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Abstract: Martensitic transformations are of considerable technological importance, a particularly promising
application being the possibility of using martensitic materials, possibly proteins, as tiny machines. For
organic crystals, however, a molecular level understanding of such transformations is lacking. We have
studied a martensitic-type transformation in crystals of the amino acid DL-norleucine using molecular
dynamics simulation. The crystal structures of DL-norleucine comprise stacks of bilayers (formed as a
result of strong hydrogen bonding) that translate relative to each other on transformation. The simulations
reveal that the transformation occurs by concerted molecular displacements involving entire bilayers rather
than on a molecule-by-molecule basis. These observations can be rationalized on the basis that at sufficiently
high excess temperatures, the free energy barriers to concerted molecular displacements can be overcome
by the available thermal energy. Furthermore, in displacive transformations, the molecular displacements
can occur by the propagation of a displacement wave (akin to a kink in a carpet), which requires the
molecules to overcome only a local barrier. Concerted molecular displacements are therefore considered
to be a significant feature of all displacive transformations. This finding is expected to be of value toward
developing strategies for controlling or modulating martensitic-type transformations.

Introduction resulting from superelasticity associated with the transforma-
tion 29 and self-healing ceramid8.A particularly promising
application is the possibility of using martensitic materials,
possibly proteins, as tiny machirdéshat could, for example,
deliver genes or drugs to specific sites within the body. Although
a phenomenological theory for martensitic transformations is
well developed, the molecular mechanism by which these
transformations occur is still not fully resolved. Although it is
generally accepted that martensitic transformations in metals,
alloys, and ceramics involve perfectly correlated displacements
of large numbers of atomic or molecular species, there is no
consensus that such processes occur in martensitic-type trans-
formations in molecular crystals. We report here observations
from molecular dynamics simulations of concerted molecular
displacements in a martensitic-type transformation in crystals
of the amino acid DL-norleucine. We show by means of
potential energy barrier calculations and theoretical consider-
t University of Bradford. _ations that concerted molecular displ_acements are feasible and
* Australian National University. indeed expected in such transformations in molecular crystals.
8 Current address: Cardiac Surgery Research Group, Cardiac and A key issue concerning first-order crystairystal phase
Xﬂg[gj:g Surgical Unit, Flinders Medical Centre, Bedford Park, SA 5042, .o oformations is the nature of the molecular processes taking
(1) Cohen, M.Trans. Japan Inst. Metal$988 29, 609-624. place during the transformation, in particular at the interface
2) 8:_51029;;28 Owen, W. artensite ASM International: Materials Park, between the parent crystal and the emerging new phase. This
(3) Christian, J. WThe Theory of Transformations in Metals and Allogs) issue remains essentially unresolved, as there is little direct

ed; Elsevier Science Pub Co.: New York, 2002.
(4) Bhadeshia, H. K. D. HWorked Examples in the Geometry of Crystals (8) Otsuka, K., Wayman, C. M., EdShape Memory Materigl<Cambridge

Martensitic transformations are first-order crystatystal
phase transitions that proceed rapidly without diffusion of the
atomic or molecular species. They exhibit a displacive structural
change that gives rise to a shear-like deformation of the crystal
morphology and can be characterized by a definite orientational
relationship between the lattices involvEd.Such transforma-
tions are observed in metals, alloys, and cerarhas well as
in molecular crystafsand proteing. A remarkable example of
a martensitic transformation in a protein crystal is the injection
mechanism of the T4 bacteriophage virus, where the tail-sheath
protein of the virus contracts by a martensitic mechanism to
puncture the bacterial membrane, enabling the virus to inject
its DNA content® Martensitic transformations are of consider-
able technological importance and applications include smart
materials based on shape memory effécfexible wires

Institute of Materials: London, 2001. University Press: Cambridge, 1998.

(5) Mnyukh, Y. V.; Panfilova, N. A.; Petropavlov, N. N.; Uchvatova, N.JS. (9) Funakubo, H., EdShape Memory Alloyssordon Breach Sci. Pub.: New
Phys. Chem. Solid$975 36, 127—-144. York, 1987.
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2542 = J. AM. CHEM. SOC. 2007, 129, 2542—2547 10.1021/ja066686y CCC: $37.00 © 2007 American Chemical Society



Transformation in Crystals of DL-Norleucine ARTICLES

experimental evidence to support any of the hypotheses tha
have been proposed. Methods such as X-ray diffraction are still,
in general, unable to yield the molecular trajectories at the
interface because of temporal and spatial averaging, althoug
for specific systems techniques such as grazing incidence arg

beginning to yield near atomic resolutiéhTheoretical ideas ) ) ) .

. . Figure 1. Contact interface mechanism (after Mnyé&Rhin this mecha-
r_egardlng the_m0|eCU|ar mechanism of the_s_e phase trar]S’forma'nism, interface advance is considered to proceed by the detachment of a
tions are dominated by the structural classification proposed by molecule from the parent phase and subsequent attachment onto the
Buerger!? In Buerger's scheme, transformations are classified emerging surface of the daughter phase, i.e., on molecule per molecule basis.
on the basis of similarity (or otherwise) between the crystal The transferring molecule remains within the interaction field of both lattices

: . t all ti .
structures of the phases involved. An integral part of the scheme® & "M¢°

is the relationship between the differences in structure (and the ,yices They consider that the interface between the parent and
changes perceived in going from one structure to another) anddaughter phase is characterized by direct contact, and more

the er;e;]gy barrlelrs determining th? k,'nelt'cs, Ofl the trgnsforma— contentiously, that the molecules belonging to the parent phase
r'or." If the ct:ysta structgrss are re Ft'ﬁfy simi allrd",’lln . the fniw re-align themselvesne-by-onento the developing surface of
attice may be generated by a simple differential dilation of the ¢ daughter crystal. The process is depicted in Figure 1. This

parent lattice or by minor d|splacer_nents or rops_ltlons of _the proposed mechanism specifically excludes any form of coopera-
”?0'?‘0”'6“ Species, the transfqrmatlon IS cIa§S|f|ed as eitherive behavior of the molecules on the basis that the one-by-one
dllatlo.nal or dlsplac_lve, respecnvely. As there is no making Or re-alignment at the interface is energetically appedi#dihe
bregklng 8f stlrong m;erahctlons, ﬂ;e energy bkgrrlgrs are ggns'fd'analogy commonly promoted is the difficulty encountered in
ered 'to e low and the transformation 'ne,t'cs, rapid. ! shifting a large carpet wholesale across the floor. The contact
significant reorganization of the molecular species is involved, interface hypothesis also emphasizes the important role (which

the transformations are classified as reconstructive and arejg yell recognized) of clusters of vacancy defects in both

characterized by a high-energy barrier and hence expected tqnitiating the transformation and in its continuation.
be sluggish. Using Buerger’s classification as a basis, it has
become common practice to describe the mechanism of dila-
tional or displacive transformations as comprising a series of
cooperative lattice translations and/or orientations based on leas
motion1#15 For molecular crystals, the proposed mechanistic

approach is more complex, involving displacement and rotations
of the molecular specié$:'”

Hartshorne and co-workéfstook a different approach and
focused on the molecular processes at the interface. They
proposed the existence of an intermediate vapor phase, with
molecules subliming from the parent phase and condensing on

to the new daughter crystal. This hypothesis is, however, difficult =, . ;
. . . S This phenomenon is thought to occur as a result of an abrupt
to reconcile with experimental data, as the observed kinetics of o .
specific deformation of the crystal, and from the above

interface advance are significantly faster than predicted. An L .
- . argument, the implication is that concerted molecular displace-
extension of these ideas was the proposal of a dual mecha- .
ments are involved.

nism: a cooperative, displacive mechanism within the crystal- We h : : q . ¢ S

lites, and sublimation and condensation between the crystal- e have mves_tlgate_ a martens_ltlc-type t_rans orma_tlon n

lites 19 crystals of the amino acid DL-norleucine (2-aminohexanoic acid,
A significant advance has come from the insights of Mnyukh CH3(CH,)sCH(NH;)COOH) by means of classical molecular

and co-worker® from their work on single crystals of molecular dynamics simulations. DL-norleucine is one of very few
systems. They propose that the transformation process for ﬁrst_molecular crystals that exhibit a fast single-crystal to single-

order crystat-crystal transformations is essentially analogous crystal transformation with an orientational relationship. It can

to crystallization of the new phase but from a solid medium, F:rystallize in three polymorphic forms, 5, andy. The/ form

and where there is a scope for a coherent interface between the> the low-temperature phase, known to be stable at about 120

25 i iti
parent and the daughter phase, this can lead to the possibilityK' It can trf_ﬂnsform reve_r3|bly t(.) the form (the tr_ansmon
of an orientational relationship (topotaxy) between the two temperature is not stated in the literature), which is the stable

phase at room temperature and pressure. Above 390 Ky the

(12) Solomonov, I.; Weygand, M. J.; Kjaer, K.; Rapaport, H.; Leiserowitz, L. ~ form exhibits a reversible transformation to the high-temperature
BiOphyS. J.2005 88, 1809-1817. f rms Th rvst | tr tur f th nd f m r

(13) Buerger, M. JKristallographia 1971, 16, 1048; Buerger, M. JSaiet y torm. ec ys.a structures o ; e a ﬁ orms are
Phys.: Crystallogr., USSR972 16, 959. known25-27 the lattice parameters being S&P2,/a,Z = 4, a

(14) Swaminathan, S.; Srinivasan, Acta Cryst.1975 A31, 628-634.

(15) Pendas, A. M.; Luana, V.; Recio, J. M.; Florez, M.; Francisco, E.; Blanco,

................

The one-by-one hypothesis, however, fails to explain the
observed, specific crystal deformation characteristic of marten-
tsitic transformations in metals and alloys. Uncoordinated atomic
displacements are unlikely to induce any net motion or net force
in any particular direction in the crystal and, consequently, can
only give rise to a general change in volume and not any specific
deformation. Any specific deformation of the crystals is
considered to be a direct consequence of collective synchronized
atomic displacements.There are some rare examples of
molecular crystals that exhibit the thermosalient effect, the
phenomenon of crystals jumping during a phase transtfioi.

M. A.; Kantorovitch, L. N.Phys. Re. B 1994 49, 3066-3074. (21) Mnyukh, Y. V. Fundamentals of Solid-State Phase Transitions, Ferro-
(16) Hashizume, D.; Miki, N.; Yamazaki, T.; Aoyogi, Y.; Arisato, T.; Uchiyama, magnetism and Ferroelectricitduthorhouse: Bloomington, IN, 2001.

H.; Endo, T.; Yasui, M.; lwasaki, FActa Cryst. B2003 59, 404—415. (22) Steiner, T.; Hinrichs, W.; Saenger, W.; Gigg, &ta Cryst.1993 B49,
(17) Fernandes, M. A.; Levendis, D. C.; Schoening, F. RAdta Cryst. B2004 708-718.

60, 300-314. (23) Zamir, S.; Bernstein, J.; Greenwood, DMbol. Cryst. Lig. Cryst.1994
(18) Bradley, R. S.; Hartshorne, N. H.; Thackray, Nature Lond 1954 173 242, 193-200.

400. (24) Lieberman, H. F.; Davey, R. J.; Newsham, D. M.Chem. Mater200Q
(19) Briske, C.; Hartshorne, N. Hrans. Farad. Socl1967, 63, 1546, 12, 490-494.
(20) Mnyukh, Y. V.; Petropaviov, N. NJ. Phys. Chem. Solid972 33, 2079. (25) Dalhus, B.; Gorbitz, C. HActa Cryst C 1996 52, 1761-1764.
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Figure 2. Crystal structures of the-phase (space group2i/a) andf-phase (space group2/c) of DL-norleucine showing the van der Waals surface
between hydrogen-bonded bilayers. The structures are racemates containing chiral molecules (designated by R and S) that do not intercoatast on labo
time scale. The-axis in thea-phase corresponds to theaxis in thef-phase. For the-form, the sequences along tb@xis in theb—c perspective alternate
betweerRSRS andSRSR as we go up thedirection. For thes-phase the corresponding sequence (alongtheis) iSRSSR, which alternates witbRRS

as we go up thé-direction. In thea—c perspective of thei-phase, a particular sequence of molecules along-tieds has the same sense of chirality, e.g.,
SSSS that alternates wiRRRR going in thea-direction. The corresponding sequences (direction [101]) irftphase ar&SSRR andRRSS. Thex-phase
structure can be obtained from tHephase by /2 shift along theb-axis andc/2 along thec-axis of one of the bilayers of the-phase. Thé/2 shift changes

the RSSR sequence to the requir@ERS sequence, whereas 2 shift changes theSSRR andRRSS sequences t8SSS orRRRR, which are
characteristic of the--phase. The bar notation on the sequences represents recurrence.

=9.907 A b =4.737 A,c = 16.382 A, = 104.68, p = transformatior$® We investigated thg—a. transformation at various
1.171 Mg n73, and SG= C2/c,Z = 8, a = 31.067 Ab= temperatures up to 390 K and also explored the effects of inclusion of
4717 A,c=9.851 A = 91.37, p = 1.207 Mg n72 for the vacancy defects. The electrostatic interactions were evaluated using

o and thep forms, respectively. Both crystal structures are Ewald summation with a precision of 1:010°% (Ewald convergence

racemates with equal numbers of @ @nd ©-norleucine paramet_er: 0.4051, and.maX|m‘urk—vectors of 13, 8, and 8 in the

| | In both oh th | - | le is in th three axisy, y, andz). The interaction cutoff for both the van der Waals
mo_ ec‘? es_" n bo _p ases, the nor eF*C'”e mo ecug 1SN N€ 54 the real part of Ewald was 1.0 nm. Appropriate long-range
zwitterionic form with an almost identical geometry in terms . rections for the truncated van der Waals interactions were applied

of bond lengths, bond angles, and dihedrals, whereas theiy poth the potential and the instantaneous pressure. The effects of
molecular packing in the crystals is in the form of bilayers, various technical variables such as the thermostat and barostat coupling
which is typical of amino acids. The bilayers are formed by constants and the choice of flexible bonds or bond constraints were

virtue of tight hydrogen bonding between theCOO™ and also explored.

—NHz™ groups both within a layer and between the layers. The =~ We also characterized the potential energy barrier that defines the
outer surfaces of each bilayer comprise the ends of the aliphaticphas_e transformation, namely the barrier to shifting_of an entire bilayer

chains that give rise to a van der Waals surface between ongelative to the rest of the crystal. These potential energy surface

bilayer and the next. The two crystal structures differ in that jn caculations were carried out on a periodic system comprising two
the a form the alternate bilayers are shifted by half a unit cell independent bilayers each comprising 60 molecules. The energy surface

. . L for the bilayer shift was sampled by means of a grid search where the
along both theb- and c-axis relative to the packing in the lattice was dilated along the axis perpendicular to the bilayerstbés

phase (Figure 2). of the 5 phase) by a series of 0.2 A increments, and for each dilation
one of the bilayers was systematically shifted in 0.2 A increments along
Methodology the other two axes (the-axis andc-axis of theg phase), i.e., in the

plane parallel to the bilayer. At each shift position, the potential energy
of the system was minimized while maintaining a spatial constraint on
thea carbon. The minimum energy surface as a function of the bilayer
shift position was taken to be the lowest energy obtained from the series
of lattice dilations at that shift position.

Another important quantity that is pertinent to the thesis developed
in this paper is the potential energy required for a molecule to move
from a lattice site into an adjacent vacancy defect. In determining this

(26) Mathieson, A. MActa Cryst.1953 6, 399-403. i i

(27) Harding, M. M.. Kariuki. B. M. Williams. L.- Anwar, JActa Cryst1995 energy, four localized vacancy defects were created in one surface of
B51, 1059-1062.

(28) Parrinello, M.; Rahman, Al. Appl. Phys1981 52, 7182-7190. (30) Tuble, S. C.; Anwar, J.; Gale, J. D. Am. Chem. So2004 126, 396—

(29) Smith, W.; Forester, T. Rl. Mol. Graphics1996 14, 136. 405.

The molecular dynamics simulations were carried out on a periodic
system comprising 800 independent molecules (equivalentol®
x 5 unit cells of thef phase) in an NPT ensemble with Parrinello-
Rahman boundary conditiofsusing the program DL_POLY The
potential parameters employed were those optimized by us earlier to
reproduce the crystal structures of theand § forms and thef—a
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not appear to yield the true--phase. The transformation
proceeds, as expected, by the shifting of the bilayers at the van
der Waals surfaces but the observed shift is only half a unit
cell along theb-axis (expected) without a corresponding shift
along thea-axis. The system appears to adopt an alternative
packing at the van der Waals surfaces, presumably as a result
of the potential parameters not being sufficiently accurate to
characterize the weak interactions at the van der Waals surfaces.
The observed structure could possibly be fhphase whose
structure still remains unresolved and is considered to be a
variation on the packing at the van der Waals surfaces between
the bilayers. The lattice parameters of the simulated phase were
a~ 178 Alb~51A c~ 105A, 8~ 11C.

A simulation of the crystal with four localized vacancy defects
also revealed shifting of entire bilayers during the transforma-
tion. The vacancies can serve as sites of nucleation as the
activation energy here is likely to be lower and this effect has
been observed in molecular dynamics simulations of other
systems! A simulation of the system containing 4 adjoining
rows of vacancies was also carried out. In this case the vacant
rows indeed did serve as the initiation point, with the bilayer

Figure 3. Snapshots from the molecular dynamics simulation trajectory g ; : ;
of the transformation of thg-phase of DL-norleucine at 390 K and ambient contalnlng t.h.e vacant rows be!ng the flr.St to Shlft.' We expected
pressure. (a) 200 ps, (b) 320 ps, (c) 400 ps, and (d) 500 ps. The system idhat theindividual molecules in that bilayer adjacent to the

periodic in all three dimensions and comprises 800 independent molecules.vacancy rows would translate into the vacancies and in so doing
The hydrogen atoms have been removed from the molecules to aid structuralyoyld leave behind vacancies that would then in turn be filled
clarity. The arrows highlight the bilayer shifts. with the next set of molecules, i.e., the transformation should
show a molecule-by-molecule or a molecular row-by-molecular
row behavior. This was not observed. Instead, as in the other
simulations, the entire bilayer adjacent to the row of vacancies
] ) shifted wholesale. Snapshots from the trajectory of this simula-
Results and Discussion tion are given in the Supporting Information. In all the
Snapshots of the molecular dynamics trajectory at 390 K simulations, any particular bilayer shift, when it did take place,
showing the various stages of the transformation are shown inoccurred extremely rapidly, being over in about 20 ps. Once
Figure 3. The trajectory reveals a remarkable, synchronized initiated, the required shifting of the bilayers to cause the full
displacement of all molecules within any given bilayer relative transformation of the crystal took about 200 ps at 390 K. As
to another bilayer, i.e., a shift in the entire bilayer. The the size of the simulation system is modest (but respectable,
transformation is initiated by the wholesale shifting of the containing 16 800 atoms) and only a few simulations have been
bilayers at the van der Waals surface in the middle of the carried out, it is not possible to get a good estimate of the
simulation cell. This is then followed by a shift at the adjacent interface velocity. A rough calculation yields an interface
van der Waals surface on one side of the initial labile interface velocity (the direction of interface advance being perpendicular
and then at the other. There is no nucleation event wherein theto the van der Waals surfaces) of about 35 m/s, based on the
transformation would be initiated at some local hot spot in the fact that the full transformation of the crystal involved an
lattice and then spread out. Structurally, the transformation doesinterface advance of 4 cell lengths of thephase along the
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one of the bilayers, and the interaction energy of a single molecule
was sampled as a function of its displacement tangential to the bilayer
into the vacancy.

Figure 4. Potential energy surface for the translation of one bilayer within a crystal of DL-norleucine and the corresponding physical van der Waals surface.
As expected there is a strong correspondence between the two surfaces with the indentations in the physical surface corresponding to the emergy minim
in the potential energy surface. The energy surface for the bilayer shift was sampled by means of a grid search comprising 0.20 A increments with energy
minimization at each position.
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a-axis in 200 ps, i.e., about 7.1 nm in 200 ps. This is high but deformation that generates net motion or net force, which can
expected as the temperature of the simulations, i.e., 390 K, isonly come from collective molecular displacements. The above
well in excess of the transition temperature. considerations suggest that molecular displacements in marten-

How does one explain the observed concerted motion of the Sitic transformations must follow a particular pathway (or a
molecular layers in the phase transition involving DL-norleu- limited number of pathways) with a distinctly lower-energy
cine? The simulations suggest that this phenomenon must bedarrier compared with other possibilities. A unique pathway
energetically feasible. We therefore investigated the energy Wwould be consistent with the transformation exhibiting a specific
barriers for the shifting of an entire bilayer and that for the oOrientational relationship between the parent and the daughter
detachment of a single molecule from the edge of a bilayer into crystal phase, which is also a characteristic of martensitic
an adjacent vacancy defect. The potential energy surface fortransformations.
the bilayer shift, along with the corresponding accessible surface, The above discussion considers wholesale movement of entire
is shown in Figure 4. The potential energy barrier for the bilayer planes. An alternative, which is more likely, is that the

shift AU*snie was estimated to be 2.9 kJ/mpér moleculeIn transformation proceeds by the propagation of a localized
comparison, the potential energy required to detach an individual displacement wave, akin to a kink or a wave in a carpet. In this
molecule from the edge of a bilayer into a vacancy defddj,. scenario, the molecules need only overcorfexal barrier that

within a field of surrounding molecules is about 30 kJ/mol. may be surmounted as result of thermal fluctuations but at lower
Following the often quoted argument (see, for example, refer- excess temperatures. The essential basis of the soft-mode theory
ence 21) that the overall barrier to the shifting of a layer of displacive phase transformations is that the transformation
comprising n molecules will benAG* where AG* is the occurs as a result of a particular lattice vibration, a normal mode
activation energy for one molecule, one may infer thanas  (or phonon), whose frequency tends toward zero on transforma-
becomes large the barrier will become insurmountable, making tion.3233 The molecular displacements associated with the
concerted motion for any significant numbers of molecules specific normal mode are precisely those that result in the new
impossible. phase. As the molecular displacements yielding the new phase
Clearly, the choice between molecule-per-molecule motion OCCUr, the restoring force against the displacements decays
and concerted displacements involving large collections of "esulting ina drop in the frequency of the normal mode (“‘mode
molecules (or any other variation on this theme) must depend SCftening”) or even its complete annihilation. Although a

on the available pathways and the associated energy barriersthorough investigation of the soft modes driving the DL-

In this context, the available pathways will depend on the no.rleucine transformation is outside the scope of the present
anisotropy of the forces characterizing the crystalline system article, our ob_ser\_/atlons reveal th_at the lattice vibrations along
and on the degree of perfection of the crystal, i.e., the density N€b-axis (which is a common axis for both phases) appear to
of defects including dislocations, point defects and vacancies. ©Vercome the restoring force and drive the bilayers to their new
In not so perfect crystals, by virtue of the high density of defects, relatl\{e posmon; that define the final structure. It might pe

there is scope for the molecule-by-molecule mechanism. [€MPting to consider that a molecule-by-molecule mechanism
Consequently, for such crystals, interface advance would be is not too dissimilar to the soft mode mechanism, being different

expected to proceed along this pathway as it is characterized®Nly in terms of the coherence length, i.e., the number of
by a low-energy barrier. For more perfect crystals, the trans- molecules involved in the fluctuation traversing the structure.

formation can only be induced at high excess temperaturesN,orm,al modes a}reollectlz/elattlcg vibrations. Furthermore, the
(defined asAT = [T. — T|, where T, is the transition diffusion rates in crystals, which are governed by vacancy

temperature). The implication is that, for such crystals, the low defects, are significantly slower relative to lattice vibration

barrier (molecule-per-molecule) pathways are limited, and an frequencies?

increasing amount of thermal energy is required to open up other  Finally, we comment on the effects of the technical variables,
pathways that could include concerted molecular displacements.namely the barostat and thermostat coupling (relaxation)

Indeed, this is exactly what experimental observations suggest:constants,zs and z7 respectively, and the application or
transformations in near-perfect crystals, being limited by Otherwise of bond constraints. The relaxation constants were

nucleation require high excess temperatures and, when thenvestigated at two respective values, 1.0 and 10.0 ps for the

transformation occurs, it occurs almost instantaneously over thebarostat, and 0.1 and 1.0 ps for the thermostat. The larger
entire crystal volumé? barostat coupling constants = 10 ps caused large and

infrequent oscillations of the simulation box that appeared to
perturb the continuous nature of the trajectory. This suggests
that excessively large relaxation constants for the barostat should

The forces characterizing the DL-norleucine structures are
strongly anisotropic. The structures comprise tightly bound

bilayers (by virtue of hydrogen bonding) and weak van der . .
Y . (by . yarog . 9) . be avoided. The lower relaxation constant for the thermastat
Waals interactions between the bilayers. To move a single . o ; .

. S . .~ ~=0.1 ps (in combination withig = 1.0 ps) appeared to be ideal
molecule from a lattice site into an adjacent vacancy requires in that there was no marked build up of kinetic enerav at an
the breaking of a number of hydrogen bonds. The required oint during the transformation. In s%me molecular gynamic)s/
energy is significantly higher than the barrier that a molecule Fc)odes thegthermostat and baréstat coupling is set inyterms of
needs to overcome during layer displacement at the van deran efféctive “mass” for the thermostat :nd gbarostat extended
Waals surface, i.eAUyac > AU¥shi. This disparity in the energy
barriers qhara}ctenzm_g the two proposed pathyvays IS I|ke_Iy to (31) Devani, S.; Anwar, . Chem. Phys1996 105, 3215-3218.
favor entire bilayer displacements, the exception being highly (32) Cochran, WFerroelectrics1981, 35, 3-8.
disordered crystals at very low excess temperatures. A keygig Dove, M. T.Amer. Mineral 1997 82, 213-244.

. . i . o Shewman, PDiffusion in Solids 2nd ed; The Minerals, Metals and
characteristic of martensitic transformations is a specific crystal Materials Society: Warrendale, PA, 1988.
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variables. The relaxation constants are related to the effectiveto concerted molecular displacements can be overcome by the
masse$ (thermostat) andV (barostat) by the relationshig3 available thermal energy. Furthermore, the molecular displace-
= kaBTEXmZr andW = kaBTEXfL'é, whereNt is the number of ments exhibited in the DL-norleucine transformation can occur
degrees of freedom of the systekg,Boltzmann’s constant, and by the propagation of a displacement wave, which requires the
Text is the external (set) temperature. molecules to overcome only a local barrier. We consider
In respect of the choice of constraining the molecular bonds concerted molecular processes to be a dominant feature of
or leaving them flexible, the common approach is to employ interface advance in displacive transformations, particularly in
bond constraints that enable the use of a larger time step ancdhear-perfect crystals. These findings are expected to be of value
hence giving access to longer timescdf@ur expectation was  toward developing strategies for controlling or modulating
that flexible bonds, which will enable the molecule to be more martensitic-type transformations (in principle an individual
accommodating, would reduce the activation energy barrier andmolecular defect, e.g., an impurity, could disrupt concerted
enable the transformation to occur at a lower temperature and/molecular displacements over a significant length scale) and,
or in a shorter simulation time. In our simulations, both systems hence, realizing the potential of employing organic martensitic
(with and without bond constraints) transformed at the same materials as tiny machines.
temperature and in about the same simulation time, suggesting
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