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Molecular dynamics simulations are employed to investigate the crystallization of pentadecane-containing sys-
tems. Reference crystalline and rotator phase constructed from crystallographic data benchmark the structures
formed upon cooling. Phase identification is achieved through global and local structural descriptors, with the
fraction of gauche conformations and angular P2 profiles outlined as the most sensitive indicators.

Pentadecane exhibits a markedly more stable rotator phase than hexadecane. This is confirmed by simulations
spanning more than 30 K for the reference rotator phase. In this temperature range, a model regular rotator phase
of pentadecane remains stable without undergoing significant structural changes, showing high reproducibility
across independent trajectories. This contrasts hexadecane, for which a rotator phase rapidly transforms toward a
triclinic structure [Iliev et al. 2023]. The presence of a surfactant in the system promotes heterogeneous
nucleation, shifts crystallization to higher temperatures, and stabilizes the rotator phase, in agreement with
experiments.

A computationally efficient protocol for simulating SAXS spectra from MD trajectories is proposed. The
simulated spectra align very well with experimental data for both crystalline and rotator phases. Crystallographic
lattice parameters can be extracted from the most intense SAXS peaks, even for experimentally unknown
structures, demonstrating the general applicability of the approach to solid-state phase analysis.

1. Introduction

Alkanes and their mixtures form rotator phases—intermediate solid-
state arrangements between the isotropic liquid and the fully ordered
crystal [1,2]. In the rotator phases, the molecules retain significant
rotational freedom, while maintaining long-range positional order in
three-dimensional space, similar to that of a crystalline lattice. Rotator
phases possess unique rheological properties essential for various tech-
nological applications (e.g., cosmetic products, phase change materials,
lubricants) and biological functions (e.g., insect wax layers, beeswax
shaping, cell membranes), providing plasticity, stability, and adaptive
behavior under temperature changes [3].

Rotator phases possess several unusual features, such as surface
freezing upon cooling instead of the more common surface melting
[4-6]. This phenomenon is influenced by multiple factors, including
crystal nucleation, entropy and enthalpy changes associated with mo-
lecular immobilization in the crystal lattice, interfacial energy between
the crystal and the melt, and thermodynamic parameters of the phase
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transition in the surface layer [1,7,8]. These characteristics are impor-
tant not only for practical applications involving alkanes [9] but also for
understanding phase transitions in lipid-based systems, such as biolog-
ical membranes and lipid vesicles [1,10].

Experimental studies have explored the freezing and phase behavior
of odd-numbered n-alkanes with intermediate chain lengths (C13 to
C21). Spectroscopic analysis showed that phase transitions in odd-
numbered alkanes are accompanied by discontinuous changes in the
intermolecular vibrational coupling, indicating different molecular ar-
rangements [11]. Other investigations measured properties like thermal
conductivity and specific heat, observing discontinuities at the solid-
liquid transition [12]. Research on alkane mixtures (pure, binary,
ternary) showed that joint rotator phases consistently form when the
difference in chain length is An < 3 [13]. These mixed phases displayed
a sharp temperature dependence in their interlamellar spacing upon
cooling, with a thermal expansion coefficient about ten times higher
than that of pure alkanes [17].

Although rotator phases are well-characterized experimentally, the
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molecular-level mechanisms of their formation and the intermolecular
structuring remain unclear due to resolution limits of experimental
techniques. Thus, molecular modeling is essential to obtain in-depth
understanding of the phenomenon. A review by Mukherjee [14] sum-
marizes the studies that have addressed rotator phase transitions in al-
kanes, but the microscopic mechanisms remain poorly understood and
require further investigation.

The literature contains a few theoretical studies focusing on alkanes
with odd-numbered hydrocarbon chains with intermediate length. For
example, Li et al. [15] used molecular dynamics (MD) with a united-
atom force field to investigate surface freezing in C11, C13, and C15
alkanes at the vacuum-alkane surface. They found that both free surfaces
remained crystalline while inner layers melted over specific temperature
ranges (325-340 K for C15, 305-320 K for C13, and 288-293 K for C11).
In the surface monolayer, molecules aligned nearly perpendicular to the
surface and formed regular hexagonal packing, similar to that observed
in rotator phases. They also found [19] that the surface freezing tem-
perature range, translational disorder along the surface normal, and
transverse disorder depend on the alkane chain length—with longer
chains showing wider freezing ranges and more disorder.

Several molecular dynamics simulation studies compared various
force fields to model the properties of n-alkanes [16,17]. It was found
that TraPPE offered the best compromise between accuracy and
computational speed for predicting the properties (critical temperature,
pressure and density) [20]. However, models like the refined L-OPLS
and OPLS-MP significantly improved predictions for condensed-phase
properties such as density, viscosity, and conformational ratios, often
outperforming older models [21,23]. While no single force field was
perfect across all conditions [22], the studies generally identified
CHARMMS36, L-OPLS, and Williams 7B as the most reliable for repro-
ducing the properties of liquid alkanes [24]. However, for C15, all
atomistic force fields incorrectly predicted a transition from herringbone
to monoclinic structure [24].

In a recent study, Burrows et al. [18] combined synchrotron SAXS
experiments with MD simulations to resolve the rotator R; phase of C16.
The authors placed a fully extended all-trans hexadecane molecule in a
simulation box corresponding to experimentally determined crystallo-
graphic data. Using the CrystalDiffract software, they generated a SAXS
spectrum and demonstrated excellent agreement with the experimental
results. This approach enables the generation of CIF files for phases that
are not yet available in crystallographic databases, with their validity
verified through comparison to experimentally obtained SAXS spectra.

In our previous studies [19,20], we performed atomistic molecular
dynamics simulations to study the phase transition of pure bulk hex-
adecane and hexadecane/surfactant(C16EO2)/water systems. Starting
from isotropic liquid phase, we simulated cooling at various rates using
different force fields to determine reproducibly freezing temperatures
and assess the structuring of the solid-state constructs. Our results
demonstrated that the developed computational protocol reliably cap-
tures the crystallization process and the formation of rotator phases in
all systems.

With this robust simulation framework in place, the next logical step
is to explore the chemical factors influencing crystallization, specifically
the effect of chain parity. Alkanes with even and odd number of carbon
atoms exhibit notable differences in symmetry, structure, and physico-
chemical properties [21]. There are some distinct dissimilarities be-
tween the structural and physicochemical properties of the frozen even-
numbered and odd-numbered alkanes, due to their different symmetry
in all-trans conformation, Fig. S1A. Even-numbered alkanes with 14-24
carbon atoms form triclinic crystals; those with 26-38 form monoclinic
crystals; and those with 40-66 form orthorhombic structures [22]. In
contrast, odd-numbered alkanes with 13-41 carbon atoms crystallize
into orthorhombic lattices, while shorter ones adopt triclinic structure
[30]. Thermodynamically stable rotator phases are commonly observed
in odd alkanes with >11 carbon atoms [1,23], while such phases appear
in much longer even alkanes — with >22 carbon atoms [31] (Fig. S1B,C).
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These differences underscore the role of molecular symmetry and
packing in crystallization. Another manifestation of this odd-even effect
is the observed non-monotonous dependence of several properties [29].
The origin of this odd-even effect can be explained by the different
crystal lattices formed by the two sub-classes of alkanes.

The odd-numbered alkanes crystalize in an orthorhombic lattice,
which is shared with the R; and Ry rotator phases. The latter two give
rise to the crystallization. Therefore, the energy barrier that should be
overcome by the odd-numbered alkanes in the R - C and C — R tran-
sitions is relatively small and the related supercooling is ~1 °C only. In
contrast, the even-numbered alkanes (n < 28) crystallize in a triclinic
lattice of different structure. Therefore, these molecules should rear-
range in a different lattice upon R — C and C — R transitions, which is
related to a much higher energy barrier and the respective larger
supercooling of >3 °C [29].

In order to observe at the molecular level the effect of hydrocarbon
parity, we use molecular dynamics simulations to study the crystalli-
zation of C15 (n-pentadecane), which is expected to form a stable rotator
phase followed by an orthorhombic crystal formation.

In the current study, we investigate the freezing behavior of two
alkane-based systems: bulk pentadecane and pentadecane at a planar,
surfactant-stabilized interface with water. Thermodynamic analyses are
conducted to determine the nature of the phase transitions in each
system. The structural order of the frozen phases is evaluated using
radial distribution functions (RDFs), the fraction of gauche conforma-
tions within the crystallites, and the rotational freedom of the molecules
about their long axes. The phase state of the resulting crystallites is
characterized by three key structural parameters: the tilt angle (0) of the
molecules relative to the crystallite plane, the distortion parameter (D)
of the hexagonal lattice, and the azimuthal angle (¢q). Results for C15
are compared with previous data for hexadecane (C16) [28] to assess the
impact of chain parity on crystallization behavior. The corresponding
SAXS spectra of the simulated systems are computed and compared with
experimental data to validate the simulated models and assess the
agreement with the observed phase behavior. The main outcome in-
cludes an efficient procedure for simulation of SAXS spectra of ordered
systems of quasi-linear molecules, a descriptive picture of the solid
phases obtained after freezing of pentadecane (bulk and surfactant-
stabilized) and the distinct differences from analogous hexadecane-
containing systems. The provided molecular-level description is able
to explain some of the experimentally observed features specific for
rotator phases of odd-parity alkanes.

2. Materials and methods

The results presented in this study are based on two types of model
systems. The first one consists of 440 molecules of bulk pentadecane
(approximately 21,000 atoms), referred to hereafter as bulk PEN
(Fig. 1A). The second system includes 494 pentadecane molecules and
108 C;6(EO), surfactant molecules arranged at a planar interface with
2778 water molecules (Fig. 1B). This system contains approximately
41,000 atoms and will be referred to as PEN/Surf/water. (See Table 1.)

Both systems were initially constructed with ordered molecular ar-
rangements: the molecules were placed at the nodes of a regular hex-
agonal lattice and randomly rotated about their long molecular axes to
promote melting. This type of initial arrangement was chosen to enable
comparison to the hexadecane systems studied in our previous work
[27]. There, detailed procedures for the models construction are given.

Energy minimization was performed on both systems, followed by
heating to 350 K at a rate of 1 K/ps in an NVT ensemble. The systems
were then equilibrated at that temperature for 200 ns in an NPT
ensemble at pressure 1 bar. This procedure yielded fully isotropic liquid
phases, which served as the starting configurations for all subsequent
molecular dynamics simulations.

The systems were then cooled to 300 K and equilibrated for addi-
tional 200 ns under the same NPT conditions. After equilibration at 300
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Fig. 1. Illustration of the initial configurations of the studied model systems: (A) bulk PEN and (B) PEN/Surf/water.

Table 1

Calculated structural characteristics of the two reference regular systems. The
standard deviation refers to the data averaged over all independent trajectories.
The values separated by back slashes correspond to each layer from the
herringbone arrangement along the c axis.

System 0, ° D @, °
Crystal 13£0/10£1 0.14 + 0.00 / 0.15 &+ 0.00 6+£0/6+0
Rotator 11+0/9+0 0.13 +0.00 / 0.10 + 0.03 0£0/3+4

K, they were further cooled to various lower temperatures to investigate
the influence of the final temperature on the formation and type of the
ordered phase after freezing. To ensure statistical reliability, each sys-
tem was simulated in three independent replicas with different initial
velocity distributions during the cooling stage. Each cooled system was
subsequently simulated for 1000 ns in the NPT ensemble. Additional
computational details are provided in the Supporting Information.
Trajectory data were saved every 10 ps. Simulations were performed
in a hexagonal periodic box with initial dimensions of 5.2 x 4.5 x 9.0
nm for bulk PEN and 5.2 x 4.5 x 17.2 nm for PEN/Surf/water. The
CHARMMS36 force field [24] was employed in combination with the
TIP4P water model [25,26] both validated in our previous work [26,28]
and shown to yield results in agreement with the experimental data.
Additionally, three reference regular systems of bulk PEN were
constructed in the orthorhombic symmetry, with and without random
molecular rotation about the long axes, to represent the rotator and
crystalline phases, respectively. The reference systems are described in
detail in the Supporting Information (Fig. S2). It is important to note that

three different reference systems were constructed for both the crys-
talline and rotator phases, corresponding to configurations with a lateral
shift along the x direction, a shift along the y direction, and no shift.
After MD simulation, all systems converged to an identical structural
state, regardless of the initial configuration. The initially imposed shifts
(or their absence) were effectively changed, resulting in three equivalent
systems corresponding to independent realizations of the same struc-
ture, which was then used as reference.

All MD simulations were performed using GROMACS 2020 [27] and
visualizations were done with VMD 1.9.4 [28]. Data analyses were
carried out using built-in GROMACS tools and custom scripts developed
in-house [26].

3. Results and discussion

The results are presented in the following order. Section 3.1 focuses
on the characterization of reference solid-state phases of pentadecane.
This section includes analyses of gauche conformations, rotation about
the second principal axis, unit-cell descriptors of the phase state (tilt
angle (0), distortion (D), and azimuthal angle (¢q)), intermolecular
packing assessed through radial distribution functions, and global
ordering evaluated from simulated SAXS spectra. The reference regular
systems comprise three distinct configurations: one without lateral shifts
between layers in the xy plane and two with a lateral shift along either
the x or y direction. Section 3.2 addresses the freezing mechanism of
pentadecane and presents the same set of structural and orientational
parameters evaluated for model systems that crystallized spontaneously
upon cooling of isotropic liquid pentadecane.
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3.1. Characterization of reference solid state phases of pentadecane

3.1.1. Fraction of gauche conformations

As the molecules transition from a liquid to a crystalline structure,
their translational and rotational freedom becomes increasingly
restricted and the energetic cost of conformational changes rises.
Consequently, a reduction in the number of gauche conformations serves
as an indicator of increased molecular ordering [29]. For example, the
gauche fraction has been used as an indicator of phase transitions in C19
[37], and in C16 and C15 [24]. In the present study, we apply the
general classification of trans and gauche conformations to distinguish
between the liquid and the solid phases and between the two solid
phases per se.

To assess the degree of ordering in the reference regular systems, we
analyzed the most reliable structural marker [28] — the percentage of
gauche conformations in the torsion angles containing methyl groups
(Fig. S3).

The average percentages of gauche conformations, calculated over
the final 100 ns of each of the three independent simulations, see
Table S1, are 0.6 + 0.0% (at 243 K) for the crystalline phase and 8.3 +
1.7% for the rotator phase (at 310 K), respectively. It is evident that,
during the analyzed time period, molecules in the reference crystalline
systems remain entirely in the trans conformation, whereas the rotator
phase exhibits a significantly higher proportion of gauche
conformations.

The values obtained herein and those reported for hexadecane are in
good agreement [28]. In the crystalline structures, the percentage of
gauche conformations is below 1% for both hexadecane (0.2%) [28] and
pentadecane, whereas in the rotator phase it exceeds or is equal to 5%
(bulk HEX at cooling rate of 0.1 K/ps). For intermediate states, such as
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the transition of hexadecane from rotator to crystalline phase, the values
of gauche conformations fall within an intermediate range between 0.8%
and 4.2% [28]. This trend supports the use of gauche conformations
percentage as a sensitive and reliable indicator for distinguishing be-
tween crystalline, rotator, and transitive phases in medium-chain-length
alkanes.

3.1.2. Rotation about the second principal axis

Another analysis that well distinguishes the rotator from the crys-
talline phase is the rotation of the molecules about their long axis
[1,2,29]. The second principal axis (P3) describes the C—C bond ori-
entations of the molecules in the xy plane (inset of Fig. 2A). Illustrative
data for the angle between P, and the x axis of the coordinate system are
shown in Fig. 2.

It is clearly observed (Fig. 2A) that for the crystalline reference
system there is a single narrow prominent central peak at 0°, accom-
panied by two smaller satellite peaks at +95°. The area of the satellite
peaks accounts for ~15% of the total, indicating that only about 15% of
the molecules possess significantly higher rotational freedom. These are
likely the molecules at the periphery of the crystallite, which may still
exhibit a higher degree of rotational mobility due to differing forces
caused by the dissimilarly positioned molecules from neighboring
crystallites (see Video S1 in the SI).

In contrast to the crystalline reference system, the histogram corre-
sponding to the rotator phase displays a markedly different profile
(Fig. 2B). While three peaks are still present — one centered at 0° and two
at +£90°, their magnitude is significantly lower and width — broader.
Moreover, a non-zero probability for the values of the angle X-P is
observed across nearly the entire angular range, reflecting a substan-
tially increased degree of rotational freedom in the rotator phase.
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Fig. 2. P, orientation profiles of the two reference regular systems: (A) crystal and (B) rotator phase of pentadecane averaged over all independent trajectories and
(C) rotator phase of hexadecane; the inset illustrates the direction of rotation along P5.
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The behavior of the pentadecane systems differs from that observed
for hexadecane. In the case of pentadecane, both the crystalline and the
rotator phases exhibit three peaks in the P5 histograms: one central and
two satellite peaks (see Fig. 2 and Figs. S4 and S5). In contrast, for
hexadecane the crystalline phase displays a single, sharp central peak,
whereas the rotator phase may exhibit satellite peaks [28]. The differ-
ence between the crystalline phases of the two alkanes is expected, given
that pentadecane crystallizes in an orthorhombic lattice, while hex-
adecane adopts a triclinic structure [29,30].

The presence of three peaks in one of the layers of the rotator phase
of hexadecane suggests a possible structural similarity to pentadecane.
This observation is expected, as the rotator phases of both molecules are
known to adopt orthorhombic lattices. The very week population in the
satellite peaks in the rotator phase of hexadecane is likely due to a
fundamental distinction between even- and odd-numbered medium-
chain-length alkanes, namely, the stability of their rotator phases, see
Fig. 2C. Pentadecane is expected to form a stable rotator phase, which is
supported by the consistent behavior observed across all layers and in-
dependent simulations (Fig. S4). In contrast, hexadecane forms a tran-
sient and wunstable rotator phase, which prevents the clear
characterization of a pure rotator state [28,29]. Instead, the system
appears to exist in a transition between a rotator phase (orthorhombic,
with three peaks in the P, histogram) and a crystalline phase (triclinic,
with a single central peak in the P, histogram). The difference between a
stable and an unstable rotator phase is reflected very sensitively in the Py
profiles, see Fig. 2C.

3.1.3. Unit cell descriptors of the phase state

The next important step of the structural characterization addresses
the parameters discriminating the type of the solid state phase. There are
three structural parameters that can unequivocally determine the phase
state of each system: distortion (D) of the hexagonal packing, which is
calculated as 1 — A/B, where A and B are the short and long axes of the
ellipse encompassing the six nodes of the hexagonal lattice; azimuthal
angle (@q) describing the displacement of the first neighbors from the
long ellipse axis; tilt angle (0) of the molecules with respect to the
crystallite plane [29]. Each phase is well characterized by these pa-
rameters, since each one possesses a distinct combination of the three.

From the analysis of the structural parameters of the reference reg-
ular systems (Tables S1, S2 and S3), we observed that alternating mo-
lecular layers (i.e., every second layer) exhibited similar parameter
values, while differing slightly from the adjacent layers. This pattern was
consistently observed in both the crystalline and rotator reference sys-
tems, as well as across all independent simulations. Such behavior aligns
well with the herringbone arrangement expected for pentadecane [2-6].

The analysis of the three structural parameters reveals moderate tilt
of the molecules (not exceeding 13°) in both the crystalline and rotator
phases, with slightly smaller (1-2°) tilt in the rotator phase. It is com-
bined with measurable lattice deformation (D ranging from 0.10 to
0.15), again somewhat smaller in the rotator phase. The two layers of
the herringbone structure preserve minor differences. Interestingly, in
the crystalline phase, the layers with higher tilt have lower D values,
whereas in the rotator phase the trend is reversed. This suggests struc-
tural differences between the crystalline and rotator phase. The third
structural parameter, the azimuthal angle (¢q), shows more substantial
variation between the phases, being ca. 6° in the crystal and negligible in
the rotator phase. Among the three structural parameters analyzed,
@q exhibits the largest contrast between the two phases. Overall, the two
reference regular phases are quite similar.

Based on the discussion so far, complemented with some additional
statistical assessment (Tables S1, S2 and S3), we conclude that the
percentage of gauche conformations is the most sensitive descriptor for
distinguishing crystalline and rotator phase, followed by 4. The
distortion parameter (D) and the tilt angle (0), although structurally
meaningful, appear to be less reliable indicators for phase discrimina-
tion. The structural analyses indicate that the herringbone structural
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motif is common for both reference regular systems, which is charac-
teristic of the orthorhombic crystal lattice [1-6,31].

Comparing the molecular tilt angle (0) for pentadecane and hex-
adecane reveals that the values for pentadecane are significantly lower,
around 10°, whereas for hexadecane they are higher, approximately
15-20°. This is in good agreement with the experimental data, where the
lattice parameter ¢ for pentadecane corresponds to an almost fully
extended all-trans conformation [17], while c for hexadecane is slightly
shorter than the length of the fully extended molecule, suggesting a
molecular tilt [32]. The most likely explanation for this difference lies in
the distinct crystal lattices of the two alkanes. The triclinic lattice,
characteristic of hexadecane, is the most ordered crystal structure and is
associated with larger tilt angles of around 20° [1,40]. In contrast, the
orthorhombic crystalline and rotator phases of pentadecane feature
smaller tilt angles. In our previous study on hexadecane [28], the phases
observed were transitive between a rotator phase with an orthorhombic
lattice and a crystalline phase with a triclinic lattice, resulting in larger
tilt angles compared to those observed for pentadecane.

In terms of the distortion parameter D, the results for both phases of
pentadecane fall within an intermediate range (0.10-0.15) compared to
the values observed for hexadecane, which vary from approximately
0.05 in some systems to around 0.25 in others. This difference between
the two hydrocarbons is most likely due to the distinct symmetry of the
resulting phases. In the case of hexadecane, the observed phases include
the rotator phases Ry and Ry, as well as a triclinic crystal phase—both
rotator phases are expected to be transient. In contrast, pentadecane is
expected to exhibit a stable Rj rotator phase [29]. It is important to note
that the experimentally determined values of D for the R; phase are
around 0.1, which is in good agreement with the values obtained in our
simulations.

For the third structural parameter, @q, it is noteworthy that the
crystalline structures of both alkanes exhibit nearly identical angles of
approximately 6°, with very small standard deviations. This coincidence
is somewhat surprising given the difference in the crystal lattices of the
two hydrocarbons. On the other hand, the rotator phase of pentadecane
is characterized by significantly smaller ¢q values, close to 0°, whereas
the intermediate (rotator-to-crystalline transition) states of hexadecane
display considerably higher values. Interestingly, the experimentally
reported value of ¢4 for the R phase is also 0° [29], suggesting that the
rotator phase observed in the pentadecane simulations may correspond
to the Ry arrangement.

3.1.4. Intermolecular packing assessed by radial distribution functions

To further investigate the local molecular arrangement, in addition
to the structural parameters, we employed another widely used char-
acteristic of local intermolecular ordering — the radial distribution
function (RDF) between the centers of mass of the molecules [33] (see
the SI for details).

When comparing the two reference systems, a clear difference in the
first RDF peak is observed (Fig. 3). In the crystalline phase, the peak is
narrower and higher, with a shoulder toward larger distances. In
contrast, the corresponding peak in the rotator phase is lower and
slightly broader. A difference in the peak position is also evident: the
center of the peak in the crystalline phase is located at 0.445 nm, while
in the rotator phase it is slightly shifted to longer distances at 0.465 nm.
This is expected, as molecules in the crystalline phase are more tightly
packed. Differences are also visible in the subsequent peaks. In the
crystalline phase, they are well-resolved and distinct, whereas in the
rotator phase they appear broadened and merged. This is also consistent
with the dynamic behavior of molecules rotating about their long axis,
which leads to blurred peak positions and reduced local order.

Upon careful inspection of the RDF profiles for the different layers
(Figs. S6, S7), a slight difference in the roughness of the second and the
third peak can again be observed between pairs of layers with the same
tilt angle, which—as discussed earlier—is related to the herringbone
structure. This effect is observed in the rotator phase, whereas in the
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Fig. 3. Representative RDF profiles for the two reference regular systems of pentadecane: (A) crystal and (B) rotator phase averaged over all independent trajectories.

crystalline phase the profiles are nearly identical.

It is interesting to note that the RDF profiles of pentadecane differ
significantly from those of hexadecane. While substantial differences
between triclinic and orthorhombic crystal lattices are expected, a
pronounced distinction is also observed between the rotator phases of
the two hydrocarbons, which are both orthorhombic structures (Fig. S8).
One might expect that, for the same lattice type, the overall profile
would remain similar, which is obeyed for the rotator phase plots of HEX
and PEN. However, the shape of the peaks is dissimilar, which may be
due to the fact that hexadecane has no stable rotator phase and imme-
diately starts the transition to the crystal. Hence, the peaks for HEX are
more split than for PEN.

3.1.5. Global ordering from simulated SAXS spectra

As a final step in the characterization of the reference regular sys-
tems, we simulated their SAXS spectra. Various methods exist for
calculating SAXS profiles from MD simulations, which mainly differ in
how solvent contributions are treated [34,35]. The latter is also the main
focus of this works. The most frequently applied approaches are devel-
oped for biological systems, where explicit solvent effects are essential.
It turns out that increasing g-space resolution primarily smoothens the
spectra without introducing additional peaks. Importantly, the appear-
ance of multiple peaks is instead related to reflections from different
crystallographic planes rather than to numerical resolution. It is sug-
gested that explicit solvent models are preferable for comparison with
experimental data, while implicit solvent methods may serve as efficient
reaction coordinates for on-the-fly sampling.

In the domain of simulations of alkane-containing systems, Burrows

Ref - NoShift

Intensity

q (1/nm)

Intensity

et al. used SAXS spectra but in a somewhat different context [25]. They
used experimental crystal lattice parameters to construct a molecular-
level illustration of the unit cell of hexadecane in rotator R; phase.
Then, the validity of the generated CIF file was verified by comparison of
a SAXS spectrum generated from it with the experimental spectrum of
the system. No SAXS was directly simulated from the MD data in this
work.

In the current study, we used the built-in SAXS calculation func-
tionality provided by the GROMACS package to obtain SAXS spectra
from the MD-generated structural data. This tool calculates SAXS
structure factors for the system based on Cromer's method [35]. To
enable comparison between the calculated SAXS profiles and experi-
mentally obtained data, we specified the energy of the incident X-rays as
8 keV during the SAXS calculations, matching the conditions used in the
experimental measurements [17].

We believe that the low resolution of the peaks is one of the main
challenges in calculating SAXS spectra with MD simulations because of
the small size of the models. To verify this, we calculated the SAXS
spectrum of one of our reference crystalline systems and obtained a
profile with very broad peaks and low resolution (Fig. 4A). This is due to
the small size of the system, which contains only 576 molecules ar-
ranged in a 12 x 12 x 4 lattice. As a result, a weak signal is expected,
both because of the limited number of molecules and the small number
of molecular planes, which restricts the number of possible Bravais
lattice reflections.

A larger system would yield more detailed and accurate calculated
SAXS profiles, but simulating larger systems requires significantly more
computational resources. Striking a balance between these two factors is
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Fig. 4. Representative SAXS profiles: (A) SAXS profiles of the crystalline reference system upon increasing the system size to 27, 64, and 125 times the original
simulation box and (B) comparison between the experimental SAXS profile (plots 1 and 3 from the bottom) and the MD-calculated (plots 2 and 4 from the bottom)
profiles for both phases: the crystalline phase is denoted in black, whereas the rotator phase is shown in green. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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key when computing SAXS spectra. To address this issue, we enlarged
our system by taking the final configuration of our standard system after
1000 ns and replicating it 3, 4, and 5 times along each spatial dimension,
resulting in systems which are 27, 64, and 125 times larger, respectively.
The advantage of this approach is that we only run MD simulations on
the small system—saving computational resources—while using peri-
odic boundary conditions (PBC) to replicate it without creating defects
or gaps, thus effectively generating a large single crystal. In this way, we
obtain a spectrum corresponding to a much larger system.

As clearly seen from the plots in Fig. 4A, the sensitivity of the analysis
has increased drastically upon enlargement of the model. Comparing the
obtained results with the experimental data (Fig. 4B) shows a very good
agreement in the peak positions. However, we observe some additional
peaks in the simulated spectra. This is most likely due to the fact that the
replication method produces an ideal single crystal, which is not
observed experimentally. We effectively construct an idealized single-
crystal structure, which is not representative of real experimental sam-
ples that typically exhibit polycrystalline morphology. As a result,
additional peaks may appear in the simulated SAXS spectra that are not
observed experimentally, due to the absence of finite crystallite size
effects and grain boundaries. It is important to emphasize that this step
is intended solely to validate the performance of the method.

Based on the obtained SAXS spectra, we determined the ortho-
rhombic lattice parameters a, b, and ¢ for both the reference crystalline
and rotator phases. The extracted values for the crystalline phase are: a
=0.7335nm, b = 0.5112 nm, ¢ = 2.0546 nm, and for the rotator phase:
a = 0.7604 nm, b = 0.5175 nm, ¢ = 2.0929 nm. The results are in very
good agreement with experimentally reported values [17,38], featuring
maximum deviations within 3%, which clearly supports the reliability
and accuracy of our reference systems. This validation confirms their
applicability as standards for identifying and classifying the spontane-
ously formed phases in the model systems described in the next sections.

In conclusion, we developed robust analytical tools that allow us to
clearly distinguish between the well-ordered reference systems and to
analyze spontaneously formed phases.

Next, we proceeded with investigating the crystallization mechanism
of pentadecane, specifically the spontaneous formation of ordered
structures from molten isotropic state and their analysis using the
aforementioned methodologies.

3.2. Freezing mechanism of pentadecane

3.2.1. Phase transition upon cooling

The first step of the analysis of the two types of model systems
(Fig. 1) was to identify the type of phase transition occurring therein
upon cooling. This can be achieved by interpreting the evolution of the
enthalpy profiles during the simulation, as the first-order phase transi-
tions are characterized by a sharp drop in the system enthalpy (in the
case of freezing). Furthermore, transitions from liquid to solid are
typically accompanied by a change in the density of the respective
system. This is observed in all simulated model systems where freezing
takes place, indicating that the liquid-to-solid transition is of first order
(see examples in Fig. S9). The specific time of this transition may vary
between systems.

The quantitative enthalpy change serves as a good initial indicator of
the final phase state of the system. It is known that 65-80% of the total
phase transition enthalpy can be attributed to the formation of a rotator
phase [29].

The enthalpy differences between the liquid and solid phases in our
simulated systems, along with their ratios with respect to the experi-
mental transition enthalpy for bulk PEN (from liquid to crystalline
phase), are presented in Table S4. For most systems, the enthalpy change
exceeds the value typically associated with the transition from liquid to
rotator phase, which is 79% for pentadecane [29]. However, none of the
systems reached 100%, indicating that a complete transition from the
liquid to the crystalline phase did not occur. This suggests that the
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systems are in an intermediate state between a rotator and a crystalline
phase. In the bulk PEN system, two exceptions are observed: 275 K-3 and
278 K-2 (the notation after the temperature refers to the number of the
independent trajectory), where the enthalpy change falls below the 79%
threshold. For the system containing surfactant, only a single exception
is found, 269 K-3. These models are in the early stages of rotator phase.

Interestingly, even when three independent trajectories were run for
the same system under identical conditions, the results varied, and the
phase state achieved by the end of the simulation differed. This high-
lights the stochastic nature of crystallization and demonstrates that
systems with identical composition can reach different points along the
crystallization pathway within the same simulation time at the same
conditions.

The obtained results for C15 differ from those observed for hex-
adecane, where most systems exhibited enthalpy values within the
typical range for the liquid-to-rotator phase transition and reached very
similar final states [28]. This difference between two hydrocarbons may
be related to the fact that the transition between two phases with the
same crystal lattice is easier, and additionally, that the rotator phase in
pentadecane is stable, i.e. it is energetically favorable for the system to
rapidly transition from the liquid to the rotator phase. This is in good
agreement with a similar conclusion drawn from experimental data
[29].

After confirming the formation and the general type of ordered
phases in our systems, the next step was to structurally characterize
them. After 1ps of MD simulation, in the systems where crystallization
took place, all investigated trajectories exhibited polycrystalline struc-
tures. An illustrative comparison of the two types of models at 278 K is
shown in Fig. 5.

A general difference between pentadecane and hexadecane is worth
noting. This is the fact that kinks are very common in the crystallites of
PEN. This large amount of kinks in PEN is in good agreement with the
experimental knowledge that odd-parity alkanes are less densely packed
compared to even-parity ones [36].

To structurally analyze the ordered phases in our systems, the indi-
vidual crystallites are isolated first. The methodology for isolation and
the procedure for the analyses done on the isolated crystallites are
described in detail in our previous publication [26]. There are some
technical aspects (described in the SI) that were changed to improve the
efficiency of the methodology. Following the identification of the
different crystallites in each system, only the largest crystallite from
each system was used for the subsequent detailed structural analyses
(Fig. 6), as it is expected to be the most representative and to provide the
most statistically reliable information about the phase behavior. To
ensure the robustness of this approach, additional analyses were per-
formed on multiple crystallites for selected systems, yielding consistent
results and further supporting the validity of our methodology and
conclusions.

Snapshots of all investigated crystallites are provided in Fig. S10. As
seen, all crystallites are sufficiently large, with the exception of the PEN/
Surf/water model 277 K-3. It is important to note that the images in
Figs. 6 and S10 do not necessarily represent the entire crystallite but
rather only the portion used for the structural analyses (Fig. S11).

3.2.2. Fraction of gauche conformations

The fraction of gauche torsion angles in the representative crystallites
shows intermediate values (Table 2) in most of the investigated systems
below 278 K. This is typical for crystallites in transition between rotator
and crystalline phase. Specifically, the gauche content remains between
1.1% and 3.8% across temperatures in the range 269-277 K (except for
two systems at 269 K).

At 278 K, a significant increase in the percentage of gauche confor-
mations is observed in both systems. The value exceeds 5%, which was
specified above as the critical threshold for a rotator phase. This suggests
that at this temperature the obtained structures of both models are in
rotator phase. However, it is again evident that, at the same
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Fig. 5. Illustration of two of the studied model systems: (A) bulk PEN and (B) PEN/Surf/water at 278 K, configuration 1.

i

(B)

Fig. 6. Illustration of two of the studied crystallites after processing to recon-
struct the real-space coordinates of the molecules with the procedure proposed
in our previous work [26]; (A) Bulk PEN at 269 K and (B) PEN/Surf/water at
269 K.

Table 2

Percentage of gauche conformations in the methyl-containing torsion angles of
pentadecane in the two types of model systems. Values from the three inde-
pendent simulations are given in parentheses.

Temperature Bulk PEN PEN/Surf/water
269K (4322%407,946) (22‘?6;i2.01.:;32.2)
3521159 :

275K (21.?1;i2.12.?4.2) N

7% 22 (416512

. . . 1.

278K (55.87;i9:.;7;91.9) f6?5?5.3;63.3)
282K N (31'?9;i 5.24?1.7)
350 K (liquid) 40 40

temperature, different independent simulations (Table 2, values in pa-
rentheses) yield varying fractions of gauche defects, which provides
direct confirmation that the systems have reached different points along
the crystallization pathway. This is well illustrated by the appearance of
well-ordered systems at the higher 278 K and 282 K and of rotator
phases at the lower 269 K.

At 350 K, corresponding to the liquid state, the gauche content rises
significantly to 40%, which clearly distinguishes the disordered state
from the ordered phases. These values confirm the high level of
conformational order in the crystalline and rotator-like states and sup-
port the structural classification of the observed crystallites.

At this point, it is important to clarify the substantial difference be-
tween the temperature range observed in our simulations and that re-
ported experimentally. In general, this temperature shift was
investigated in our previous work and was attributed to the nano-size of
the simulated systems [27]. Therefore, to identify the most appropriate
temperature for simulating the reference regular rotator phase, we
performed simulations over a broad temperature range from 281 K to
340 K. The phase state was determined based on the percentage of
gauche defects. The results shown in Fig. S12A reveal a stable rotator
phase over a wide temperature interval (300—330K), which is in very

good agreement with experimental observations regarding the range of
stability of this phase [17].

At temperatures below 300 K, the number of gauche defects decreases
markedly, indicating a transition to a crystalline structure, whereas
above 330 K melting occurs and an isotropic liquid phase is formed. It
should be emphasized, however, that the absolute temperatures differ
significantly from the experimental values. While such deviations during
cooling are expected due to supercooling effects associated with the
small system size [27], discrepancies of this kind are not generally
anticipated for melting transitions.

To examine whether this shift is related to the size and morphology
of the ordered structure, we performed an analogous analysis on a
spontaneously crystallized system exhibiting a polycrystalline structure
composed of multiple crystallites with different orientations. In this
case, a similar qualitative behavior was observed but the transition
temperatures were shifted toward lower values by approximately 20 K.
This effect has also been reported in previous molecular dynamics
studies of various systems [37,38], where it was shown that the melting
temperature of polycrystalline structures is considerably closer to the
experimentally measured value. In addition, experimental studies have
demonstrated that melting can initiate at grain boundaries within the
solid, occurring several degrees (~5 K) below the bulk melting tem-
perature, further supporting the observed shift in polycrystalline sys-
tems [39]. In addition to the dominant effects discussed above, the
observed discrepancy may also be marginally influenced by the force
field parametrization, particularly for solid-state properties and first-
order phase transitions.

It is observed that in all systems the fraction of gauche defects in-
creases with increasing temperature. Up to approximately 18% gauche
defects, a rotator phase is observed and the structure remains relatively
ordered, whereas further increase leads to melting. To verify this
behavior, the P2 profiles of the systems were also analyzed. As an
illustration, the P2 profiles for the PEN/Surf/water at 277 K are pre-
sented on Fig. S12B and C. At low temperature, a sharp peak centered at
0° with two very weak satellite peaks is observed (Fig. S12B), indicating
a highly ordered structure. After heating and subsequent relaxation for
200 ns at 300 K, the peak broadens significantly, spanning from —90° to
+90° (Fig. S12C), which reflects a transition from a more ordered to a
less ordered structure, i.e., from a crystalline-like state toward a rotator
phase.

It is also evident from the data in Fig. S12A that even at the same
temperature the system can populate different structural states: one that
is closer to the rotator phase (circles), falling within the green region,
and another with a very low percentage of gauche defects (squares),
indicative of a structure tending toward a crystalline phase. This
observation further confirms that, due to the stability of multiple states
with very similar energies, the system can exist and remain relatively
stable in different structural configurations at the same temperature.

The three temperature ranges identified from this test were used to
rationalize the results throughout the manuscript.

3.2.3. Rotation about the second principal axis

Next, we analyzed the rotation of molecules about their long axis
(angle X-P,) in all representative crystallites. A wide variety of molec-
ular rotation angle distributions were observed for the two systems,
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(Fig. 7A, B and Figs. S13, S14).

For bulk pentadecane, several distinct rotational distribution pat-
terns emerged, as shown in Figs. 8A and S10. They varied from a rota-
tional fingerprint with a broad central peak accompanied by a diffuse
probability distribution across the full or nearly full angular range,
through plots featuring a similar central peak but with two symmetric
well-formed shoulders, to a narrow intensive central maximum
(Fig. S17) corresponding to strong orientational order and minimal
rotational motion. A fourth pattern with a central peak without shoul-
ders (Fig. S13) is the only one resembling the characteristic behavior
previously reported for hexadecane-containing systems [28].

For the systems in the presence of surfactant (Figs. 8B and S11), a
similar diversity in the molecular rotation profiles was observed. The
four patterns are quite alike. The most significant difference is in the
satellite peaks — their presence, position or symmetry. For example,
while in bulk PEN the satellite peaks are mostly symmetric, many of the
PEN/Surf/water systems feature asymmetry. The profile with very weak
satellite peaks is reminiscent to that for one of the layers of the rotator
phase of hexadecane [28]. The pattern with a single central maximum
also resembles previously reported behavior of hexadecane-containing
systems [28].

A completely different profile is observed in 277 K-3 of PEN/Surf/
water (Fig. S13J). There, a relatively narrow central peak is seen with
two pronounced satellite peaks positioned around +160°, a profile not
previously observed in the model crystalline systems or in bulk
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pentadecane. This behavior indicates that a substantial fraction of
molecules undergoes nearly complete rotations within the 100 ns
timeframe. This observation suggests that active reorientational transi-
tions are still occurring during the analyzed period. Notably, a similar
pattern was detected in one of the surfactant-stabilized systems with
hexadecane at a cooling rate of 0.01 K/ps [28]. Hence, this profile may
be generally attributed to a system in active rotational transition.

At 278 K and 282 K, more than half of the systems exhibit a broad
and diffuse central peak with extended shoulders and non-zero proba-
bility across almost the entire angular range, which is a very charac-
teristic fingerprint of a rotator phase. There are some differences in the
roughness of the profiles, which may be attributed to random struc-
turing of the system at varying degrees of order between the rotator
phase and the crystalline structure (see below).

Interestingly, even at the same temperature, completely different
profiles are obtained for pentadecane, depending on the trajectory,
which reflects differences in the resulting structures. This clearly dem-
onstrates that, under identical conditions, structurally distinct phases
can form. A likely explanation is the intermediate temperature range
where the rotator phase in pentadecane is stable but also different
packing arrangements, closer to the crystal, may be energetically
feasible. Based on the obtained results, it may be assumed that the
different microstates are close in energy and, hence, the probabilities of
their existence are comparable. Thus, each MD run at similar conditions
may end up in a different well on the potential energy surface.
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Fig. 7. P, orientation profiles of the (A) bulk PEN and (B) PEN/Surf/water systems that have the closest resemblance to the respective profiles of the reference
rotator phase; Jaccard indices are given to quantify the resemblance of the model systems with the crystal or rotator phase in: (C) bulk PEN and (D) PEN/Surf/water.
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Fig. 8. Intermolecular radial distribution functions of the largest crystallites of (A, C) bulk PEN and (B, D) PEN/Surf/water superimposed on the RDF profiles of the
two reference systems; Jaccard indices calculated for (E) bulk PEN and (F) PEN/Surf/water from the RDF profiles of each crystallite compared with the two

reference systems.

In this context, some of the observed states are more appropriately
described as intermediate or coexistence states rather than strictly
defined phases. The shared lattice between crystalline and rotator
phases leads to low energy barriers and significant structural overlap,
which naturally gives rise to such ambiguity. Nevertheless, analysis of
the P2 angular profiles provides a robust means to differentiate between
the various situations. Specifically, it enables identification of crystal-
lites exhibiting predominantly rotator-like behavior (e.g., Fig. S13H),
those undergoing a gradual transition toward another structural state
with distinct characteristics (e.g., Fig. S14 J), and those corresponding to
coexistence regimes where features of both phases are present simulta-
neously (e.g., Fig. S13 E). In the latter case, the P2 profiles display sig-
natures consistent with a superposition of the two reference phases
behavior.

To quantitatively establish how similar each crystallite is to either of
the reference systems, the Jaccard index is calculated [40]. The index
quantifies the differences of two plots by their overlapping areas. The
index can vary in the range from 0 to 1, where O means that the two

10

profiles have no overlap and 1 - that they are identical.

As shown in Fig. 7 C,D, most of the systems exhibit behavior more
similar to the reference crystalline phase. However, the values remain
<0.7, indicating a transitive state. Some systems display approximately
equal similarity to both reference phases or very low Jaccard indices,
suggesting that their structure is distinct from either reference phase.
Such behavior is likely to occur during a phase transition. Examples
include 269 K-2, 3, 273 K-3, 275 K-3 for bulk pentadecane, and 277 K-
1,3, 278 K-3 and 282 K-3 for the surfactant-containing system. In two of
the systems, both models at 278 K, configurations 1 and 2, and 282 K-2
for the surfactant-containing system, the profiles show higher similarity
with the reference rotator phase—precisely those that also exhibited
significantly elevated gauche conformations and smeared P; profiles.

This analysis further confirms that the structural comparison
approach can serve as a reliable method for characterizing the phase
state of the systems. The analysis of the Jaccard indices reveals that,
overall, at lower temperatures the systems exhibit a greater similarity to
the crystalline phase, whereas resemblance to the rotator phase becomes
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noticeable for the first time at 278 K. At 278 K and higher temperatures,
the rotator phase appears to stabilize, suggesting that it is the most
favorable configuration in this range.

The type of rotational motion of the molecules is illustrated further
with visualization of the temporal evolution of P, (see Videos S1 and S2
in the SI). For the reference systems, it is evident that at 310 K molecules
in all configurations undergo nearly continuous rotation, confirming
that this is a rotator phase. The molecules rotate freely across the entire
angular range, exhibiting essentially no preference for a specific orien-
tation. In the regular crystalline structure, at 243 K, coexistence of two
distinct orientations is observed, likely resulting from the herringbone
packing. However, in general, the molecules prefer thermal vibrations
rather than true rotational motion. In the model systems, four preferred
states are observed (see below), populated with varying degree, where
clusters of molecules adopt similar orientations. Collective transitions
between states occur often, combined with co-existence of two different
orientations. This supports the earlier conclusions that most systems are
either close to one of the reference phases or are in a transitive state
between them and that the molecular transitions occur with minimal
energy penalty.

Based on the video analyses, we classified the systems according to
their dominant (i.e., most preferred) molecular orientation with respect
to their neighbors into four groups. Their specifics are described in the SI
(Figs. S13, S14 and S17). Phase analysis suggests that alignments 1
(Video S3) and 2 (Video S4) (with first neighbors displaced in two or one
longitudinal dimension) occur with similar frequency in both bulk and
surfactant-containing systems, while orientations 3 (Video S5) and 4
(Video S6) (with first neighbors displaced in one perpendicular dimen-
sion or not displaced) are observed only occasionally, and more rarely in
the presence of surfactant. In contrast, the pure rotator phase is stabi-
lized and its formation is facilitated by the surfactant, appearing in three
cases compared to only one in the bulk system, which corresponds well
with experimental findings about the surfactants positive impact on
rotator phases [17,29].

In general, we may state that surfactant molecules, both at the
interface and dispersed as monomers in the bulk, can act as heteroge-
neous nucleation centers. We hypothesize two main mechanisms by
which the surfactant may stabilize the rotator phase. First, the surfactant
tends to become more structurally ordered at higher temperatures
(around 300 K) than the alkane, thereby promoting crystallization at
elevated temperatures where the rotator phase is thermodynamically
favored. At these temperatures, the alkane molecules retain sufficient
rotational mobility, which facilitates the formation of the rotator phase
and effectively extends the temperature range over which it can exist.

Second, the presence of chemically distinct surfactant molecules
disrupts the efficient packing of alkane chains into a well-ordered
crystalline structure. This hinders the formation of a fully ordered
crystal lattice and instead favors the less ordered rotator phase. Taken
together, these effects may explain the observed stabilization of the
rotator phase in the presence of surfactant molecules.

3.2.4. Unit cell descriptors of the phase state

As a next step, we analyzed the three structural parameters of the
representative crystallites: 0, D, and ¢4 (Table S5). To ensure a mean-
ingful comparison with the reference regular systems, we used values
averaged over the entire reference system rather than per-layer aver-
aging. This approach was chosen because in the crystallites in the model
systems, all single-layered, only one of the two molecular orientations
from the herringbone structure is present. Therefore, averaging across
the whole system provides a more physically meaningful basis for
comparison.

It is evident from the data presented in Table S5 that the difference in
the 0 parameter between the two reference systems is within the stan-
dard deviation. Consequently, classification of the model systems based
solely on 0 is not feasible. Analysis of the D parameter across the model
systems shows that only bulk PEN at 277 K exhibits a value within the
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standard deviation of the crystalline reference. Most of the other systems
display a stronger resemblance to the rotator phase, with the exception
of bulk PEN 269 K-1 and 275 K-1, 278 K-2, 3 and for PEN/Surf/water
269 K-3, 282 K-1, 2, which cannot be confidently associated with either
phase. The @4 parameter appears to be the most sensitive of the three for
distinguishing between the crystalline and rotator phases. Overall, based
on g, the bulk PEN systems display a greater resemblance to the crys-
talline reference structure, indicating that they are further along the
transition pathway between the two phases. The reduced sensitivity of 6
and D arises from the fact that both crystalline and rotator phases share
the same orthorhombic lattice in pentadecane, leading to small struc-
tural differences and low discriminative power of these parameters for
the specific alkane.

From the above summary, it becomes clear that a definitive classi-
fication of the model systems into a specific rotator phase is not possible,
in contrast to the hexadecane systems. All examined structures likely
exist in intermediate states between the crystalline and rotator phases,
and coexistence of both phases within the same system is also plausible,
as demonstrated earlier. This complexity arises from the fact that in
pentadecane different phases and intermediate states share the same
crystal lattice. As a result, they are energetically similar, the energy
barriers between them are low, and the phases are both stable and prone
to co-existence.

3.2.5. Intermolecular packing assessed by radial distribution functions

The RDF profiles for all analyzed crystallites are shown in Supple-
mentary Figs. S15 to S17. To quantify the structural similarity of each
crystallite to the two reference phases, the Jaccard index was calculated
[51]. Prior to calculation, the RDFs were truncated at 1.5nm to elimi-
nate contributions from the noisy long-range tails. The computed Jac-
card indices are presented in Fig. 8 E, F.

A direct comparison of the RDFs with those of the reference crys-
talline and rotator phases is presented for the model systems at 278K
(Fig. 8A-D). For both investigated systems at this temperature, the RDF
profiles exhibit significantly higher similarity to the rotator phase
reference (Fig. 8C,D), while showing considerable deviation from the
crystal (Fig. 8A,B). These results further support the earlier conclusion
that the structures formed at 278K correspond to a rotator phase. The
comparable Jaccard indices in this case signify similar packing pattern
of the molecules in the studied systems. This is in line with all the
findings discussed so far.

3.2.6. Global ordering from simulated SAXS spectra

While the structural parameters and RDF-based comparisons pro-
vided valuable insights into the internal organization and phase identity
of the crystallites, they offer primarily local or medium-range informa-
tion. To complement these results and probe the larger-scale structural
order in the systems, we further employed SAXS analysis. The SAXS
profiles obtained for several of the studied systems are presented in
Fig. 9 and discussed below.

Following the SAXS analysis protocol applied to the reference regular
systems, the simulation box for the bulk pentadecane system was
replicated five times in each direction (see the x125 SAXS plots in
Fig. 9A). As can be seen, the peaks at 278 K are still not sufficiently well
resolved. Therefore, we further expanded the system by applying 6 x 6
x 5 and 6 x 6 x 6 replications, corresponding to 180- and 216-fold
increases, respectively. The results show that when the expansion is
not symmetric (x180), the improvement in resolution is limited,
whereas for the symmetric x216 system the peaks are significantly
better separated. These observations suggest that, for bulk homogeneous
systems, the most reliable approach is to perform symmetric replication
in all directions. Comparison of the obtained spectra with those of the
simulated reference crystalline and rotator phases indicates that at both
temperatures the system resides in an intermediate state, since the
profiles do not match those of the reference phases, while the resulting
structures are nonetheless distinct from one another.
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Fig. 9. Representative SAXS profiles for: A) bulk PEN and B) PEN/Surf/water; the crystalline reference system is shown in black, the rotator phase in green, the
isotropic liquid in orange, model systems at 277 K-1 in blue, and model systems at 278 K-1 in red. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Notably, the systems containing surfactant exhibited significantly
higher noise levels compared to the bulk models (Fig. 9 B, x125), most
likely due to the presence of water. The water layer effectively disrupts
the long-range order by preventing further layering and growth of larger
crystallites. Moreover, the presence of a large number of water mole-
cules introduces significant noise into the analysis. This results in
smaller crystalline domains and consequently increased noise in the
scattering signal. To mitigate this issue, particularly in the systems with
water, one possible approach is to further replicate the simulation box in
the x and y directions and exclude water molecules from the coordinate
file used for the SAXS calculation. This would enhance the crystalline
signal and reduce noise. To test this approach, we removed the water
molecules from the coordinate file and replicated the system 12 x 12 x
1. Replication along the z axis is meaningless because it does not in-
crease the size of the crystallites, as the water layer interrupts the
periodicity (in the water-removed system, this appears as a void).
Instead, it only increases the total number of molecules and the overall
system size, which slows down the SAXS spectrum calculations without
providing real improvement. From the x144 plots, it is evident that
when water is removed from the coordinate file, the noise level in the
signal is significantly reduced. Moreover, replication along the x and y
axes by a factor of 12 improved the signal quality, with well-resolved
peaks observed at both temperatures.

Symmetric replication improves peak resolution in bulk alkane sys-
tems because the structure is polycrystalline, with crystallites exhibiting
a wide range of orientations. By replicating the system symmetrically in
all directions where periodicity is present, the effective size of the
crystallites is increased, leading to a higher number of well-resolved
reflections and improved spectral quality.

In contrast, for surfactant-containing systems, asymmetric replica-
tion is preferred due to the disrupted periodicity introduced by the
interfacial structure. In such cases, replication along directions with
preserved periodicity (typically in-plane) provides meaningful
improvement, whereas replication along the disrupted direction does
not contribute to peak resolution.

In general, replication yields the best results when it is performed in
a way that maximizes the effective crystallite size. For bulk homoge-
neous systems, this is achieved through symmetric replication in all
directions, whereas for systems with disrupted periodicity, asymmetric
replication along the directions of preserved periodicity is more
appropriate.

Comparison with the reference system profiles again reveals that the
obtained spectra correspond to intermediate states, which also differ
from one another.

We can conclude that the SAXS profiles of the model systems show
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clear differences compared to those of the reference crystalline and ro-
tator phases (Fig. 9). This supports the hypothesis formulated above that
the structures formed in the model systems exist in a transitive state
between the rotator and crystalline phases, in agreement with the
identified temperature ranges. Additionally, the absence of peaks in the
SAXS region (low q) indicates that the obtained crystallites are single-
layered.

It is also worth noting that the SAXS profiles of the two model sys-
tems at 278 K exhibit a degree of similarity, consistent with all other
similarities identified in the previous analyses. This suggests that the
two systems at 278 K share a comparable orientation and structural
organization and are likely the closest to the ideal rotator phase among
all the investigated configurations.

From the SAXS spectra obtained for both systems at 277 K, where a
larger number of well-resolved peaks is observed, it is possible to extract
the crystallographic parameters of this model system based on the most
intense peaks and the crystallographic planes that are expected to give
rise to reflections at the corresponding q values. The resulting lattice
constants are a = 0.7602 nm, b = 0.5045 nm, ¢ = 2.0737 nm for the bulk
PEN system and a = 0.7560 nm, b = 0.5065 nm, ¢ = 2.0737 nm for the
PEN/Surf/water system. The c-parameter is adopted from the regular
reference systems due to the single-layer nature of the crystallites in the
model systems. Alternatively, the length of the fully extended all-trans
molecule can be used, which eliminates the need for prior knowledge of
the reference structure. The obtained values are very close to those
determined experimentally [17]: crystalline phase a = 0.7298-+-0.7407
nm, b = 0.4948--0.4986 nm, ¢ = 2.0458+2.0897 nm, and for the rotator
phase: a 0.7559+0.7683 nm, b 0.5050+-0.5072 nm, c
2.0977-+2.1027 nm. This provides strong evidence that the proposed
methodology is capable of extracting crystallographic information even
for completely unknown systems, such as those formed spontaneously
during cooling, without the need to have experimental data.

In the scenario where experimental data for the investigated phases
are available, as in the present case, and a transition between two phases
(rotator and crystalline), which exhibit reflections at different q values,
is expected, it is possible to verify whether peaks corresponding to both
phases are present in the MD SAXS spectra. For all model systems, we
observe the simultaneous presence of peaks characteristic of both
structures, indicating a transitive state. This behavior is fully consistent
with experimental observations, where reflections from the two phases
are known to coexist [17]. Notably, only for one system—bulk penta-
decane at 277 K—reflections corresponding to the (200) and (111)
crystallographic planes of both the rotator and crystalline phases are
detected within a single spectrum. This case enables the determination
of crystallographic parameters for both structures within the same
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system. The extracted lattice parameters for the crystalline phase a =
0.7331 nm, b = 0.5127 nm, ¢ = 2.0546 nm, and for the rotator phase: a
=0.7609 nm, b = 0.5227 nm, ¢ = 2.0929 nm are in very good agreement
with experimentally reported values [17]. This demonstrates that the
proposed methodology performs very well for both known and previ-
ously unknown structures. Moreover, it corroborates all conclusions
drawn above, namely, that the systems under investigation exhibit in-
termediate states in which crystalline and rotator phases coexist.

To summarize, the suggested procedure for SAXS analysis can be
carried out on realistic models obtained from MD simulations, including
small systems with irregular orientation with respect to the Cartesian
coordinate axes. It is recommended that the number of analyzed mole-
cules exceeds 60,000 (in our case, between 60,000 and 100,000) after
replication of the periodic box. For bulk systems, replication should be
performed symmetrically. In water-containing systems, it is advisable to
remove the water from the coordinate file to reduce noise in the
analyzed spectra. Furthermore, when water forms a water layer, repli-
cation should be performed only along the lateral crystallite directions
to effectively improve the spectral quality. Using the developed analysis
procedure, SAXS spectra of different systems can be simulated effi-
ciently, and the obtained results show very good agreement with
experimental data. Importantly, it is further demonstrated that the
methodology remains applicable and provides reliable results even for
novel structures. Since the simulated models are relatively small, this
approach saves significant computational and experimental time while
providing high spectral resolution.

4. Conclusions

The study investigates the crystallization of pentadecane using all-
atom molecular dynamics simulations in bulk and at surfactant-
stabilized aqueous interfaces, verified against reference systems based
on crystallographic data. Phase identification is achieved using struc-
tural descriptors, with the fraction of gauche conformations and P:
angular profiles outlined as the most sensitive indicators, while RDFs
show more limited discriminative power.

Pentadecane exhibits significantly different behavior compared to
hexadecane, forming a much more stable rotator phase over a broad
temperature range (>30 K), with facile interconversion between ener-
getically similar states and possible phase coexistence. This is attributed
to the structural similarity between its crystalline and rotator lattices. In
contrast, hexadecane rapidly transitions to a triclinic phase. The pres-
ence of a surfactant promotes heterogeneous nucleation, shifts crystal-
lization to higher temperatures, and enhances rotator-phase stability, in
agreement with experimental observations.

A computationally efficient protocol for SAXS simulations is intro-
duced, showing excellent agreement with experimental data. The
method captures intermediate ordering and enables extraction of crys-
tallographic lattice parameters even for previously unknown structures,
as well as identification of phase coexistence. Overall, the proposed
approach provides a robust and generally applicable framework for
analyzing solid-state phase behavior in alkane systems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.commatsci.2026.114750.
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