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Abstract. The lattice dynamics of crystalline L-alanine shows unusual features tentatively assigned to a
localization of vibrational energy. However, other properties alternatively suggest the existence of a second
order phase transition undetected in previous crystallographic work. In this paper, we present the results
of a high resolution X-ray diffraction study down to 10 K, together with new structure determinations at
intermediate temperatures. The data rule out the hypothesis of a conventional structural phase transition.
No change in the space group symmetry is observed and an anomalous decrease of the lattice parameter ¢ in
discrete steps is discovered when heating the crystal from 10 K to room temperature. It could be ascribed
to a progressive conformational change of the NHJ group of the zwitterionic molecule. An analysis of
the physical properties of crystalline L-alanine suggests the existence of a strong dynamic Jahn-Teller-like
effect owing to the NH;‘ charge-lattice coupling. This would explain both the splitting of some vibrational
states and properties related to a microscopic lattice instability like the onset of depolarization in the

transmitted light below ~250 K.

PACS. 61.10.Nz X-ray diffraction — 05.45.Yv Solitons — 64.70.Kb Solid-solid transitions

1 Introduction

L-alanine is the smallest chiral naturally occurring amino
acid. Its crystal structure was determined by both X-
ray (300 K and 23 K) and neutron (300 K) diffrac-
tion [1-3]. The system crystallizes in the P2;212;, (or D3)
space group, with four (FH3N-CyHy-COO™) zwitterionic
molecules per unit cell, linked by three networks of hy-
drogen bonds of unequal strength. Earlier observations of
the non-linear behavior of two Raman modes at 42 and
49 cm~1, assigned to a dynamic localization of vibrational
energy [4], have attracted an additional interest to this
widely investigated compound, a building block for pro-
teins and a model system for a large range of important
processes in biochemistry.

The vibrational dynamics [5] has been studied by in-
frared spectroscopy [6], Raman scattering [7], CARS [8],
coherent [9] and incoherent [10] inelastic neutron scatter-
ing. Investigations of thermal conductivity [11], phonon
echo [12] and NMR spectra [13] have also been reported.
Besides the anomalous intensity of the two low frequency
Raman modes, some other unusual properties have been
discovered, e.g. a negative thermal expansion along the c-
axis [2,3], an unusual temperature dependence of the en-
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ergy of the infrared band related to the torsion of the NHg|r
group [6,7], very long lifetimes (>10 ps) of low-frequency
librons [8], a large sound-wave velocity in the same direc-
tion ¢ of the strongest chain of H-bonds, about twice the
calculated value [9], the thermal conductivity not obeying
the usual hyperbolic dependence on temperature [11], a
structural transition at ~170 K indicated by phonon-echo
measurements [12], also found at approximately the same
temperature in NMR data [13].

Therefore we undertook new spectroscopic investiga-
tions in L-alanine along the line of our studies of intrin-
sic localized modes (ILM, breathers, or vibrational po-
larons [14]) in strongly anharmonic molecular crystals.
Our recent infrared measurements [15] reveal a splitting of
the NHZ;|r torsional band below approximately 220 K, and
an overtone of this band. The intensities of both bands are
strongly dependent on temperature. These features are
satisfactorily explained within the theory of vibrational
polarons [16] by assuming a non-linear coupling of the
NH;}|r oscillator with lattice phonons.

However, light depolarization measurements revealed
subtle symmetry breaking around and below ~250 K [15],
in disagreement with previous structural data which es-
tablish the same space group at 23 K and room tempera-
ture [1,2]. New Raman data from our group [17] confirm
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the anomalous behavior of the NH;r torsional mode at
about 220 K and the interplay between the two lowest
frequency librons. In addition they show that most of the
external modes have unusual intensity and frequency be-
haviors in this temperature range, suggesting some struc-
tural instability. These facts contradict the structural data
but agree with light depolarization measurements [15]
and previous phonon-echo [12] and T; NMR relaxation-
time [13] measurements. Moreover, a new mode appears
below ~170 K in correspondence with the H-bond strains
at ~135 cm ™!, gaining intensity with decreasing temper-
atures [17].

The possibility of a structural transition attracts a new
interest on alanine in connection with a fundamental de-
bate, i.e. the hypothesis of a conformational change from
D- to L-alanine driven by the parity-violation energy dif-
ference in a BCS-analog transition. This idea is at the
origin of Abdus Salam’s theory attempting to explain the
homochirality of amino-acids in the terrestrial environ-
ment [18]. So far, a Salam transition has not yet been
shown.

At this point, several hypotheses could be formulated
to explain these contradictory properties, e.g. the break-
ing of one or two of the H-bond networks transforming
the NHZ group into a non-linear or chaotic oscillator [7],
an increasing density of breathers creating a superlattice
of domain walls (or discommensurations, or topological
solitons), a slightly monoclinic structure with nearly 90°
angles and two types of domains like in BaMnF,4 [19], a
conformational phase transition affecting the shape of the
molecule but not the space group as observed in networks
of nanotubes under hydrostatic pressure [20].

To improve our understanding of these unexplained
properties, we have undertaken new structural investiga-
tions using the high resolution setup of the ID1I0A beam
line at the European Synchrotron Radiation Facility in
Grenoble, France. The aims were to look for the possible
splitting of some Bragg peaks which could result from two
kinds of domains, or for new satellites arising from a hy-
pothetic new phase, commensurate or not, or for diffuse
scattering that would signal some dynamic disorder. The
results are presented hereafter.

We also determined the crystallographic structure with
a conventional setup (an ENRAF NONIUS four-circle
diffractometer, at the Laboratoire de Cristallographie of
the CNRS, Grenoble) at four different temperatures (293,
220, 170, and 120 K).

2 Experimental details

The ID10A beam line is equipped with an energy-tunable
Si(111) single-bounce monochromator in the horizontal
scattering geometry providing a resolution AE/E = 1.4 x
10~*. For our experiment we used the X-ray wavelength
A = 1.54001 A (E = 8.05088 keV). The station is equipped
with a horizontal four-circle diffractometer having an Eu-
lerian cradle to allow for a large freedom in sample orien-
tation. The samples were mounted in a standard Displex
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Fig. 1. Scan of the (0 0 4) reflection along the c*-direction
(dots) at 20 K. The curve is a Gaussian fit of the data.
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cryostat (10 < T < 293 K). The X-ray spot size was about
0.1 x 0.1 mm?.

For the crystallographic structure determinations, the
intensity data were collected on a Nonius four-circle
diffractometer equipped with a bidimensional detector, us-
ing monochromatic silver Ka radiation (A = 0.5608 A).
The sample was cooled by a nitrogen stream using a
600 series Cryostream cooler from Oxford Cryosystems.

Differential Scanning Calorimetry (DSC) measure-
ments have been performed with a 2920-T.A. Instruments
calorimeter at the Institut Furopéen des Membranes in
Montpellier, France.

The L-alanine needle single crystal used at ID10A was
grown in water solution, at GDPC, Montpellier, France.
The selected sample (1 x 1.5 x 6 mm?) was glued at one
extremity of its largest (1 2 0) face on the cold finger of the
cryostat, so that the horizontal scattering plane contained
the (h 2h £) reflections. By tilting the cryostat around the
c-direction it was possible to bring in the horizontal plane
the scattering plane containing the (0 k ¢) reflections. The
instrumental resolution Aw in these experiments is about
0.002° so that the weak mosaic spread of the sample re-
sulted in a “splitting” of the Bragg peaks. Careful ex-
ploration of the crystal, and the small beam size, finally
allowed for the selection of a single crystallite. Owing to
the required high resolution, the first attempts to mea-
sure the Bragg profiles suffered from micro-displacements
of the sample holder during temperature changes. To over-
come this problem, the position of the beam on the crystal
was permanently monitored by a video camera and kept
fixed on the same zone on the sample surface. At each
temperature, the Bragg reflections were centered by a se-
ries of scans (vertical translation scan Zg and angular w,
o, X, and 20 scans) and finally the reflections were mea-
sured by a w-26 scan. For the structure determinations, a
small crystal (0.42 x 0.5 x 0.83 mm?®) with natural {100}
faces was used.
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Fig. 2. Left side (1): (a) Temperature dependence of the lattice parameter ¢ on heating from 11 K to 280 K. The error bars
are typically 1.5 x 10™* A. One notices that ¢ decreases in a succession of steps and plateaus. (b) Temperature dependence of
the full width at half maximum (FWHM) of the (0 0 4) reflection. (c¢) Temperature dependence of the integrated intensity of
the (0 0 4) reflection. The error bars take into account both the error on the fit parameters and the statistical counting. Right

side (2): Similar as (1), but on cooling from 260 K to 11 K.

3 Experiments and results
3.1 ID10A results

In a first series of measurements we followed the (0 0 4)
reflection in function of T'. Figure 1 shows the (0 0 4)
intensity profile along the c* direction at 20 K. At each
T-value the intensity profile was adjusted to a Gaussian.
The c¢ lattice parameter is deduced from the position ¢y
of the center of the Gaussian by the relation c¢(A) = 4 x
5.784/¢y (where 5.784 is the value of the lattice constant
¢ according to Ref. [1]). The temperature dependence of ¢
is shown in Figure 2-1a for T increasing from 11 to 280 K.
Figures 2-1b and 2-1c show the other parameters of the
fits, i.e. the full width at half maximum (FWHM) and the
integrated intensity, respectively. The FWHM is almost
constant over this temperature range while one observes
a regular decrease for the integrated intensity on heating.
Figures 2-2a to 2-2c¢ show the T-dependence of the same
parameters on cooling.

The negative thermal expansion of ¢ is confirmed and
it is found to occur in a sequence of discrete steps at about
50-60 K, 120-130 K, 165-170 K, 195-200 K, separated by
small plateaus (Fig. 2-1-a on heating and Fig. 2-2a on

cooling). The discrete evolution of ¢, in steps of about
7.5x10~* A, is obvious. No anomaly in Figures 2b and 2¢
can be observed in relation to the steps observed in Fig-
ure 2a. The behavior of ¢ between 218 and 258 K (scat-
tering in the c-values much larger than the error bar of
1.5 x 10* A) is not understood. One might ask whether
this behavior is related to the anomalies in the same T-
region that are listed in the introduction. To address this
question we have measured the diffuse scattering at 214 K
and 241 K by doing ¢ scans near the (0 0 4) reflection, ¢
varying between 3.75 and 4.25. The diffuse scattering is
not intense, though stronger at lower 7', in disagreement
with an expected thermally activated process. This fact
may indicate the onset of some structural instability.

In a second series of measurements, we have studied
the (0 4 0) reflection as a function of 7. We only report
here the lattice parameter b as a function of T' between
90 and 250 K owing to problems with the temperature
controller (see the T error bar in Fig. 3). The data anal-
ysis was performed in the same way as for the (0 0 4)
reflection. The lattice parameter b has a standard behav-
ior, increasing with increasing T' (Fig. 3) and no anomaly
can be observed in b(T).
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Table 1. Crystal data and structure refinement data.
Formula C3H7NO»
Formula weight (g mol™!) 89.094
Wavelength (A) 0.56087
Crystal System Orthorhombic
Space group P21212;
Temperature 120 K 170 K 220 K 300 K
Unit cell dimensions :
c (A) 5.7877(2) 5.7872(2) 5.7871(2) 5.7821(2)
a (A) 5.9506(2) 5.9709(2) 5.9904(2) 6.0272(2)
b (A) 12.2700(5) 12.2856(6) 12.3064(6) 12.3412(6)
Volume (A%) 422.58(3) 424.53(3) 426.63(3) 430.09(3)
Deate (g cm™3) 1.400 1.394 1.387 1.376
Absorption coefficient 0.07 0.07 0.07 0.07
(mm~")
F(000) 192 192 192 192
0 range for data collection  2.70 — 21.34 2.69 — 21.36 1.31 — 21.35 2.97 — 21.32
(deg.)
Limiting indices —7—=7 -7T—=1, —7T—=7 -7T—1, -7 =7 -7T—-1, 77 -7T—1,
—15—15 —-15—15 —15—15 —15— 16
Reflections collected 965 970 979 992
Independent reflections 583 (559 with 587 (560 with 592 (566 with 597 (568 with
I>30(1)) I1>30(1)) I>30(1)) I>30(1))
Data/parameters ratio 10.2 10.2 10.3 10.3
Goodness-of-fit on F? 0.717 0.621 0.819 0.699
Final R indices R =0.035 R =0.031 R =0.038 R =0.038
wR =0.116 wR = 0.074 wR =0.131 wR =0.136
Largest peak and hole in 0.23, -0.27 0.20, -0.18 0.23, —-0.22 0.18, -0.21
the last Diff. Fourier
synthesis (e A=%)
A small discrepancy (of about 2%o) is noticed between
[ ' T T the c-values determined on ID10A and those reported in
1231 «| the literature for room temperature {¢ = 5.784 A [1],
] I ¢ = 5.782 A (see Tab. 1 of this paper)} and for 23 K
12.30 . 1 (c = 5.794 A [2]). This difference, also observed in pre-
1 " liminary tests on the (0 0 2) reflection with another sin-
12.29 4 - 4 .

] - gle crystal, is not clearly understood. It may be due to
= 1228 - ] slight structural differences (vacancies concentration, dis-
< g
g 1 - w location rates, etc.) in crystals grown by different meth-

12274 - 1 ods. However, the values of b determined on ID10A are in
el me ] sgood agreement with other measurements (compare the
T - values of b in Tab. 1 and the values of b reported in Fig. 3
12.25 4 at 120, 170 and 220 K, or compare also the values at room
temperature between Tab. 1 and Ref. [1]).
Cw0 w0 a0 250
T (K) 3.2 Structure determinations

Fig. 3. Temperature dependence of the lattice parameter b on
heating.

Four crystallographic structure determinations were un-
dertaken at ~293, 220, 170, and 120 K using a Nonius
Kappa CCD diffractometer. For each temperature, 960 to
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Fig. 4. Projection on the (b, ¢)-plane of two unit cells of the
L-alanine crystal. No significant changes with temperature are
observed, except for these shown in Figure 5.

995 reflections were collected. In each case, the best re-
finement was obtained with space group P2:2;2;. Space
group P2;cn gave a similar though slightly lesser agree-
ment, but one notes that the chirality of the molecules
excludes the reflections symmetries across glide planes
that occur in P2;cn. Hence, the P2;cn space group can
be ruled out. Crystal data and details are presented in
Table 1. Owing to the very weak absorption of the crystal
(= 0.07 mm~!) no absorption corrections were applied.
The structures were solved by direct methods with the
SIR97 program and refined by full matrix least squares,
based on F?, using the Maxus software [21]. The final re-
liability factors R converged to values of 0.031 to 0.038 for
559 to 568 reflections with I > 3o(I).

Clearly the previously determined space group
P2:2,2¢, at room temperature and at 23 K remains valid
at our intermediate temperatures, and it represents the av-
erage symmetry of the structure. Two unit cells are drawn
in Figure 4. No significant changes with temperature could
be detected, except for slight variations of the C-N-H; an-
gles, which are shown in Figure 5 in which the structures
of the molecules at the four temperatures are superim-
posed. The conformation of the electrically charged NH;r
tetrahedron is modified below ~220 K: the average proton
displacements, though very small, produce a change in the
molecular electric dipole moment.

379

Fig. 5. Structure of the L-alanine molecule at 293, 220, 170,
and 120 K. The average conformations at 293 K and 220 K
coincide.
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Fig. 6. The a, b, and c lattice parameters (squares, lozenges,
and triangles, respectively) as determined with the Nonius
Kappa diffractometer. The points at 23 K are taken from [2].

The lattice parameters measured at each temperature
are plotted in Figure 6. The characteristic distances and
angles of the three hydrogen bonds have been deduced as
well and they are given in Table 2.

3.3 DSC study

Our calorimetric study reveals a very small step in the
specific heat (less than 0.01 W/g) around 243-246 K, as
seen in Figure 7. Such a behavior would be characteristic
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Table 2. Lengths and angles of the three hydrogen-bonds.

T (K) N-H1..01 N-H2..02 N-H3..02
298 K *from [2] 2.853(1) A 2.832(2) A 2.813(1) A
160.9° 163.7° 168.1°
293 K 2.852(2) A 2.827(2) A 2.809(2) A
163.7° 166.9° 167.7°
220 K 2.842 A 2.825 A 2.799 A
161.81° 167.05° 174.33°
170 K 2.836 A 2.821 A 2.797 A
163.2° 170.0° 169.5°
120 K 2.832 A 2.817 A 2.792 A
161.2° 171.9° 175.7°
23 K *from [3] 2.835 A 2.814 A 2.792 A
161° 161.2° 169.5°
0.10
=
g
4
(=)
2t
p:
=
0.05 L L
-40 -30 -20

Temperature (*C)

Fig. 7. DSC-curve of L-alanine showing a step smaller than
0.01 W/g between 243 and 246 K.

of a second order structural phase transition. Unfortu-
nately, the temperature accuracy is not very good because
of the speed of heating (5°/min). However, this curve con-
firms that some kind of slight structural instability occurs
around this temperature. It is worth remarking that pre-
vious experiments performed two years ago with a less
precise instrument failed to detect such a small anomaly.
Additional measurements, extended towards lower tem-
peratures are being considered now.

4 Discussion

In summary, the new physical observations are as follows:

— a stepwise anomalous decrease of the lattice param-
eter ¢ on heating from 11 K to 280 K, reversible on
cooling;
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— very slight changes in molecular conformations, mainly
affecting the charged NH;‘ group below ~220 K and
the methyl group below 170 K;

— no change in the average space-group symmetry in the
range 300-120 K, in agreement with previous room
temperature and 23 K data;

— no splitting observed on scans of the (0 0 2), (0 0 4),
and (0 4 0) reflections at any temperatures;

— an anomalous weak diffuse scattering below ~250 K.

Thus, many open questions subsist: Do structural phase
transitions exist? If so, what is the order parameter? What
is the driving mechanism? Is this instability consistent
with the lack of space-group change at any temperature?
Why does the ¢ variation occur in discrete jumps? Does
each jump correspond to a microscopic conformational
transition?

From another point of view, does a self-trapping of vi-
brational energy exist, as suggested by the dynamics of the
low frequency librons [4], by their long lifetime [8], by the
properties of the “cold” sideband appearing near the IR
band of the NHJ torsion (and near the corresponding Ra-
man peak, in b[ca]b scattering geometry [22]), and by the
new mode at ~135 cm~! appearing below ~170 K [17]?

Our assumption of a monoclinic structure with nearly
90°-angle and two types of domains is not confirmed be-
cause neither broadening nor splitting of any of the stud-
ied Bragg peaks could be observed. However, the (h 0 0)
reflections have not yet been examined.

On the other hand, the crystal could undergo an
antiferroelectric-ferroelectric transition driven by small
distortions of the NH;r group below ~220 K. This defor-
mation does affect the polarisability tensor and the ampli-
tude and direction of the dipole moment p ~ 12 debyes [9]
of each molecule. However, such a transition would af-
fect the P2:2;2; crystalline symmetry. On the contrary,
a small variation dp (less than ~1%) would be allowed
by symmetry and it would not be the order parameter of
a conventional transition, though it could be at the ori-
gin of the interplay of eigenvectors in the Raman 42 and
48 cm~! librons.

The stepwise increase of ¢ below ~220 K is not un-
derstood. Different observations may be related to this
stepwise behavior:

— the anomaly in the optical activity begins around
~250 K [15];

— an anomaly in the frequency (and intensity) of most
low frequency Raman modes is seen also around
~250 K [17);

— moreover, the pathological Raman modes at 42 and
48 cm~! show also small singularities in their fre-
quency and intensity at ~220 K [17];

— the splitting of the N HLJ{ torsional mode is observed at
~220 K [15];

— a structural transition was reported at ~170 K
by phonon-echo and dielectric permittivity measure-
ments [12];

— a structural transition was also reported at ~170 K
by the observation of the change in slope of the
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T;relaxation time in 'H NMR measurements. Differ-
ent activation energies for the methyl and amine group
reorientations have been measured [13]. The onset of
the random hopping of the methyl protons takes place
at a lower temperature than that of the NH;‘ protons
bounded by the H-bonds;

— below ~170 K, we observe a new Raman mode at
~135 cm™1 [17].

The small jump in the DSC curve (Fig. 7) reflects also
some instability in the 240-250 K temperature range.
It was recently confirmed by the observation of a large
anomaly of the ultrasound attenuation at ~247 K [23]. In
the range ~220-260 K, the scattering in the c-values is
much larger than the error bars. Presumably, the lattice
fluctuates under opposite strains.

Hence, a singular behavior of some properties succes-
sively occurs at several temperatures. The anomalies ob-
served in the vicinity of 170 K may be related to the pres-
ence of the small jump in ¢ between 165 K and 170 K.
These jumps suggest attempts to relax some frustration.

What could be the interaction competing with the
crystal packing forces on cooling? The self-trapping
of vibrational energy [4], or “vibrational polaron” or
“breather” [14], involves a “dressing” of one vibration
by lattice phonons, creating a local distortion of the sur-
rounding lattice. The density of such defects increases with
decreasing temperature. This microscopic modification of
the structure which is not a phase transition is called a
“polaron glass” [24].

However, the L-alanine molecule is zwitterionic, so the
coupling mechanism may be a charge-lattice coupling, for-
mally analog to a breather. According to the Jahn-Teller
theorem [25], any non-linear molecular system in a de-
generate electronic state (except for Kramers degeneracy)
is unstable and will undergo a distortion to form a sys-
tem of lower symmetry and lower energy, thereby lifting
the degeneracy. This process results from a coupling of
the electronic state with non-totally symmetric vibrations.
In the dynamic Jahn-Teller effect, the coupling is smaller
and the complex resonates between two or more equiva-
lent modes of distortion, the degeneracy is lifted, but the
average symmetry is preserved [26].

In the L-alanine molecule, the charged NH;rotator is
of Cs, symmetry, with a degenerate fundamental level.
Two types of eigenfunctions are found, a state with nu-
clear spin 3/2, and E-states with nuclear spin 1/2. In
analogy with a dynamic Jahn-Teller interaction, the E-
states of NH;'may couple with some lattice vibrations of
appropriate symmetry, for example belonging to one of
the B(i) representations. In this assumption, the NHy
group could undergo simultaneously a dynamic distortion
and a lifting of the degeneracy of its ground and excited
states, producing the splitting of the IR and Raman tor-
sional modes. An oscillating distortion of the H;‘ triangles
would affect the electric dipole moment, and could ex-
plain the observed light depolarization below ~250 K [15].
The observed diffuse scattering may result as well from a
pretransitional regime or from a dynamic Jahn-Teller-like

381

coupling in which the lattice fluctuates between different
distortions [27].

Hence, the L-Alanine structure could become frus-
trated on cooling, under the opposite influence of com-
peting interactions: the crystal packing forces on the one
hand, and the “Jahn-Teller-like” charge-phonon coupling
on the other hand. The increase of ¢ on cooling is then an
attempt to relax the increasing opposite stresses. As listed
above, other effects happen in the same range of tempera-
ture. However, the stepwise character of the anomalous ¢
increase on cooling is not fully explained. A new system-
atic study of diffuse scattering at low temperatures is also
underway.

This work has been performed within the EC Network
LOCNET (HPRN-CT-1999-00163). We acknowledge Gerhard
Gruebel for helpful discussions and advice for the ID10A ex-
periments. We are also very grateful to Henri Gleyzolle from
ESRF and Marcel Lopez from I.LE.M. Montpellier for technical

assistance.
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