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ARTICLE INFO ABSTRACT
Keywords: Medium- to long-chain alkanes can form upon cooling intermediate phases between isotropic liquid and solid
Hexadecane crystalline, called rotator phases, where relative freedom of the molecules to rotate about their long axis is

Rotator phase identification
Molecular dynamics
Cooling rate

Structural analysis

combined with long range translational order. Rotator phases are well documented experimentally but the
mechanism of their formation at the molecular level is still not fully explained. In a previous work, we have
shown that molecular dynamics simulations can produce rotator phases upon cooling of hexadecane [S. Iliev
et al., J. Col. Int. Sci., 2023, 638, 743]. The aim of the current work is to develop a procedure to identify the
specific ordered phase obtained in the simulations. The influence of the cooling rate on the freezing process of
hexadecane (bulk and surfactant-interfaced to water) is tested as well. Several parameters are combined to
quantify the degree of ordering and the type of phase in the studied systems. These are the tilt angle of the
molecules with respect to the crystallite plane, the radial distribution function of the centre of mass of the
molecules in the crystallite, the percentage of the gauche torsion angles in the molecules, the angle of the second
principal axis of each molecule with respect to the x axis of the coordinate system, and estimates from Voronoi
analysis. The results show that the systems form a rotator phase, which transitions gradually towards the
thermodynamically most stable triclinic crystal, and the transformation progresses to different extent depending
on the system. The influence of the cooling rate is related only to the size of the largest crystallite formed, the
other parameters of the freezing process remain unaffected. The work also presents a robust procedure for
obtaining and identifying different types of ordered phases in alkane-containing systems with thoroughly tested
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computational protocol and a comprehensive set of structural analyses. Several key characteristics are advanced,
compared to previous research [Ryckaert et al., Mol. Phys., 1989, 67, 957; Wentzel et al., J. Chem. Phys. 2011,
134, 224504], namely, a new methodology is proposed to compute the unit cell deformation parameter and
azimuthal angle from MD simulation trajectories of the freezing process in alkane-containing systems. The
suggested structural analysis, which is independent of the coordinate system, is applicable to any linear-chain
system with polycrystalline structure.

1. Introduction

Alkanes in bulk and in mixtures with surfactants can form interme-
diate structural phases in a temperature range between an isotropic
liquid and a regular solid crystalline phase [1,2]. These intermediate
phases are commonly known in the literature as “rotator phases” or
“plastic phases”. They are characterised with the ability of the molecules
therein to rotate about their long molecular axis, while retaining their
long-range positional order in 3D space (similar to crystal arrangements)
and they also exhibit complex visco-plastic rheological behaviour [3].

There are five rotator phases of alkanes (denoted R; to Ry) described
in the literature [4]. They are differentiated by the intermolecular
arrangement, reflected in varying shape and/or distortion of the unit
cell, and by the magnitude of the tilt of the molecules with respect to a
crystal plane.

The properties of rotator phases have been extensively studied
experimentally [4-14]. It has been shown that the formation of ther-
modynamically stable rotator phase is highly dependent on whether the
alkane is odd- or even numbered. For alkanes with odd number of car-
bon atoms in the chain, 11 C atoms are enough to achieve thermody-
namic stability of the intermediate phase, while for even numbered
alkanes this is observed at 22 C atoms or more [14]. For bulk C1¢Hso, a
transient rotator phase is registered experimentally [13]. The type of
crystal lattice formed after the rotator phase transforms into a crystal is
also influenced by both the parity of the alkane and the chain length. For
odd-numbered alkanes, triclinic and orthorhombic crystal lattices are
observed, while for even-numbered alkanes, triclinic, monoclinic and
orthorhombic lattices are formed [15]. Hexadecane freezes in a triclinic
lattice [15].

Confining alkanes to micro- or nano structures can greatly affect the
phase transition temperature and the stability of the rotator phases
formed [13]. Furthermore, shorter alkanes exist in metastable or stable
rotator phases at these conditions that are typical only for much longer
alkanes. The extreme reduction in the volume available for the alkane
and the presence of surface curvature also influence the type and rate of
crystallisation with the latter being significantly increased when a ro-
tator phase is formed [16,17].

The properties of rotator phases are also studied in a number of
molecular simulation studies [18-48]. Most of the studies start from an
idealised rotator phase of a single alkane or a mixture of alkanes. The
studied property is either the melting point of the constructed phase or
its stability at certain conditions. Hexadecane is rarely studied compu-
tationally [35,48]. In both works, hexadecane is determined to be the
most stable in the triclinic phase, which is in agreement with the
experimental data [14]. The effect of the cooling rate on the freezing
process has not been monitored yet.

Some of the studies investigate the solid-solid transitions between
the various rotator phases or to the crystal phase. Cao et.al. [34] study
the miscibility of binary mixtures of n-alkanes (from hexane to octane)
with hard sphere Monte Carlo simulations. The same authors also
investigate the phase behaviour of n-alkanes with varying chain lengths
(between 9 and 21 carbon atoms) [35]. For the modelled systems with
even parity with chain length of 18 carbon atoms or shorter, it is found
that the triclinic phase is the most stable. However, for the system with
CooH42 both monoclinic crystal structure and a rotator phase are
detected and the transition between them is monitored.

Marbeuf et al. [36] simulate with molecular dynamics systems

containing CigHsg — CaoHs4z in NoT ensemble at various pressure.
Spontaneous formation of Rj phase is observed in the C19Hy4g system at
300 K which aligns with the experimental data. The authors observe that
the molecular rotation is achieved by a “jump” of the molecule followed
by 90° rotation about the long axis. This phenomenon was also observed
in previous studies of Ryckaert et al. [23-2425].

Wentzel et al. [37,38] perform MD simulations of Ca3Hyg and a
mixture of CpjHy4/CasHyg with length of 1 ns. Several all-atom force
fields are tested with Flexible Williams [49] best replicating the exper-
imental data. In their work, they achieve a sequence of phases: ortho-
rhombic crystalline, Ry, Ry, and melt. The solid transitions are monitored
by newly defined Potts- and Ising-like order parameters.

Milner et al. [39] carry out all-atom MD simulations of Ca3Hyg and
polyethylene. The molecular conformation, mobility, formation energy,
and fluctuation free energy of twist solitons are studied. To calculate the
orientation of the twists, an order parameter indicating the orientation
of the atoms in the molecule is proposed. The energy of formation for
each ordered phase is calculated, with that of Ry; being the lowest.

The results of the simulation studies described thus far are based on
relatively short simulations (up to 2 ns). Furthermore, the starting
structure for the simulations is either idealised crystalline structure or
idealised rotator phase that is heated until melting or monitored at given
conditions. These imposed conditions do not allow evaluation of the
mechanism of formation of rotator phases. Also, in these studies the type
of ordered phase is determined by just one or two order parameters,
while by definition the rotator phases are characterised by up to four
different order parameters [2]. It is also noteworthy that none of the
previous computational works addresses alkanes at surfactant-stabilised
interface with water.

In our previous works, we have established a robust computational
protocol for simulation of alkane-containing systems in bulk and at a
surfactant-stabilised water interface [50]. We have also carried out some
preliminary analysis on the phase state of the studied systems. It was
concluded that in bulk the mechanism of the freezing process is sto-
chastic, and at the interface freezing is induced by templating of the
surfactant molecules. A computational procedure to determine the
phase state of crystallites consisting of quasilinear molecules has been
proposed [51].

In the current study, we investigate the freezing process in two types
of alkane-containing systems: bulk hexadecane and hexadecane at a flat
surfactant-stabilised interface with water. The effect of the rate of
cooling is monitored. Thermodynamic characteristics are analysed to
determine the type of phase transition taking place in the systems. The
degree of ordering of the frozen systems is quantified with radial dis-
tribution functions (RDF), percentage of gauche conformations in the
crystallites and rotational freedom about the long axis of the molecules.
The phase state of the formed crystallites is classified by a combination
of three structural parameters, namely: tilt angle (0) of the molecules
with respect to the crystallite plane, degree of distortion of the hexag-
onal lattice (D) and azimuthal angle (®g).

The combination of the proposed computational protocol and the
developed methodology for structural analysis builds upon the existing
research in several key characteristics [18-48]. The utilised force field
has a relatively modest computational cost, hence, allowing more
extensive simulation times which are essential for the observation of
longer phase transitions. Additionally, there is no bias introduced in the
simulations, which enables the systems to undergo a natural transition
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from liquid to solid state. The methodology used in the study can
determine rigorously the phase state of crystallites in a polycrystalline
system without the need for the crystallites to be oriented in a specific
way. Finally, the structural parameters for determining the phase state
are identical with the ones used in the experiment [18,23,24,48]. This
enables straightforward comparison between solid state phases in
alkane-containing systems obtained from experiments and from
simulations.

2. Material and methods

The results obtained in this paper are based on two types of model
systems. The first one consists of 440 molecules (22,000 atoms) of bulk
hexadecane (denoted further on as bulk HEX) (Fig. 1, A), and the second
one contains 494 molecules hexadecane and 108 surfactant C;¢(EO),
molecules arranged at a flat water interface (2778 water molecules)
(Fig. 1, B). The latter system has ~43,000 atoms and it will be denoted
further on as HEX/Surf/water.

The starting structures of both systems are ordered. The molecules
are placed on the nodes of a regular hexagonal lattice and each of them is
rotated randomly about the long molecular axis to accelerate melting.
Exact details about the construction of the models are given in our
previous work [50].

The energy of the two model systems is minimised first. Then, they
are heated to 350 K with a rate of 1 K/ps in NVT ensemble and equili-
brated at this temperature for 200 ns in NPT ensemble (P = 1 bar). After
this stage, a fully isotropic liquid is achieved, which is used as initial
configuration for all subsequent MD simulations. Starting from the final
snapshot at 350 K, the systems are cooled down to 300 K and again
equilibrated for 200 ns at the respective lower temperature with the
same computational parameters. After the systems are equilibrated at
300 K, they are cooled down to 278 K at four different cooling rates
(1 K/ps, 0.1 K/ps, 0.01 K/ps or 0.001 K/ps) to establish if there is an
effect of the cooling rate on the formation and the type of the ordered
phase obtained in the systems after freezing. For achieving statistical
significance of the sampling, each system is simulated in three inde-
pendent configurations, differing in the initial velocities for the cooling
stage, thus totalling 24 independent trajectories. The final target tem-
perature of 278 K is chosen as a result of benchmarking done in a pre-
vious study [50].

Each of the cooled down systems is simulated for 1000 ns in NPT
ensemble with isotropic (bulk hexadecane) or semi-isotropic (HEX/
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Surf/water) pressure scaling with P = 1 bar in all directions. The ther-
mostat and barostat are v-rescale [52] and Berendsen [53], respectively.
The potential for the van der Waals interactions is Lennard-Jones and is
truncated at a distance of 1.2 nm with a switching function activated at
1 nm. The electrostatic interactions are calculated with PME [54-57],
where the direct summation is truncated at 1.2 nm with a switching
function turned on at 1.0 nm. The time step is 2 fs, and the equations of
motion are integrated with leap-frog. The lengths of all
hydrogen-containing bonds are fixed with LINCS [58] and those in water
— with SETTLE [59]. Coordinates are written every 10 ps to the trajec-
tory file. A hexagonal periodic box is used for all simulations with initial
dimensions 5.2 x4.5 x9nm for bulk hexadecane and 5.2 x4.5
%x17.2 nm for the hexadecane/surfactant/water system. The force field
used is CHARMMS36 [60] in combination with TIP4P [61,62] water
model. The chosen force field was verified to produce results consistent
with the experiments in a previous work [51].

Two reference systems of bulk HEX in triclinic and rotator (Ry) phase
were also built and simulated for 1000 ns with the same parameters as
the model systems. The reference crystals were constructed from
experimental data [13] and were simulated directly at 278 K to avoid
melting.

The MD simulations are carried out with the programme package
Gromacs 2020 [63]. VMD 1.9.4 [64] is used for visualisation of the
trajectories. Built-in Gromacs tools and self-written tailored scripts [51]
are employed to perform the data analyses.

3. Results and discussion
3.1. Global structuring and representative crystallites

After 1 ns MD simulation at 278 K all investigated trajectories
exhibited a polycrystalline structure, independent of the cooling rate.
The composition of each model system at the end of the production
simulation is presented in the Supplementary Material (SM, Table S1).
To structurally analyse the ordered phases in our systems, the individual
crystallites are first isolated. The methodology for isolation and the
procedure for the analyses done on the isolated crystallites are described
in detail in our previous publication [51].

For each cooling rate, a large representative crystallite is fully ana-
lysed for bulk HEX and HEX/Surf/water, totalling 8 separate crystallites.
All of the structural analyses described below are done for the last 100 ns
of the production simulation. Two of the crystallites (one for each model

Fig. 1. The two types of model systems used in the study: (A) Bulk HEX and (B) HEX/Surf/water, illustrated with the snapshots after 1 ps molecular dynamics at
278 K reached with cooling rate of 1 K/ps. Each of the formed crystallites is coloured differently; water is cyan.
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system) are presented in Fig. 2 and the rest are summarised in the SM,
Figure S1.

Before analysis of the obtained structures, the type of phase transi-
tion occurring in the systems upon cooling should be determined. This
can be done by interpreting the evolution of the enthalpy profiles of the
systems during the simulations. Furthermore, transitions from liquid to
solid are characterised by change in the density of the respective system.

3.2. Analysis of the enthalpy and density profiles of the systems

First order transitions are characterised by a sharp drop (in the case
of freezing) in the enthalpy of the system. This phenomenon is observed
in all of the model systems indicating that the transition from liquid to
solid is of first order. The time at which it takes place can vary between
the systems and does not depend systematically on the cooling rate.

The quantitative enthalpy change can be a good initial indicator of
the phase state of the systems. Cholakova et al. [13] show that 65-80 %
of the total phase transition enthalpy can be attributed to the formation
of a rotator phase. This range is determined from significant amount of
experimental data available for alkanes with chain length between 10
and 29 carbon atoms. The transition enthalpy is obtained from differ-
ential scanning calorimetry experiments. The studies show that on
average the first-order transition from liquid to the initially formed ro-
tator phase accounts for 2/3-4/5 of the transition enthalpy to a triclinic
crystal. The enthalpy differences between the liquid and the solid phase
in the studied systems and their ratios with the experimental data for a
transition from liquid to triclinic phase in bulk HEX are given in Fig. 3.
The numerical data are summarised in Table S2.

Most of the systems feature decrease in their enthalpies in the ex-
pected range for a transition to a triclinic phase going through a rotator
phase, with three main exceptions, namely bulk HEX at 0.001 K/ps,
HEX/Surf/water at 0.01 K/ps and HEX/Surf/water at 0.001 K/ps. These
three systems have enthalpies decreased by more than 80 % of the
experimental enthalpy for a transition from liquid to triclinic phase of
bulk HEX. This indicates that these three models have advanced towards
a triclinic phase more than the others where the share of rotator phase
seems to be significant. This assumption may be verified further by
structural analysis.

As the systems transition from liquid to solid state, while their en-
thalpies decrease, the densities are expected to increase. Thus, an in-
verse correlation between these two properties is expected. Plotting the
transition enthalpies as function of the densities measured at the end of
the simulations does indeed reveal such linear correlation with R* of
0.93 (Figure S2, A). Furthermore, we investigated whether the number
of frozen molecules in a given model contributes to an increased density.
Indeed, a significant linear correlation is found with R* of 0.96
(Figure S2, B). A molecule is considered frozen if the distance between
the C3 and C14 atoms along the alkyl chain (Fig. 4) is persistently
>1.4 nm [51] during the last 100 ns of the simulation.

To evaluate the effect of the cooling rate on the freezing of the sys-
tems, we calculated the percentage of the number of molecules in the
largest crystallite at every cooling rate. The data are presented in Fig. 4
and outline a clear trend — a slower cooling rate induces the formation of
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Fig. 3. Relative enthalpy decrease in the model systems after transition from

liquid to solid state given as percentage of the total enthalpy (AH) for transition
of bulk HEX to a triclinic crystal [13].

100 Bl Bulk HEX

Il HEX/Surfiwater
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Rate of cooling (K/ps)
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(B)

Fig. 4. (A) Numbering of the carbon atoms in the hexadecane molecule and (B)
percentage of molecules in the largest crystallite at each cooling rate. The
percentages for the HEX/Surf/water systems are calculated only from the
number of hexadecane molecules to allow direct comparison with the bulk
HEX systems.

larger crystallites even though from an experimental point of view all
cooling rates are extremely fast. This coincides with the first-principles
expectations of crystallisation theory.

As pointed out at the beginning, to establish the type of ordered
phase of the studied crystallites, multiple parameters are required. As a

.
.

Fig. 2. Illustration of two of the studied crystallites after processing to reconstruct the real-space coordinates of the molecules with the procedure proposed in our
previous work [51]; (A) Bulk HEX at 0.001 K/ps and (B) HEX/Surf/water at 0.001 K/ps.
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first step, the ratio of the gauche torsion angles C-C-C-C in the alkyl
chains of all molecules in each representative crystallite is calculated.

3.3. Gauche/trans ratio in the crystallites

As the molecules transition from a liquid to a crystalline structure,
their freedom of movement is limited and the energy cost for a confor-
mational change increases. Thus, a decrease in the gauche conformations
indicates higher ordering [36]. To differentiate more precisely the de-
gree of ordering of the molecules in the representative crystallites, three
types of torsion angles were examined: containing a terminal methyl
group (these groups have the highest freedom of mobility), containing a
terminal methylene group (the second (C2) and fifteenth (C15) carbon
atoms for hexadecane) and containing internal methylene groups. The
percentages of gauche conformations in each crystallite and in the two
reference systems for the three categories of torsion angles, averaged
over the last 100 ns of the simulation, are presented in Fig. 5.

The values are calculated by means of a histogram constructed by
counting the torsion angles in the three parts of each molecule sepa-
rately (Fig. 5). The total area of each histogram is normalised to 1. Thus,
measuring the area of the histograms in the range from —135° to 135°
yields the fraction of gauche conformations for the respective fragment
of the molecule.

It is evident that the internal parts of the molecules in all crystallites
and the reference systems are all in trans conformation for the analysed
time period. Some variance is observed in the ratio for the terminal
methylene groups but the differences are small. However, the strongest
indicator of the degree of ordering is the percentage of gauche confor-
mations in the methyl groups. Most of the systems exhibit a significantly
higher degree of mobility in the methyl groups compared to the refer-
ence triclinic phase and have relatively close values to the rotator phase.
It is noteworthy that in a previous study [50] the reference rotator phase
system was determined to be in a state of transition to a triclinic phase
towards the end of the simulation. Bulk HEX at 0.1 K/ps presents the
highest degree of disorder (Table S3) among the systems in this analysis.
However, this can be attributed to a period of active transition to crys-
talline phase which is supported by the rest of the analyses (vide infra).
HEX/Surf/water at 0.01 K/ps, on the other hand, has the lowest per-
centage of gauche conformations across the sets (Table S3). This in-
dicates that the system is in an advanced stage of transitioning towards a
triclinic crystalline phase, although it is not yet fully ordered.

In earlier publications, the change in gauche conformation has been
used as an indicator of the phase transition from crystal to rotator phase

101 ety groups
PO O mmm Methyl Groups
91 terminal methyene groups Terminal Methylene Groups
NN Hm Internal Methylene Groups
81 internal methyene groups

NN

Percentage (%)
€]
4

4
34
24
14
0l
ARV & @QQQ’QQ& T s 909\, (9090\,

Fig. 5. Percentage of gauche conformations in the studied crystallites and the
two reference systems. The three types of torsion angles (in black) calculated
for each molecule in the crystallites are denoted in the upper left corner. RL1
and RL2 stand for each of the two layers of the reference rotator crystal.
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[36], and between crystal and liquid phases [48]. Marbeuf & Brown
detected the transition from orthorhombic crystalline phase to R; in
C19H4p by a sudden increase in the gauche conformations causing a
decrease in the ¢ parameter in the unit cell. Burrows et al. detected the
melting and freezing temperatures in systems of C1¢Hs34 and Cis5Hszy by
continuously heating or cooling their systems until a sudden change in
the number of gauche conformations was present, which indicated the
transition. In this report, however, only gross division of the trans and
the gauche conformations between liquid and solid state was done.

It may be concluded that the percentage of gauche conformations in
the crystallites is a sensitive indicator of their degree of ordering.
However, the analysis does not provide any information about the local
packing of the molecules and also about the type of rotator phase. A
popular method to quantify the local intermolecular arrangement is to
calculate the radial distribution functions (RDF).

3.4. Analysis of the radial distribution functions of the crystallites

The RDFs between the centres of mass of the molecules in the crys-
tallites and the two reference systems are calculated and scaled by the
volume of the respective system and the number of molecules in the
crystallite to allow comparison. Since each crystallite consists of a
different number of molecules and the systems vary in volume, the in-
tensities of the RDF peaks are not directly comparable unless properly
scaled. Thus, an additional scaling factor is applied to the intensities of
all RDFs. This factor scales the volume of each system by a reference
volume (in our case the volume of the system of bulk HEX at 1 K/ps) and
the number of molecules in each crystallite are divided by the total
number of hexadecane and surfactant molecules in the respective sys-
tem. After the additional scaling is applied, the RDF profiles are directly
comparable.

To quantitatively establish how similar each crystallite is to either of
our reference systems, the Jaccard index is calculated [65]. The index
can vary in the range from 0 to 1, where 0 means the two profiles have
no overlap and 1 - that they are identical. Before calculating the index,
the RDFs are truncated at 1.5 nm since the tails of the function can
become noisy and cannot be interpreted reliably. The calculated Jaccard
indices are presented in Table 1.

Similar to the previous analysis, most of the crystallites show strong
resemblance to the reference rotator phase system. The systems that are
in an active transition to triclinic phase (bulk HEX at 0.1 K/ps; HEX/
Surf/water at 0.01 K/ps and 0.001 K/ps) have a drastically lower Jac-
card index with the rotator phase relative to the rest of the crystallites.
Comparing the transitioning structures with the reference triclinic phase
reveals a slight but significant increase in similarity. A visual inspection
of the RDF profiles (Figures S3, S4) can explain this behaviour.

The two reference systems differ mainly in their first peak. The ro-
tator phase is characterised by a single intensive peak, while the triclinic
phase has three closely spaced narrow peaks, each less intensive than the
previous.

Table 1
Jaccard indices calculated from comparison of the RDF profiles of each crys-
tallite with those of the two reference systems.

System Triclinic Ri—>T
R—~T 0.34 1.00
Bulk HEX

1K/ps 0.35 0.82
0.1 K/ps 0.39 0.45
0.01 K/ps 0.30 0.72
0.001 K/ps 0.33 0.80
HEX/Surf/water

1 K/ps 0.34 0.82
0.1 K/ps 0.34 0.76
0.01 K/ps 0.39 0.30
0.001 K/ps 0.39 0.51
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The three crystallites (bulk HEX at 0.1 K/ps (Figure S3, C, D) and
HEX/Surf/water at 0.01 K/ps (Figure S4 E, F), and 0.001 K/ps
(Figure S4, G, H)) have two separate first-neighbour peaks. These are
very well defined in the two HEX/Surf/water crystallites while the peak
separation in the bulk HEX crystallite is still small. The formation of
these peaks contributes to the increased similarity of the three crystal-
lites with the triclinic phase. However, the positions of the peaks are still
shifted to higher distances, their intensities are lower, and the width of
the peaks is larger than that in the triclinic phase, which accounts for the
relatively low degree of overlap between the RDF profiles of the three
crystallites and the triclinic phase.

The rest of the crystallites all show initial stages of separation of the
first peak into multiple ones. However, they all still follow very well the
profile of the reference rotator phase.

Hence, the RDF profiles are vital for determining the phase state of
the crystallite and the extent of transition to the final crystal. Quanti-
fying how similar each crystallite is to the two reference systems sepa-
rates them in two groups. Bulk HEX at 0.1 K/ps and HEX/Surf/water at
0.01 K/ps and 0.001 K/ps are in an active transition towards a triclinic
phase. Bulk HEX at 0.1 K/ps is still in the early stages of the transition,
while HEX/Surf/water at 0.01 K/ps is the closest to a triclinic phase. The
rest of the crystallites remain very similar to the reference rotator phase.

As mentioned at the beginning of the paper, the main difference
between a rotator phase and a crystalline phase is the ability of the
molecules to pivot about their long axis. To quantify this degree of
freedom, we calculate the angle of the second principal axis (P3) of each
molecule in the respective crystallite with the x axis of the coordinate
system during the last 100 ns of the simulations.

3.5. Analysis of the angle of P, with the x axis of the coordinate system

In order to measure the desired angle, each crystallite is rotated so
that the long axis of its molecules becomes parallel to the z-axis of the
coordinate system. Thus, Py describes the bond orientations of the
molecules in the xy plane. We first calculate the evolution of the angle
between Py and the x axis for all molecules in each crystallite. The angle
magnitudes are then counted in a histogram with bin width of 1° and
normalised by the number of values. Thus, the histogram has a meaning
of a probability distribution. In a structure where all molecules are
completely immobile, the outcome of the analysis will be a delta func-
tion centred at 0°. In a simulated crystalline structure, the molecules are
expected to oscillate slightly due to the thermal motion, so there would
be a small spread around 0°. In contrast, crystallites in a rotator phase
should have a measurably larger dispersion of the values.

To quantify the dispersion of the angles, the central peaks of the
histograms are fitted to a Gaussian function. The standard deviation of
each fit is used as an indicator of the freedom of rotation. The values for
all systems are presented in Table 2.

Table 2

Standard deviations of the Gaussian fits to the calculated histo-
grams of the evolution of the angle between P, and the x axis of
the coordinate system in the representative crystallites.

System Standard deviation (°)
Triclinic crystal 8
R~ T layer 1 10.5
R—T layer 2 11
Bulk HEX

1K/ps 11
0.1 K/ps 13.5
0.01 K/ps 11.5
0.001 K/ps 11.5
HEX/Surf/water

1 K/ps 11
0.1 K/ps 11
0.01 K/ps 7.5
0.001 K/ps 11
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All of the systems except HEX/Surf/water at 0.01 K/ps have standard
deviations close to the ones of the model rotator phase. The former
appears to be very close to a triclinic phase. However, inspection of the
profile of the histogram (Figure S6, F) reveals two intensive peaks at
+180°, indicating that a large number of molecules have completed a
full revolution during the 100 ns period. Thus, an active transition is still
taking place during the analysed period. In contrast, the profile of the
reference triclinic phase (Figure S5, A) has a single intensive peak cen-
tred at 0° and no satellite peaks.

Bulk HEX at 0.1 K/ps also exhibits a non-trivial number of molecules
rotating during the studied period (Figure S6, C). The rotation is by
+80° and the main peak is characterised with the largest spread of
values, hence, its relatively wide standard deviation. These results along
with the rest of the analyses until now suggest that this system has a high
degree of order. However, it is in a state of an active transition towards
another solid phase, best illustrated by the increased similarity of its
RDF profile with the RDF profile of the triclinic reference system
(Table 1).

The rest of the systems are very well described by their peak centred
at 0° degrees and a satellite peak with low intensity, similar to the
profiles in the reference rotator phase (Figure S5, B, C).

The analyses shown thus far have elucidated very well the degree of
ordering in the model systems compared to the reference ones. Some of
the systems are still in the initial stages of their transition to a solid
crystalline structure, while others have advanced much farther. How-
ever, these data are not sufficient to determine the precise phase of the
studied crystallites. As mentioned at the beginning of the paper, the
phase state of an alkane-containing crystal can be determined by a
combination of structural parameters that will be detailed in the next
section.

3.6. Phase state of the systems

There are three structural parameters (Fig. 6) that can unequivocally
determine the phase state of each of our systems: distortion (D) of the
hexagonal packing, which is calculated as 1 — A/B, where A and B are the
short and long axes of an ellipse; azimuthal angle (®4) describing the
displacement of the first neighbours from the long ellipse axis; tilt angle
(0) of the molecules with respect to the crystallite plane [13].

The combination of these parameters, defining each phase, is pre-
sented in Table 3.

It is evident (Table 3) that each phase has a unique combination of
the three parameters. To determine the phase state of our systems, we
ordered the importance of these parameters hierarchically. First, we
determine the value of 8 since this parameter can only be in two states: 6
= 0 and 0 > 0. After that, the values of D are discriminated between 0,
small or large. The limiting magnitudes of the three categories are based
on those calculated for the initial experimental structures of hexadecane
in the triclinic crystal [66] and the orthorhombic Ry phase [13] and their
values are given in Table S4. If ® > 0 and D # 0, then @4 is differentiated
between 0 or >0. If D = 0, then ®4 is not applicable because the
elementary unit is a regular hexagon. Finally, if D is large, then it is
compared to D of the triclinic phase, which was calculated to be 0.24 in
the initial triclinic crystal and ~0.29 in this reference system after 1 ps of
MD simulation. The conditions stated here are organised in a decision
tree shown in Fig. 7.

The phase states of both the reference systems and the studied
crystallites are presented graphically in Fig. 8. The numerical values are
given in Table S4.

The triclinic phase remains almost unchanged during the whole
simulation. The reference rotator phase is determined to be Ry even
though it was constructed as Ry initially. The transition from R;j to Ry
begins almost instantly in the simulation with molecules tilting to ~19°
which is comparable with the triclinic phase and D being relatively
small. It is important to point out that experimentally the R; phase
transitions directly to Ry [13], albeit for longer-chain hydrocarbons. The
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<>

(c)

Fig. 6. Schematic representation of the structural parameters determining the phase state in alkane-containing systems: (a) distortion (D); (b) azimuthal angle (®g);

(c) tilt angle (0).
Adapted from [13].

Table 3
Structural characteristics and type of crystal lattice of the rotator phases [2].
Phase 0 D Dy Layer structure Lattice
R; 0 Large 0 ABABAB... Face centred orthorhombic
Ry 0 0 - ABCABC... Rhombohedral
Ry >0 Small >0 AAA... Triclinic
Ryy >0 Small 0 AAA... Monoclinic
Ry >0 Large 0 ABABAB... Face centred orthorhombic
| 6=0 | 0>0 |
¥ ¥
I R orR, | | Ry, Ry, Ry or triclinic |
Small D Large D
Large D D <<0.1 [¢]
(D>0.1) (D<0.1) D2'0.1
¥ v
Cr ][R ] Ry or
Triclinic

| ®y>0 || ®,=0 ”D‘DTric||D=DTric|
v L 2

| Ry | I Ry ” Ry | I Triclinic I

Fig. 7. Decision tree for determining the phase state of the studied crystallites,
based on 0, D and ®4. Ry denote the various rotator phases.
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RII
s ® R
® RV
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Fig. 8. Graphical representation of the phase states of the reference systems
and the studied crystallites. B stands for bulk HEX, S — for HEX/Surf/water, RL1
and RL2 for rotator phase, layer 1 and layer 2, respectively, and T denotes the
triclinic phase. Each colour represents a different phase, and the size of the
circle reflects the magnitude of ®4. The cooling rates are given as numeri-
cal indices.

question arises then why the simulations predict the initial transition of
HEX to be through Ryyy. There could be two reasons for that. It is possible
that the transition to Ry takes place in a very short time interval,
inaccessible to an experimental approach. The second reason might be
the constrained size of the model systems which may favour the for-
mation of a single layer structure (AAAA) in the crystallites and, hence,
the respective phase (Table 3). All spontaneously frozen model systems
indeed feature single-layer largest crystallites, which were analysed.
However, the reference rotator phase is initially built as a Ry phase
which has a double layer structure (ABAB, Figure S7, left). Thus, we can
track the evolution of this structure through the 1 ps simulation time
along direction c of the lattice (Figure S7). It is evident that even at
500 ns the structure already approaches an AAAA structure like in the
Ry phase. This is maintained even further up to the end of the simula-
tion of the reference system. This indicates that the appearance of the
Ryyp phase is most likely a short-time event.

Most of the parameters of frozen model systems are comparable to
those of the Ry rotator phase. However, they can vary substantially,
which is explained by the different stage of the transition to the crystal,
evidenced by the rest of the analyses discussed above. The crystallite
from the HEX/Surf/water system at 0.01 K/ps is the one that was
determined to be in most advanced transition from Ry to triclinic state.
The molecules in this crystallite have very large 6 and value for D that is
close to the one in the triclinic phase. ®4 > 0, which is not typical for Ry.
However, as stated above, the crystallite undergoes an active solid-solid
transition towards the triclinic phase. There is one more system
featuring Ry — T transition (Fig. 8, S0.001) but it is still at an earlier
stage with respect to the deformation parameter D. Bulk HEX at 1 K/psis
the only crystallite in Ry phase.

The near-instant transition of the reference rotator phase system
from R; to Ry and the majority of the model systems being in Ry sug-
gests that this is a possible phase for the hexadecane-containing systems.
The overall classification indicates that there might be several paths for
hexadecane, such as: liquid — Ry — Ry — triclinic or liquid —» Ry —
triclinic, or liquid — Ry — triclinic.

Even though Ry has not been detected experimentally in hex-
adecane, it is important to note that the processes studied here are at the
microsecond scale with no bias in the simulations. It is evident that all of
the studied systems, including the reference rotator phase, are in a state
of transition and the observed phenomena are the initial packing events,
leading ultimately to a triclinic crystalline phase. The obtained results
indicate that there is also a possibility of other transition paths to take
place in the initial very short time frame, which are too short-lived to be
detected experimentally. None of the systems modelled in the current
study are in a triclinic crystal by the end of the 1 ps simulations and at
the same time significant enthalpy decrease takes place during the liquid
to Ryy/Ry first order transition. This still leaves room for possible
additional transitions but most likely they would be of second order.
Indeed, most of the rotator-rotator transitions are determined experi-
mentally to be of second order [13].
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4. Conclusions

In the current work, we study the liquid-solid phase transitions in
hexadecane-containing systems. Two types of models are constructed —
bulk hexadecane and hexadecane at a flat surfactant-stabilised interface
with water. The systems are cooled down to 278 K, where they freeze, at
four different cooling rates and then simulated by all-atom molecular
dynamics for 1000 ns. The relatively long simulation time is necessary
because there is no bias in the freezing process, which is a stochastic
phenomenon, and it ensures enough time to observe and characterise
the target transitions. The effect of the cooling rate is monitored. The
degree of ordering is quantified by the percentage of gauche conforma-
tions in the crystallites and by radial distribution functions. The type of
phase state is identified on the basis of three structural parameters.

Analysis of the thermodynamic characteristics of the systems con-
firms a first order transition from liquid to ordered state, which yields
stochastically oriented polycrystalline samples. It turns out that the size
of the largest crystallites in both types of model systems depends on the
cooling rate. The models can be generally categorised in a state of
transition from rotator to triclinic phase but progressing to different
degree. Most of the systems (6 models) with significant overlap of the
RDF to that of a reference rotator phase and relatively high percentage of
gauche conformations in the terminal methyl groups are in an early
transition stage. A noticeable split of the first RDF peak, albeit with large
share of gauche conformations, is indicative of a stage of active transition
(1 model). Completely split first peak in the RDF, aligning with those of
the triclinic phase, and very low population of gauche conformations
signifies more advanced progress toward the triclinic phase (1 model).

The rotational freedom of the molecules is evaluated through the
angle between the second principal axis of the molecules and one of the
coordinate axes. Two of the model systems feature a primary peak
accompanied by two satellite maxima, revealing that the systems are in a
state of transition toward the triclinic phase. The rest of the systems have
one large peak and a small satellite, similar to the profile in the reference
rotator phase.

The phase state of the studied crystallites and the reference systems is
classified by the combination of three structural parameters, namely tilt
angle relative to the crystallite plane, hexagonal unit cell distortion and
azimuthal angle. These parameters are sorted hierarchically in a deci-
sion tree. The reference rotator phase is shown to have transitioned from
R; to Ry while the triclinic phase remains stable throughout the simu-
lation. Most of the studied crystallites are in Ryj; phase with one being in
Ry and two transitioning from Ry to the triclinic crystal. The near-
instantaneous transition of the reference rotator phase confirms that
hexadecane is stable in the triclinic state. The dynamics reveals that the
transition to the latter phase is not direct, but there are a few fast
transitions through rotator phases. The data suggest that there might be
several transition paths for the hexadecane-containing systems: liquid —
Ry — Ry — triclinic, liquid — Ry — triclinic, or liquid — Ry — triclinic.

Previously, the study of ordered phases in alkane-containing systems
is generally done by constructing a model system in a predefined phase
state [25,38,48]. This approach allows for shorter simulations to yield
meaningful results, thus reducing computational time. However, this
may also introduce bias. Traditionally, the phase state in the systems is
monitored by one or two parameters. For example, Wentzel et al. define
Ising and Potts-like parameters which are employed to differentiate
between the R; and Ry phases [38]. Ryckaert et al. monitor the tilt of the
molecules with respect to the layer plane and the rotational disorder in
the crystal [25]. There are two main limitations of this approach. First,
the information from these analyses is not sufficient to differentiate
between all possible rotator phases and, second, the analyses would
depend on the orientation of the crystal. Our approach solves these
problems by utilising a computational protocol that allows the systems
to spontaneously form the ordered phase from a liquid state. Moreover,
the subsequent analyses are orientation-independent. Finally, the com-
bination of the three structural parameters discriminates between all
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five possible rotator phases and the triclinic crystal.
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