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ABSTRACT: The solid-state phase transition in DL-methionine has been extensively studied because of its atypical behavior. The
transition occurs through changes in the molecular conformation and 3D packing of the molecules. Phase transitions in racemic
aliphatic amino acid crystals are known to show different behaviors depending on whether conformational changes or packing
changes are involved, where the former is thought to proceed through a nucleation-and-growth mechanism in a standard molecule-
by-molecule picture, and the latter through a cooperative mechanism. The phase transition of DL-methionine resembles the
thermodynamic, kinetic, and structural features of both categories: a conformational change and relative shifts between layers in two
directions. The present paper presents molecular dynamics simulations of the phase transition to examine the underlying mechanism
from two perspectives: (i) analysis of the scaling behavior of the free energy barriers involved in the phase transition and (ii) a
structural inspection of the phase transition. Both methods can help to distinguish between a concerted phase change and a
molecule-by-molecule or zip-like mechanism. The free energy predominantly scales with the system size, which suggests a
cooperative mechanism. The structural changes draw, however, a slightly more complex picture. The conformational changes appear
to occur in a molecule-by-molecule fashion, where the rotational movement is triggered by movement in the same layer.
Conformational changes occur on a time scale nearly twice as long as the shifts between layers. Shifts in one direction appear to be
less concerted than shifts in the perpendicular direction. We relate this to the edge-free energy involved in these shifts. We believe
that the behavior observed in DL-methionine is likely applicable to phase transitions in other layered systems that interact through
aliphatic chains as well.

■ INTRODUCTION
Solid materials can often exist in more than one crystalline
form, so-called polymorphs, and the phenomenon is referred to
as polymorphism. Molecular compounds can have structural
differences due to differences in the conformation of the
individual molecules and/or the 3D arrangement of the
molecules in the crystal. The former is called conformational
polymorphism, and the latter is packing polymorphism.1,2

Polymorphic forms of the same compound show different
physicochemical properties, such as dissolution rate, crystal
shape, or crystal color.3 Because of this, some forms find
application in industry, while other forms are undesired. A
common issue is the polymorphic phase transitions of the
product under unforeseen circumstances.4−6 In the pharma-
ceutical industry, this changes the efficacy and the bioavail-

ability of the drugs. Therefore, it is vital for industries,
including dye, food, pigment, and explosives,7−9 to produce the
favored polymorphic form and guarantee its maintenance in
the final product. This is achieved by gaining knowledge about
the mechanism of the polymorphic phase transitions, including
their thermodynamics and kinetics.
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In general, phase transitions are classified as first order and
second order. In a first-order type, there is a discontinuity in
the first derivatives of the free energy, and for a second-order
type, the discontinuity is in the second derivatives.10 In the
context of solid-state chemistry, the polymorphic phase
transitions are classified according to their underlying
mechanism as nucleation-and-growth and cooperative. The
nucleation-and-growth mechanism is a common first-order
phase transition including a molecule-by-molecule trans-
formation between the conformational polymorphs.11,12 The
existence of second-order phase transitions is refused by
Mnyukh since he proved that many phase transitions that were
claimed to be second order are first order if they are studied in
higher resolution. According to Mnyukh, all phase transitions
are first order and proceed in a molecule-by-molecule fashion
with or without an orientational relationship between the
parent and daughter phases.12 Due to the limitations of
Mnyukh’s theory in explaining complex transitions, the second-
order type has gradually been supplanted by the cooperative
mechanism, which incorporates a finite transition length scale
ranging up to hundreds of molecules. Nevertheless, in the
chemical literature, the clear distinction between cooperative
and molecule-by-molecule nucleation-and-growth transitions is
not commonly observed.6,13−43 In the cooperative mechanism,
often the crystal packing changes without influencing the
molecular conformation.17,44 Compared to the second-order
classification, the length scale is finite. In a computational study
of the first-order transition of DL-norleucine and L-phenyl-
alanine, we found the transition to occur through a cooperative
mechanism.45,46 We speculated that the initial nucleus, of finite
length scale, is formed in a cooperative way after which the
transition further propagates. Here, the packing defect density
is important in determining the initial nucleus size. We refer to
this initial nucleus as the critical cooperative segment, and its size
is likely to coincide with a maximum in the free energy for
nucleation. This is similar to the critical nucleus concept in
standard nucleation theory, formed in a molecule-by-molecule
fashion. We will return to the concept of the critical
cooperative segment in the conclusion.

The fact that a phase transition is first order does not give
information about the mechanism of the transition: molecule-
by-molecule or cooperative. Smets et al.47 classified the phase
transitions in racemic aliphatic amino acids into three different
categories: (I) involving pure shifts, (II) with changes in the
terminal torsions (outer torsion), and (III) with changes in
torsions other than the terminal one (inner torsion). The
phase transition in each class has different characteristic kinetic
and thermodynamic features, which are linked to differences in
the mechanism.

The nucleation-and-growth theory applies more to the
molecule-by-molecule type, and it does not address more
complex behaviors such as a zip-like mechanism48 or
cooperative phase transitions via rotation, displacement, and/
or order−disorder transitions.49 For the molecule-by-molecule
type, the rate of transition is very low, up to hours or days,
since the phase boundary line propagates in a molecule-by-
molecule manner. The parent and daughter phases have often
different conformational arrangements, and the corresponding
enthalpy and entropy of the transition are large but the amount
of hysteresis is small. Within the cooperative category, usually,
the crystal packing is altered by overcoming relatively weaker
nonbonded energy barriers. The molecular conformation
between daughter and parent structures is similar, and this

preserves the crystal integrity. The kinetic barrier for the
cooperative phase transitions is high, but once it is
surmounted, the transition proceeds very fast. The variation
of the enthalpy and entropy is small, and the amount of
hysteresis is large.

The solid-state phase transitions that proceed with a
cooperative mechanism are often more interesting since they
occur in versatile forms in molecular crystals such as bending,
wriggling, self-actuating, exploding, and changes in their
physical appearance.50−53 In some cases, these changes are
accompanied by a sudden release of energy that leads to a
crystal jump. The crystals showing this behavior are known as
jumping crystals. They are very interesting materials to be used
in medical devices, actuators, and electronic sensors54−61 This
paper presents a computational study of the α ↔ β phase
transition in DL-methionine (DL-Met) with the aim to unravel
the mechanism of the phase transition. DL-Met is a member of
the class of linear-chain racemic amino acids. Polymorphic
phase transitions have been extensively studied in linear-chain
racemic amino acids.18,24,47,62−66 This group of compounds
shares similar crystal structures. The interaction between the
zwitterionic amino and carboxylic acid groups forms hydrogen-
bonded bilayers, and the bilayers stay connected via the vdW
interaction between the aliphatic side chains. In most of these
structures, the phase transition takes place via either rotation of
the side chains or sliding of bilayers in the vdW connections.
The hydrogen-bonding pattern, however, stays intact. Only in
DL-methionine with a high density of defect sites67 and in DL-
cysteine do the hydrogen bonds break and reform during the
phase transition.68

A hybrid computational-experimental study by Shi’s group
has unraveled the role of defect sites in the phase transition of
DL-Met.67 They show that the phase transition is a one-step
process in a single crystal based on differential scanning
calorimetry (DSC) measurements. The low activation energy
of the phase transition and large kinetic hysteresis for crystals
with a low defect density indicate that the underlying
mechanism is cooperative. For samples with a high defect
density, a second peak is observed in the DSC, consistent with
a two-step process. The second step is sensitive to the defect
density and is suggested to follow a nucleation-and-growth
mechanism. MD simulations confirm this scenario on a
molecular level: the phase transition goes via the cooperative
shifting of bilayers in the absence of defects, while in the
presence of many defect sites, the phase transition occurs in
two steps. First, there is a cooperative shifting of bilayers at the
defect-free sites, and second, the hydrogen bonds break and
reform with a nucleation-and-growth mechanism.

Previously we carried out a molecular dynamics study on DL-
Met focusing on the phase transition in a defect-free crystal.69

We obtained energy landscapes, including free energy and
potential energy contributions to the transition. The free
energy is suggestive of two distinct transition pathways; in one
pathway, the transition initiates via shifts along the b axis
followed by shifts along the c axis and conformational changes.
In the other pathway, the two latter changes occur first, and the
shifting along b follows. The study further shows that the
energy is a balance between van der Waals interactions which
are stronger in the β form and dihedral bonding, which is more
favorable in the α phase. In this study, we investigate the
contribution of the shifts and rotations to the phase transition
and their influence on the phase transition mechanism from
two angles. One is the scaling behavior of the free energy with
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respect to the system size, and the other is the variance
corresponding to shifting of bilayers and rotation of the
terminal torsions. This information together with the
inspection of the structural changes has provided novel
insights into the phase transition mechanism.

■ COMPUTATIONAL SETUP
A similar computational setup to ref 69 is used.

Molecular Dynamics Setup. The initial α structure is
obtained from CSD entry DLMETA07 in a P21/a setting
(Table 1). The size of the simulation box is defined by the

number of unit cells along a, b, and c vectors, respectively. This
value along a also defines the number of hydrogen-bonded
bilayers in the simulation cell and a minimum of two replicas
are needed to form at least one vdW connection. Including
more bilayers complicates the phase transition and cannot be
modeled using the current CVs as discussed below. In
directions b and c a minimum of four and two replications
are required, respectively (see 2). This is because the cutoff
distance, which is 10 Å, needs to be smaller than half of the
shortest simulation box vector. MD simulations are performed
by LAMMPS70 package and the collective variable calculations
and the additional bias are performed by PLUMED-2.3.171−73

interfaced with LAMMPS-7Aug2019. The simulation results
are visualized by VMD-1.9.3 program.74−81 The Antechamber
package was used to generate the Amberff15ipq force field
parameters and charges for refs 82−85. The long-range
interactions are calculated using pppm method with a relative
accuracy of 10−4.86 The Lennard-Jones interactions are
calculated with a cutoff value of 10 Å. The time integration
is performed using the Nose−Hoover method in the
isothermal−isobaric (NPT) ensemble.87 Thermostat and
barostat parameters were set to 40 and 400 fs, respectively.

2D Umbrella Sampling. Using the 2D umbrella sampling
method, we run a series of MD simulations with harmonic
constraints acting on db and s. Each simulation job with a
specific db and s combination is called a “window”. Table S1
summarizes the harmonic force constants for each CV and
each system. The same fixed path-CV is used for all simulation
box sizes and was converged for a system of 2 × 8 × 4 as
described in ref 69. Each window starts with 100 ps of
equilibration, while inner torsions and z (indicating the
distance of the sampled configurations from the initial path)
are restrained. Then, the restraints are released, and only the
harmonic constraints acting on db and s remain. The window
sampling starts from db = 0 and s = −0.05 and we increment s
by 0.1 until s = 1.05. Then, the s is further sampled in the
reversed direction (s = 1.0−0.0 with increment −0.1). This

procedure is repeated for db = 0.1 until db = 1.0 is reached.
Once the simulations are complete the output is processed via
the weighted histogram analysis method (WHAM)88 to
estimate the free energy.

■ STRUCTURE OF α AND β-DL-METHIONINE AND
COLLECTIVE VARIABLES

The present paper focuses on the β → α phase transition in
DL-Met.89 This transition is found to occur upon heating with
a transition temperature between 306 and 307 K and a
hysteresis of 20 K. Table 1 gives the crystallographic unit cell
information on both forms. The cell axes in crystal structures
can be chosen in different ways, depending on the position of
the various symmetry operations. Using the standard
conventions for space groups 14 (P21/c) and 15 (C2/c), the
a axes in both structures do not align. Conversion from C2/c
to I2/a settings leads to a cell choice for the β polymorph that
is more directly comparable to that of the α settings. Figure 1

compares the two polymorphic forms in the latter setting and
along different projections. The molecules in the center are
colored to indicate their chirality pattern, with the D-
enantiomers colored pink and the L-enantiomers in blue.

The phase transition occurs through shifts in the planes of
the bilayers. These shifts occur parallel to the b and c lattice
vectors, between the bilayers with the hydrophobic inter-
actions. The shifts are clearly visible when the chirality pattern
is compared between the layers. In the phase transition from α
to β, a D-L pattern in the (a, b) plane changes to a D-D and L-
L pattern. The reverse occurs in the (a, c) plane, where the D-
D and L-L patterns change to D-L and L-D. The conforma-
tional transformations occur via the rotation of the C−C−S-C
torsions. This dihedral change is most visible in the (a, c)
projection.

In the simulations, the transition will be enforced by
applying bias potentials to help the system cross the barrier for
transition on a time scale that is still tangible for molecular
dynamics simulations. This type of enhanced sampling
molecular dynamics simulation requires that the phase
transition be described by so-called collective variables

Table 1. Lattice Parameters of α and β Formsa

polymorph α-form90,90 β-form65 β-form89

temperature (K) 340 320 320
space group P21/c C2/c I2/a
a (Å) 16.811 31.774 33.0764
b (Å) 4.7281 4.6969 4.6969
c (Å) 9.886 9.8939 9.8939
β (°) 101.951 91.224 106.177
Z/Z′ 4/1 8/1 8/1

aThe parameters in P21/c and C2/c settings are reproduced here with
permission of the International Union of Crystallography:89 DOI1,
DOI2.

Figure 1. Phase transition in DL-Met. Pink and blue colors represent
the D- and L-enantiomers, respectively. The changes are displayed in
the a−b and a−c projections.
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(CVs). These CVs indicate the similarity of a given structure,
defined by its (x,y,z)-coordinates and the size and shape of the
simulation box, to the two reference structures, in this case, the
α and β polymorphic forms. Ideally, CVs reflect the reaction
coordinates for the phase transition.

The same set of collective variables (CVs) was used as
introduced in ref 69. In this work, the simulation cells have two
replications in the a direction, which gives two bilayers. A total
of six CVs were used: db1 and db2 which describe the shifts of
the two bilayers along the b axis, dc1 and dc2 which describe the
shifts of the two bilayers along the c axis, and tα and tβ, which
describe the fraction of molecules in the α or β torsional
configuration, respectively. The four distance parameters were
obtained by using the distance between two S atoms belonging
to two methionine molecules of the same handiness in
opposing bilayers. The db and dc CVs use the distances
projected along the b and c axis, respectively. The db1 and db2
CVs mostly affect the (a, b) plane, whereas the dc1, dc2, tα, and
tβ predominantly affect the (a, c). We have hence combined
the two groups of CVs into a distance variable db and a path
collective variable s containing dc1, dc2, tα, and tβ. s shows the
progress with respect to the path and changes within 0 and 1
or from a fully ordered α state and to an ordered β state. For a
more in-depth discussion, we refer to Ghasemlou et al.69

All distance CVs, db1, db2, dc1, and dc2, are in fractional
coordinates relative to the crystallographic unit cells.
Increasing the simulation cell in the b and c direction will
therefore not affect their value for the stable α and β forms.
Similarly, the stable tα and tβ values remain unaffected upon
changes in the simulation cell size. We hence expect the free
energy minima corresponding to the α and β phases to occur
at the same CV values irrespective of the simulation cell size. If
the simulation cell is expanded in the a direction, the number
of bilayers changes, and therefore the number of CVs
describing the shifts along the b and c axis also changes. In
that case, it is not straightforward how to combine the CVs in a
way that each visited configuration in a ↔ b is described with a

unique value. We hence limit our study to the layer size
dependence of the transition, and we do not include the
dependence on the number of bilayers. A proof of concept on
the adequacy of the employed cell size is that with a simulation
cell containing 2 × 8 × 4, we could capture the critical
cooperative segment and estimate the energy barrier as
explained in our previous study.69 Our calculations returned
a transition energy barrier of Eb/R = 1500 K per unit cell,
which is almost twice the value obtained experimentally (Eb/R
= 44100 K).67 The four distance CVs describe the average
positioning of the bilayers with respect to each other. This is
based on an average of many distances and does not contain
any information about the cooperativity of the slide. A “zip-
like” slide in which the molecules shift one by one gives the
same change in the CV as a mechanism in which all molecules
shift simultaneously. We have hence devised additional
parameters σb1

2 , σb2
2 , σc1

2 , and σc2
2 that describe the variance in

the individual distances between bilayers (db1,db2, dc1, and dc2
that make up the layer average position). If the variance is high,
this corresponds to a zip-like mechanism, whereas a low σ2 is
an indication of a cooperative mechanism. Figure 2 shows two
snapshots of a phase transition simulation. The distances with
indices 1 and 2 correspond to the left and right interfaces,
respectively. In Figure 2a (left), σb1

2 has a rather low value of
0.0024 and σb2

2 has a value of 0.0077. Indeed, we can see that
all of the molecules nicely line up. The values for db1 and db2
are −0.47 and −0.91 in this case, and it can be seen that the
left interface is close to the α position while the right interface
is closer to the β position. Figure 2a (right) shows an example
of high variance; σb1

2 is 0.046 in this case. The atoms, especially
the sulfur atoms, have dispersed along b for the left interface.
The right interface has again a low variance of 0.0045. In the
high-variance case of db, it is not so clear whether this is due to
a high conformational disorder or if that is mostly due to the
distribution of S−S distances along b. This is especially
because the corresponding σt of each interface is high, about
0.3, while one interface shows a high variance in db and the

Figure 2. Snapshots with a high and low variance in a) db, b) dc, and c) t. The left side of each panel is the low-variance state, and the right side is
the high-variance state.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c04846
ACS Omega 2024, 9, 3229−3239

3232

https://pubs.acs.org/doi/10.1021/acsomega.3c04846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04846?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04846?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


other has a low value. The corresponding db1 and db2 are −0.68
and −0.45, respectively. The left interface is in between the
stable states, and the right one is closer to the α position.

Figure 2b (left) is again a low-variance configuration; this
time considering shifts along c with σc1

2 = 0.0011 and σc2
2 =

0.008, respectively. The corresponding distances are dc
1 =

−0.11 and dc
2 = −0.32, respectively. In this state, both

interfaces are highly lined up and have a position in between
the stable states. Figure 2b (right) is a state with a high
variance of σc1

2 = 0.0037 and σc2
2 = 0.0033 in both bilayers. dc1 =

−0.45 and dc2 = 0.44; thus, both interfaces are close to the β
position. This is while in the left interface, nearly all torsions
are in the α form but in the right one, half of the torsions are in
the α and the other half are in the β form.

For the torsional changes, it is less straightforward to come
up with a measure for the cooperativity since here the number
of molecules within a certain torsional range is used to follow
the phase transition. It does not give information about the
progress from one torsion to the other. This is partly because
of the periodic nature of dihedral angles, which do not allow
for a similar description to the distances. Instead, we devised a
measure that can distinguish a layer-by-layer transition from a
molecule-by-molecule transition that occurs homogeneously
throughout the simulation box. First, three torsional CVs for
each of the four layers are constructed: one giving the fraction
of molecules within the α range, tαi, one within the β range, tβi,
and a combination of the two ti = tα,i − tβ,i. A variance measure
using the ti’s can be used to distinguish between the molecule-
by-molecule and the layer-by-layer behaviors. The lowest
variance is σt = 0.0012 with tα = 0.31 and tβ = 0.31 and the
highest variance is σt = 0.4 with tα = 0.30 and tβ = 0.32. Figure
2c (left) shows a low variance, thus it is highly ordered, and the
molecules align to a great extent. Both interfaces are in an
intermediate position where in one layer the torsions are in the
α form and in the other one in the β form. In Figure 2c (right),
the variance is much higher since the torsions occupy a large
range of forms from α to β. Although the tα = 0.30 and tβ =
0.32 are very similar to the low variance form the distribution
of the dihedral angles along the average value is not similar,
leading to the structures with very different variances of
rotations. The variance of changes for the rotations is much
higher compared to the shifts. This should be because the

rotations occur in a single-molecule to single-molecule manner
while the shifting of bilayers is concerted.

■ RESULTS AND DISCUSSION
Figure 4 shows the Helmholtz free energy surface as a function
of the collective variables for four different system sizes: (a) 2
× 4 × 2, (b) 2 × 8 × 2, (c) 2 × 4 × 4, and (d) 2 × 8 × 4
replications along a, b, and c lattice axes, respectively. The
energies are scaled per unit cell, and the color gradient covers
the same range in all panels. A first glance all panels show that
they are indeed very similar: the stable states are in the same
positions, and the dynamic range of the graphs covers more or
less the same scale. This means that the barriers for the
transition roughly scale with the system size, indicating a
collective mechanism for the phase transition. All four free
energy surfaces show roughly two routes to connect α and β:
one where first s changes and then db and the other way
around. Changing db and s simultaneously is hampered by a
significant barrier around (s,db)=(0.7,0.5), which is present for
all sizes. We performed a committer analysis to find transition
states in the free energy surface for the largest cell size of 2 × 8
× 4. The results are plotted in Figure 3. For this, unbiased MD
simulations were performed at different starting locations to
find the transition states from which roughly half of the
trajectories evolved to α or an intermediate state toward α and
the other half of the trajectories evolved to β or an
intermediate state toward β. As the figure shows, several
transition states need to be overcome to reach β starting from
α or vice versa. In Figure 3, transition states are indicated by
stars and have labels TSi and intermediate states are displayed
as Ii.

For the path connecting α to β through transition states 1−
3, a nearly fully connected pathway is obtained; for the
transition via TS4 and TS5, this was not possible. The unbiased
simulations revealed that the free energy surface is rather flat
but with many local free energy minima in the region around
TS4 and TS5. Unbiased simulation leads to many different local
minima starting from these points; several at very close
distances in CV space. Thus, distinguishing between all
minima and transition states connecting them is not feasible;
and perhaps not so informative either. We will hence limit our
discussion to the ones labeled in Figure 3. TS1 connects two

Figure 3. Free energy surface for the structure with 2 × 8 × 4 unit cells along a, b, and c vectors, respectively. The transition states (displayed with
stars) and the two basins connecting to each transition state are labeled as TSi and Ii/β, respectively. The unbiased trajectories initiated from each
transition state are displayed in different colors.
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states, which differ in s, while for barrier TS2, the difference is
in db. For TS3 and TS4, both variables change.

■ MECHANISM OF THE TRANSITION
So far, we focused on the thermodynamic aspects of the
transition and have not considered the mechanism of the
transition. The scaling behavior of the barrier heights for the
transition with the system size should give some indication. In
the traditional picture of the nucleation-and-growth mecha-
nism, a critical nucleus has to form, and the barrier is related to
the free energy cost of the formation of the nucleus. The
critical nucleus size is independent of the system size as long as
it is smaller than the system size. The barrier height should
hence be independent of the system size. In the case of a
cooperative mechanism, the number of molecules that are
involved in the transition scales linearly with the system size,
and the barrier height is expected to scale accordingly.

We focus on barriers 1−4 that have been identified in the
previous section. Table 2 indicates their heights relative to
their two connecting intermediates for each of the free energy
surfaces presented in Figure 4 and is given in units of kcal/

(mole unit cell). Most free energy differences are very similar
for all four cell dimensions. The only clear exception is for I3
→ TS2, which has a higher barrier for the cell sizes which have
only 4 replications in the b direction. This transition mainly
involves changes in db. The other barriers appear to scale
linearly with system size, which hints at a cooperative
mechanism. We had anticipated that changes in db and dc
would scale linearly, whereas changes in torsions lead to a

different scaling behavior since they are less likely to rotate
simultaneously and more in a molecule-by-molecule fashion,
but this cannot be concluded from looking at the barrier
heights alone.

The committer analysis simulations can be used to study the
transition from a more structural perspective. The free energy
surfaces were obtained from an umbrella sampling simulation,
and their trajectories show a sampling of CV space and do not
necessarily reflect the transition mechanism. Unfortunately, a
spontaneous transition cannot be simulated as this would take
too long to cover by MD simulations, but in the committer
analysis, the system is allowed to spontaneously evolve starting
from the energy barrier. We hope that the mechanism
“downhill” reflects the mechanism “uphill” that we are not
able to simulate.

Here we will discuss the transition in terms of α → β to
make it easier to follow, but the discussion should also hold for
the reverse transition. Figure 5 depicts the structure of the
transition states in different projections. In Figure 6, dbi and dci
represent the shifts parallel to the b and c lattice vectors,

Table 2. Free Energy Value Corresponding to Each Transition State (1−4) and in Structures with (a) 2 × 4 × 2, (b) 2 × 8 × 2,
(c) 2 × 4 × 4, and (d) 2 × 8 × 4 Unit Cells (Z = 4)a

ΔF (kcal/mol)

simulation cell size I1 → TS1 → I2 I3 → TS2 → I4 I4 → TS3 → β I5 → TS4 → I6

(a) 2 × 4 × 2 = 16 0.37 −0.17 0.39 −0.24 0.01 −0.67 0.27 −0.77
(b) 2 × 8 × 2 = 32 0.49 −0.16 0.25 −0.09 0.09 −0.68 0.27 −0.74
(c) 2 × 4 × 4 = 32 0.36 −0.18 0.36 −0.17 0.05 −0.64 0.25 −0.84
(d) 2 × 8 × 4 = 64 0.38 −0.06 0.21 −0.15 0.08 −0.66 0.18 −0.70

aThe energies are scaled per unit cell.

Figure 4. Free energy surfaces for structures with na × nb × nc unit
cells along a, b, and c lattice vectors, respectively.

Figure 5. Structure of the transition states (TS1 to TS4) in (a, b) and
(a, c) projections. TS1 and TS2 connect the states, which differ in a−c
and a−b projections, respectively. For the rest, the differences are
observed in both projections.
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respectively, and the index i specifies the interface in which the
changes occur. The variance corresponding to the shifts in dbi
and dci is indicated similarly using σbi and σci. Additionally, ti =
tα,i − tβ,i is a measure for the configurations in each layer, where
ti = −0.6 corresponds to all molecules in a β configuration and
ti = 0.6 corresponds to all molecules in an α configuration. This
way, t1 and t2 represent the first interface and t3 and t4
correspond to the second one. At t = 0, the simulations start
in the initial configuration or TSi. The lines in various colors
represent different trajectories that start from the same
configuration in the transition state. These trajectories begin
with different initial velocities, which are part of the Boltzmann
distribution at 250 K. To ensure reliable results, we conducted
a total of 20 trajectories for each transition state, aiming to
gather adequate statistical data. To distinguish the trajectories
that progress toward α from the trajectories toward β, the
former are plotted as a negative time propagation while the
latter are plotted using the normal positive time propagation.
This is purely for visualization purposes and does not reflect
the time propagation in the simulations. The red dashed lines
indicate the ranges in σ values as discussed in Section 3.

TS1�Changes in dc and t. TS1 connects two minima that
mainly change in s (Figure 6a). The transition from I1 → TS1
→ I2 is mainly due to a shift along dc toward β and an increase
in the number of molecules in the β conformation. The shift of
the first interface results in changes in dc1 from 0.0 to −0.32. In
other words, this interface has transitioned from the α state to
an intermediate state closer to the β. Additionally, this shift
appears to enforce minor rotational changes. The transition
from TS1 in both directions is accompanied by a decrease in
σc1. The initial starting point was taken from the umbrella

sampling and accidentally had a relatively high variance in dc1.
The system quickly recovers, and the sulfur atoms in the layer
nicely line up as reflected by the decrease in σc1. The structures
of I1, TS1, and I2 are shown in Figure S1, and these reveal that
in the TS1, the molecules are slightly scattered along c whereas,
in I1 and I2, they are indeed well aligned. The I1 structure has a
higher rotational disorder which is also evident in the increased
values of t1 and t2 during TS1 → I1, whereas in the transition
toward I2, all molecules rapidly change to the β configurations.
The torsions in the other interface remain unchanged, thereby
keeping t3 and t4 unaffected. For TS1 → I1, the shifts exhibit
faster dynamics than rotations, with changes in dc1 occurring in
5 ps, whereas the changes in t1 and t2 mostly occur in the first
10 ps and on longer time scales. For TS1 → I2, they occur at
similar time scales.

TS2�Changes in db. TS2 separates minima, which are
primarily different in db (Figure 6b). Figure S2 illustrates a
clear shift in I3 → TS2 → I4 within the first interface. Both I3
and TS2 show very similar structures with a value of db1 = −0.5.
The β state is reached when the first interface shifts toward db1
= 0 or db2 = −1 (Figure 6b). In contrast to the shifts in dc1
starting from TS1, the shift in db1 does not immediately start
but occurs at different times due to the relatively flat free
energy surface underlying the entire transition. However, once
a shift is initiated, it proceeds rapidly on a time scale
comparable to that observed in TS1. The movement of layers
parallel to the b axis is much less concerted than that along c.
This is reflected by the fluctuations in both σb1 and db1,
especially going toward I3. The rapid transition toward I4 and
the relatively small values of σb1 throughout the transition
suggest that the larger movement might be cooperative. The

Figure 6. Progress of collective variables and the variance parameters during unbiased simulations starting from (a) TS1, (b) TS2, (c) TS3, and (d)
TS4. The - and + sides of the time axis correspond to transitions from TS to the α and β states, respectively. The red dotted lines indicate the
highest variance.
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torsional changing again occurs in the layers that have shifted,
but they occur at different time scales. The gradual increase or
decrease in t1 and t2 coupled with their larger magnitude of
changes with respect to σb1 indicates a molecule-by-molecule
mechanism.

TS3 and TS4�Changes in db, dc. The trajectories starting
from TS3 and TS4 confirm the trends found in the previous
two examples, but this time changes occur in both planes:
changes in db, dc, and torsional changes for TS3 (Figure S3)
and variations of db and dc for TS4 (Figure S4). According to
Figure 6c,d, the changes in db and dc occur rapidly and are
likely concerted, whereas the torsional changes are on a much
longer time scale and are likely molecule-by-molecule. In all
cases, the torsional changes are limited to the interfaces where
also shifts occur, and hence they appear to be triggered by
these shifts and possibly by torsional changes of neighboring
molecules.

The spontaneous shift in db2 does not lead to significant
changes in the absolute value of σb2 but is accompanied by a
wide fluctuation in this parameter. On the other hand, σc2
fluctuates within a much narrower range. This is probably due
to the lower energy barriers for the shift in db compared to dc.

In conclusion, these trajectories show that the shifts along b
and c most likely go through a fast cooperative motion,
whereas the rotational changes appear to be triggered by
movement within the interface, either other rotational changes
or shifts with respect to the neighboring interface, but they
proceed in a molecule-by-molecule fashion, as can be seen by
the much more gradual but significant changes in ti.

■ CONCLUSIONS: WHAT IS THE PHASE TRANSITION
MECHANISM?

The analysis of the scaling behavior in the transition states,
along with committer analysis, has allowed us to understand
the thermodynamic, kinetic, and structural characteristics
involved in the phase transition. The free energy of the
transition states predominantly scales in proportion to the
system size, resulting in an almost constant energy barrier per
molecule. With this, we arrive at a cooperative mechanism
aligned with what experiments suggest in defect-free crystals.
Through committer analysis, we can differentiate between a
zip-like and cooperative mechanism for the shifts and a
molecule-by-molecule or concerted mechanism for the tor-
sional changes. The shifts go likely through a cooperative
mechanism, although the fluctuations in dbi and the higher
values of σbi compared to σci suggest that the number of
molecules to move cooperatively is smaller in the case of a shift
along b than along c. This is likely indicative of a lower edge-
free energy to break the stacking pattern, and indeed the
snapshots of the transition states show a much larger degree of
disorder in the aliphatic chains for the (a, b) projections than
for the (a, c) projections. The classical nucleation-and-growth
picture can be married with the cooperative mechanism by
introducing the concept of the “critical cooperative segment”.47

This is a group of molecules that move cooperatively, after
which the rest of the crystal can transform. The size of the
segment is highly dependent on the edge-free energy to create
such a segment, which in turn depends on the energetics
involved and the defect density.67

For the defect-free systems, the critical cooperative segment
for transitions in dc is much larger than that for db. The
nonlinear scaling of the I3 → TS2 in Table 2 is an indication of
this, where a length of 4 replications in b is smaller than the

critical cooperative segment and a length of 8 replications is
larger.

The torsional changes appear to proceed in a kind of
cascading mechanism, where the movement of one torsion or
movement in an interface triggers further conversion. Addi-
tionally, the transition rate for shifts is twice as fast as the rate
of rotations.

It should be noted that in the study conducted by Shi et al.,
they distinguish between the cooperative and the nucleation-
and-growth mechanisms with respect to the defect density of
the crystal. The former occurs in the vdW connections, and the
latter occurs in the hydrogen-bonding pattern. The entire focus
of our work has been on a defect-free crystal. Consequently,
the phase transition affects the vdW connections, while the
hydrogen-bonded middles stay intact. From a thermodynamic
standpoint, the scaling of the free energy barriers, which we
obtained, and the DSC measurements conducted by Shi’s
group suggest a cooperative mechanism for a defect-free
crystal. However, by resolving the phase transition into
fundamental transformations within the vdW intervals, we
successfully determined the relative cooperativity and mole-
cule-by-molecule characteristics of shifts and rotations. Again
in both studies, shifts are found to be cooperative, while the
rotations in a defect-free crystal, as observed in our study, and
the alteration of the hydrogen bonds in crystals with high
defect density, observed in Shi’s study, both follow a
nucleation-and-growth mechanism. In our previous study, we
provided more experimental proof by reproducing the IR and
Raman spectra of the stable states.69 Also, the energy barriers
coming from Shi’s measurements and our calculations are also
comparable as discussed above. It is not easy to gather more
experimental evidence, since what we inspect occurs at an
atomic scale.

In the end, we believe that the behavior observed in DL-
methionine is likely applicable to phase transitions in other
layered systems, which interact through aliphatic chains as well.
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