calculated in the Gaussian approximation, while errors of lattice parameters
are obtained from the Rietveld refinement. (b) Evolution of the β-angle for monoclinic
L-MET as a function of temperature. The horizontal lines are guides to the eyes, while the
vertical dotted line indicates the temperature separating phases I and II.
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cooling down to 130 K and heating back to 300 K. The same reflection
is then found at an angle of 22.9°, which differs from the initial posi-
tion by 0.5°, or a change in the c-lattice parameter of 0.32 Å (2%). Pos-
sible structural relaxation phenomena upon cooling the sample were
investigated by means of a scan with fixed PSD every 20 s at constant
temperature of 300 K following the temperature cycling. The inten-
sity of the peak located at 2θ = 22.9°, marked by an arrow in Fig. 4,
was fitted with a Gaussian at each time step with the result that its
time dependence (Fig. 4(c)) reveals that L-MET relaxes back to its ini-
tial (or equilibrium) state at 300 K within 15 min. A comparison of
the diffraction patterns from 2θ = 5° to 60° taken before the fixed
PSD scan to the one taken afterwards following a wait of 15 min at
room temperature confirms this observation. These reversible struc-
tural changes differ markedly, for example, from those reported for
taurine, a non-essential amino acid that can be synthesized in the
human body from methionine via cysteine, where an irreversible
change in the crystal was shown to be induced by irradiation from a
conventional X-ray tube at 87 K [32].

While we can clearly observe (Fig. 3) distinct but somewhat
broadened Bragg-peaks in the X-ray diffraction patterns up to 375 K
in polycrystalline L-MET, the high temperature dynamics suggest
that L-MET is in fact in a dynamically highly disordered state down
to 310 K. Thus we can argue that the crystalline structure of L-MET
evolves upon cooling from a dynamic arrangement with a wide distri-
bution of H-bonds to a more stable system characterized by stronger

image of Fig.�3
image of Fig.�4


Fig. 5. (a) Scan with fixed PSD shows a smooth change on cooling in the peak position
versus temperature around 220 K and around 150 K. (b) The same type of scan on
heating shows the transitions around 240 K and 150 K as well. (c) After cooling the
sample to 130 K and subsequent heating to room temperature the scan at constant
temperature shows an intriguing time dependence of the structure.
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intermolecular hydrogen bonds. Such a structural relaxation can
occur at ambient temperatures because the material may exhibit dif-
ferences in the local structure which gives rise to some dynamic dis-
order. The latter may result from a distribution of low energy barriers
and a range of intrinsic times, which limits molecular motions, while
the time average structure of L-MET still appears to be quite crystal-
line. We may thus conclude that the changes in the overall structure
of phase I are related to variations of the interactions of the L-MET
molecules with the crystalline environment most likely of dynamic
origin as was previously observed in L-alanine [46] and L-cysteine
[47]. This idea is further supported by the examination of the peak
shapes (Fig. 3), where Bragg-peaks between 250 and 160 K are
broader when compared to the patterns at higher and lower temper-
atures. Since interactions leading to conformational changes are
small, the changes in the system energy may be barely detected in a
DSC experiment, and most likely observable in the Cp, but they are
expected to clearly manifest themselves in the dynamical measure-
ments over a broad energy range.
3.3. Slow dynamics in L-methionine

Further insight into the nature of the possible local conformational
transitions induced by thermal activation can be gained in a number
of ways using the elastic energy window of various spectrometers
we used. Time scales of the dynamics of side groups can thereby be
selected within a range of four decades in time (0.2 ps–2 ns) in our
experiments. Quasielastic scans over a wider energy range on these
instruments can then more specifically measure line broadening as
a function of temperature.

No such quasielastic broadening of the elastic line, nor any low ener-
gy inelastic excitations indicative of either tunneling of the CH3 or NH3

groups or of soft phonon modes are, however apparent in the neutron
scattering spectrum at the lowest energies (−10 μeV b ω b 10 μeV)
recorded at temperatures of 3 and 300 K on the backscattering spec-
trometer SPHERES at the FRM-II (Fig. 6(a)).Wemay therefore conclude
that all molecular motions are frozen at 3 K on the time scale given by
the instrumental resolution. A very weak quasielastic signal may be ev-
ident at 300 K, but this contributes mainly to the background of the
spectrum and therefore cannot be further analyzed. A fixed-window
temperature scan (Fig. 6(b)) of the elastic intensity (ΔE = 1 μeV, or
0.25 GHz) reveals that two breaks in the straight line decrease from
generally increasing thermal motion, namely at temperatures of 130 K
and 275 K. These changes in slope indicate that scattering from some
dynamical process becomes fast enough to shift more intensity outside
the elastic window. A similar scan with a much larger window, that of
elastic intensity, SE(Q,ω = 0) summed over the entire Q range on the
NEAT spectrometer with ΔE = 98 μeV or 24 GHz (Fig. 6(c)) shows
just one of these breaks from linearity, namely the one at about 275 K.
The two changes in slope occur at rather high temperature and may
therefore be attributed to the onset of rapid reorientational motion by
some parts of the molecule over barriers of two different heights. The
onset of what has been described as stochastic reorientation of
themethyl group, for example, causes a drop in the elastic intensity be-
cause of the fact that such quasielastic broadening from faster CH3

reorientations gradually moves outside of the elastic energy window
of the backscattering spectrometer as the temperature increases. This
signal becomes so broad as to be nearly flat at temperatures above
130 K. We note, however, that the changes in the cell parameters ob-
served by XRPD in the region about 220 K do not appear to have an ob-
vious signature in the dynamics shown by these fixed window scans.

The origin of this quasielastic broadening may in principle be de-
termined from its direct observation with the NEAT spectrometer, as
it can be seen to emerge at temperatures between 110 K and 140 K
and to increase in intensity and width upon further heating
(Fig. 6(d)). The geometry of the observed motion could not, however,
be ascertained because the weakness of this signal made it impossible
to analyze its dependence on Q. These quasielastic spectra could still
be analyzed by summing the data over Q, which then provides a qual-
itative description of the temperature dependence in terms of a single
Lorentzian line width. It is customary to relate the half-width at
half-maximum (HWHM) of the quasielastic Lorentzian (Fig. 6(e)) to
an effective activation energy for the process giving rise to this
scattering by the Arrhenius relation [23]: Γ ¼ Γ0e

−Eact=kT ; where Γ0
and Eact are the attempt frequency and the apparent activation
energy, respectively. Such a fit over the region below 275 K results
in an activation energy Eact = 1.6 ± 0.3 kJ/mol for the motion that
gives rise to this quasielastic broadening along with an attempt
frequency Γ0 = 2.27 ± 0.01 meV.

The time scale of this process (a HWHM as large as 0.2 meV) places
it well in contextwithwhat is typically observed for the reorientation of
methyl groups in a wide variety of systems [48] so that we can readily
attribute it to the S–CH3 group in L-MET. We note, however, that the
temperature dependence of the HWHM of quasielastic scattering from
reorienting methyl groups has been observed to tend to a common
value (corresponding to a methyl hopping rate of about 1012 s−1) at
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Fig. 6. (a) Quasi-elastic signal averaged over the full Q-range at 3 K and 300 K measured on SPHERES at FRMII, shows a small quasi-elastic signal at 300 K mainly in the background.
(b) Normalized elastic signal obtained using IN10 with ΔE = 1 μeV as a function of temperature showing two dynamical transition at about 130 and 275 K. (c) Normalized elastic
signal obtained using NEAT with ΔE = 98 μeV as a function of temperature showing a dynamical transition at about 275 K. (d) Dynamic structure factors obtained using NEAT for
ΔE = 98 μeV at selected temperatures. The data were averaged over the full Q-range. The experimental spectrum (●) is shown together with the best fit (solid line). (e) Evolution
of the half-width at half-maximum (HWHM) of the Lorentzian function fitted to the quasielastic signal versus temperature showing a plateau above 275 K.
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Fig. 7. Computed rotational profiles around the various bonds for the gas-phase
molecule.
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high temperatures, while in the present case it is seen to be level above
275 K. This suggests that the crystalline structure of L-MET is dynami-
cally highly disordered above 275 K and that extensive coupling be-
tween the moieties CH3, NH3, and CO2, results in a dynamically rather
homogeneous system. This picture is also reflected by our high temper-
ature Raman and INS spectra and by the X-ray powder diffraction re-
sults. Increases of low-frequency scattering clearly observed in the
Raman spectra [12] aswell as in the IINS spectra (Fig. 2), may be related
to this second discontinuity at around 275 K in the elastic-scan data,
and consequently we may argue that this quasielastic broadening
helps understand the unusual increases of the low-frequency Raman
scattering of L-MET as compared to that in other crystalline amino acids.

We can attempt to verify that the motion observed on the ps time
scale in the temperature range from 275 K to 140 K does in fact orig-
inate from reorientations of themethyl group by relating the observed
activation energy to details of the rotational PES and transitions of the
methyl group. From an analysis of the calculated barrier heights
(Table 1, Fig. 7), one can estimate the effective barrier to rotation
methyl group about the S–CH3 axis in L-Met to be about 7.5 kJ/mol
(77 meV). This calculation was, however, performed on the isolated
molecule, so that actual barrier to rotation in the crystal may be appre-
ciably higher than this value on account of the intermolecular interac-
tions. This difference has been determined in a number of cases [49],
and can be taken to be approximately 2.0 kJ/mol for total barrier
height of 9–10 kJ/mol in L-Met. The shape of the rotational PES has
to be known, however, in order to relate the barrier height to rotation-
al transitions. While a 3-fold PES is normally a good starting point for
methyl rotation, the results from our calculation suggest that higher
order terms (6-fold, etc.) may be needed to accurately describe the
PES. If we take the effective rotational barrier height to be about
100 meV, we find that the 0–1 librational transition would occur at
22.6 meV (182 cm−1), and the tunnel splitting would be 0.015 μeV
for a PES with purely 3-fold rotational symmetry, or 40 meV and
25 μeV, respectively, if the PES were purely 6-fold. Our tentative as-
signment of the methyl torsion to the strongest peak in the INS at
about 200 cm−1 would then suggest that the PES is mostly of 3-fold
nature with perhaps as much as a 10% modulation with a six-fold
term. The attendant tunneling transitions would not be observable
with SPHERES in accord with our results (Fig. 6(a)).

We have investigated the effect of intermolecular interactions on
the PES for methyl reorientation using a frozen atom approach within
our periodic VASP calculation, as described above, and found it to be
121 meV. For a 3-fold PES with such a barrier height the librational
transition would be at 201 cm−1. We might expect this value of the
barrier to rotation to be too high as some relaxation of the molecular
structure would also occur in the solid, and act to lower this barrier. It
therefore seems quite plausible that the actual barrier to rotation falls
somewhere between the estimate derived above (appr. 100 meV)
and the one calculated in the frozen atom approximation for the
crystal.

While it would seem reasonable to relate the effective activation en-
ergy for reorientation of the methyl group over the range from 130 to
275 K of 1.6 kJ/mol obtained above to details of the PES for the methyl
group, most notably the actual barrier height, this would only be appro-
priate if methyl reorientation over this entire temperature range were
purely classical. It has, however, become clear in recent years that this
limit is not reached, and that these dynamics are partly of quantum
Table 1
Estimates of the rotational barriers around the different single bonds in MET.

Bond Eact (kJ/mol) Bond Eact (kJ/mol)

C2\COOH 18.0 C4\S 16.9
C2\C3 21.3 C5\S 7.5
C3\C4 21.1 C2\NH2 20.0
mechanical nature [50,51] even at room temperature. A partial loss of
quantum coherence is expected to occur as the temperature is in-
creased with the effect that the rotation becomes increasingly incoher-
ent [52] and this process can be governed by a different rate constant
from that for the coherent rotation.

Finally we need to return the second break in the ns time scale
(high resolution) temperature scans (Fig. 6(b)) at 275 K, which indi-
cates the onset of additional broadening from processes slower than
the methyl reorientation. These may then be taken to be the
reorientations about one or more bonds of the backbone of the mole-
cule, which in turn give rise to the distribution of methyl PES's indi-
cated by the flattening of the temperature dependence of the
methyl reorientation rate above 275 K (Fig. 6e).

We can therefore conclude that the quasielastic signal characteriz-
ing the fast processes of order ps, i.e. the reorientations of the methyl
group, which is observed far below the high temperature phase tran-
sition, acts as precursor for the conformational changes in L-MET
which occur on the ns time scale above 275 K. The discontinuities in
the temperature dependence of the normalized elastic signal corre-
late well with our Raman scattering results [12] and hence are indic-
ative of conformational changes involving motions on different time
scales. Therefore, we may propose that the available thermal energy
can no longer be accommodated by molecular librations alone, and
this thermal energy is transferred to the lattice, leading to the insta-
bility and consequently the phase transition at 307 K.

4. Conclusion

We have been able to identify the origin of the conformational
flexibility of the side chain in crystalline L-MET by combining inelastic
and quasielastic neutron scattering, and X-ray powder diffraction
with DFT calculations along with our previously reported Raman scat-
tering study [12]. The results presented here highlight the apparent
existence of multiple minima on the L-MET potential surfaces in a
similar form as observed for example in globular proteins. This find-
ing is corroborated by the occurrence of reorientational motions
around various bonds of the molecule on the ns and ps time scales
at certain temperatures along with our previously reported observa-
tion of intensity changes in particular Raman bands, which can only
be explained if at least one of the two L-MET conformers in the mono-
clinic unit cell changes configuration. Such reorientational motions
contribute to lattice instabilities and, consequently the occurrence
of the structural changes shown by thermal analysis. The temperature
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dependence of the IINS spectra suggests that the reorientational dy-
namics of the S–CH3 and CO2 moieties, and consequently of the NH2

group, are triggered as a cascade of thermal activated events, i.e.
that the motions are unlocked sequentially, leading to a convoluted
disordered H-bonded network at room temperature. As a result poly-
crystalline L-MET seems to be in a dynamic glassy-like state down to
310 K with well-defined crystallinity, which evolves upon cooling,
from an arrangement possessing a large fluctuating distribution of
H-bonds to a more homogeneous system stabilized by stronger
intermolecular H-bonds.

Our findings relate to the role of L-methionine in binding/recognition
of hydrophobic ligands (lipids) and its binding to atoms such as metals,
especially because it is a hydrophobic amino acid, and therefore deeply
buried inside of the protein structure. We can therefore expect that its
properties in the solid statewill not differ appreciably from that in aque-
ous so that the description of the dynamics given in the present work,
particularly with regard to the flexible S–CH3 group, can be factored
into that for macromolecules, which contain this very common linker.
This maywell include the extremely interesting phase transition we ob-
serve in L-Met at body temperature at around 310 K.
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