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HIGHLIGHTS

o Visco-elasto-plasticity of alkane rotator
phases are studied via SR and CR rheo-
logical tests.

o A generalized Kelvin-Voigt model accu-
rately describes the observed behavior.
e Three distinct relaxation process are
identified, t; ~ 0.45 s, t =~ 89 s, t3

~ 140 - 200 s.

e A molecular interpretation of the relax-
ation mechanisms is proposed.

e A framework linking rheology to mo-
lecular dynamics in polycrystalline ma-
terials is proposed.
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ABSTRACT

Phase behavior of lipids is of primary importance for the manufacturing and applications of foods, cosmetics and
pharmaceuticals, as well as for the functions of biological membranes. Upon cooling, the molten bulk lipids
crystallize into ordered domains which determine their rheological properties. While storage and loss moduli are
typically used to describe these properties, their direct connection to the underlying molecular rearrangement
remains poorly understood. In the current study, we performed a detailed rheological characterization of the
rotator phases (intermediate phases between fully ordered crystalline and completely disordered liquid phases)
formed in bulk linear alkanes. Large series of stress-relaxation and creep-recovery experiments were performed
and interpreted, using generalized Kelvin-Voigt model with one spring, connected in series with three combined
elements of a spring and a dashpot. We determined the elasticities and viscosities of all these rheological ele-
ments, along with the respective three relaxation times of the combined elements. These relaxation times are
governed by different molecular processes in the sheared samples and differ by three orders of magnitude: t;
~ 0.45 s and ty =~ 8-9 s are related to local molecular rearrangements at the domain boundaries, while t3
~ 140-200 s most probably describes the rearrangement of disordered lipid molecules entrapped between the
ordered domains. The storage and loss moduli, calculated from the constants of the generalized Kelvin-Voigt
model, were in a very good agreement with those measured directly in amplitude sweep and temperature
ramps oscillatory tests, thus supporting the self-consistency of data interpretation. The methodology presented
here is applicable to other polycrystalline lipid materials with 2D or 3D domain structures, providing a valuable
framework for interpreting their rheological behavior.
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1. Introduction

Crystals formed from hydrophobic molecules (generally referred to
as lipids) often determine the texture, spreadability, and overall
appearance of various everyday products. These include foods such as
butter, ice cream, spreads and chocolate [1-6]; cosmetic products such
as lip balms, creams and lotions [7-9], and many others. The phase
behavior of lipids has also significant implications in biological systems,
influencing critical processes such as the permeability of lipid mem-
branes in the living cell [10], the wettability of insects [11], the
self-healing ability of the plants [12,13], etc. In industrial applications,
lipids are utilized in phase change materials (PCMs) for thermal storage
[14-16].

Rotator phases (denoted as R) are intermediate phases found in al-
kanes (denoted hereafter as C,), alkenes, long chain alcohols and other
linear hydrophobic molecules. These phases exist between the fully
disordered liquid phase and the highly ordered crystalline phase [13,
17-21]. In the rotator phase, molecules arrange in layered structures
resembling crystals but lack a long-range positional order with respect to
their rotational degree of freedom. The term “rotator phase” was
introduced by Miiller in 1932 [22] to highlight the partial rotational
freedom around the molecular axis. Although rotator phases are inter-
mediate between the liquid and solid states, their structural and me-
chanical properties closely resemble those of solid phases. This is
underscored by the enthalpy released during the liquid-to-rotator phase
transition, which typically accounts for ca. 75-80% of the total enthalpy
associated with the liquid-to-crystal phase transition [17,23].

The rheological properties of rotator phases have significant prac-
tical implications. For example, the spreadability of cosmetic products,
such as paraffin waxes and petroleum jelly, depends on the rheology of
the underlying rotator structures [24,25]; the flowability of the
phase-change materials (PCM) dispersions used in energy storage and
transportation, and in air-conditioning installations [14,26]; as well as
for various biological processes [17]. Despite this importance, the
rheology of rotator phases has remained largely unexplored due to
challenges in selecting suitable characterization methods and data
interpretation approaches.

In a recent study, we developed a procedure for characterization of
the rheological properties of rotator and crystalline phases formed by
cooled lipids - long chain alkanes, alkenes or their mixtures [27]. Shear
oscillatory experiments were performed upon cooling and heating with
a constant rate at a fixed strain of y = 0.05% and frequency v =1 Hz. The
results from this study showed that the rotator and crystalline phases of
alkanes possess viscoelastic behavior with storage modulus being about
one order of magnitude higher than the loss modulus. This is illustrated
in Supplementary Figure S1 for nonadecane (C19) where newly obtained
data using the same experimental procedure as in Ref. [27] are shown.
The shear storage modulus for rotator phases was G' ~ 1-3 x 10° Pa,
whereas the shear loss modulus was found to be G" ~ 3-9 x 10* Pa. After
the rotator-to-crystalline phase transition took place, these moduli
increased ca. 10 times, showing that the crystalline phase (C) is much
stiffer compared to the rotator phase. For comparison, the same moduli
for the liquid phase are negligible (< 1 Pa).

A slight temperature dependence of the storage and loss moduli was
observed in our previous study [27] for both the rotator and crystalline
phases, with moduli increasing as the temperature decreased, due to
reduced molecular thermal energy and tighter molecular packing. In
crystalline phases, the moduli exhibited linear relationships with sub-
cooling that were independent of the lattice type, indicating that neither
the unit cell structure nor the alkane length affects the crystalline phase
shear rheology. In contrast, the moduli of the rotator phase decreased
with increasing the chain length, which was attributed to the larger
fraction of non-planar conformers present in longer alkanes [27]. These
conformational defects are largely eliminated upon crystallization [28],
which explained the universal temperature dependence observed for
crystalline phase moduli of Cy9-Cag alkanes.
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The aim of the present study is to deepen our understanding of the
rheological behavior of linear alkanes in rotator phases and to identify
the simplest rheological model, capable of accurately describing the
observed visco-elasto-plastic response. In addition, we suggest a relation
between the model parameters to the underlying molecular processes,
thereby providing a physical interpretation of the observed macroscopic
behavior. This approach is expected to be general and applicable for the
description of various lipid systems with domain structure.

2. Materials and experimental methods
2.1. Materials

Two linear long-chain alkanes were studied — nonadecane (Cy9H4o,
denoted as Ci9) and octacosane (CygHsg, denoted as Cog). The alkanes
used in the experiments had purity > 99% and were purchased by TCI
(Cy9) and Sigma-Aldrich (Cag). These alkanes were chosen because they
have relatively wide temperature interval in which the rotator phases
are stable, viz. between their crystal-to-rotator phase transition tem-
perature, Tcg, and melting temperature, Tgr;, = Tp,. For nonadecane, Tcg
~ 21.7°C and Tg;, =~ 32.0°C, and for octacosane: T¢r ~ 57.8°C and Ty,
~ 61.3°C, measured upon heating of the investigated alkanes. Note that
these temperatures are slightly lower when measured upon cooling due
to the subcooling phenomenon, viz. the rotator phase exists between ca.
21°C and 30°C for Cj9, and from 56°C to 60°C for Cyg, see Supplemen-
tary Figure S2.

2.2. Experimental methods

Rheological measurements were carried out to characterize the
properties of the rotator phases for both alkanes. They were performed
on rotational rheometers Discovery Hybrid Rheometer DHR-3 and HR-
20 (TA Instruments, USA). Parallel plate geometry was used where the
upper plate had a diameter of 40 mm and the gap between the two plates
was set to 300 um. To avoid potential wall slip, ultra-fine sandpaper of
grade P1500 was glued to both plates before the experiment. Note that
the obtained experimental results are for samples that are in the rotator
phase. Within the selected temperature range, the studied rotator phases
do not undergo a phase transition to the crystalline phase.

Prior to all measurements, the examined sample was loaded in a
molten state (35°C for C19 and 65°C for Cag), equilibrated at this high
temperature for a period of 2 min and then cooled to the desired low
temperature with a constant cooling rate. Rate of 2 °C/min was used for
Cy9 samples and 1 °C/min cooling was applied for Cag. We note that in a
preliminary series of experiments, we also tested Cjg rotator phases
prepared at 1 °C/min cooling, but no any difference was observed be-
tween the measurements performed with samples cooled at 1 and 2 °C/
min, thus we continued with the higher cooling rate to optimize the time
needed for this experimental step. Once the desired temperature was
achieved, the temperature of the sample was equilibrated for 1 min
before the subsequent rheological measurements were performed.

Two types of relaxation tests were performed — creep-recovery and
stress-relaxation. During the creep-recovery experiments, the sample was
subjected to a constant shear stress, 7, varied between 20 and 2000 Pa
for a duration of 20 s. Afterwards, the stress was removed and the re-
covery of the deformation in the sample was monitored for up to 3600 s
(usually the recovery period was set to 100 s). For the stress-relaxation
tests, the sample was subjected to a constant shear strain, y, varied be-
tween 0.1% and 30%. The resulting stress and its relaxation over a given
period (between 300 and 3600 s) were measured. The experimental data
were analyzed using generalized Maxwell and Kelvin-Voigt rheological
models, as described in detail in the following section, to determine the
simplest rheological model capable of accurately describing the
observed behavior and extracting the characteristic relaxation times
governing the processes occurring in the samples.

Two types of oscillatory tests were also carried out to measure the
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shear moduli dependence on the applied shear strain or temperature,
and to compare them with those calculated from the results obtained in
the relaxation tests and their description with the chosen rheological
model. In the amplitude sweep experiments, the sample was subjected to
oscillatory strain with an amplitude varying from 0.01% to 1% at a fixed
frequency of 1 Hz. Oscillatory deformations upon constant temperature
change were also performed. In this case, the sample was cooled from
melt to the desired temperature at a constant rate, while subjected to
oscillatory deformations with a fixed shear strain y = 0.02% at a fre-
quency of 1 Hz.

All parameters were chosen after performing series of preliminary
tests to determine the most suitable experimental conditions. All results
shown in the paper were averaged from at least three independent
measurements, carried out under equivalent conditions. The error bars
represent the standard deviations between the obtained experimental
results. All experiments were carried out in the temperature range of
rotator phase existence for the studied alkane, unless otherwise noted
explicitly.

Differential scanning calorimetry measurements were performed on
Discovery DSC 250 apparatus (TA Instruments, USA) to determine the
phase transition temperatures. The experimental procedure was iden-
tical to that applied in our previous study [27].
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3. Experimental results and discussion
3.1. Relaxation experiments in the linear viscoelastic region

The rotator phases generally exhibit viscoelastic properties. This
behavior can be observed in the strain-time curves obtained in the creep-
recovery experiments, see Fig. 1 for results with C;9 and Supplementary
Figure S3 for results with Cag. Fig. 1a shows the original y(t) data ob-
tained in creep-recovery experiments performed at the same tempera-
ture, in this case T = 25°C, but with different constant stresses, 7c,
applied during the creep stage. During the creep stage (the first 20 s of
the experiments), the strain does not reach a constant value instanta-
neously. This result suggests that the rheological response of the sample
is not purely elastic. Once the applied stress is removed, the deformation
decreases steeply in the first few seconds (usually between 20 and 25 s),
after which the decrease becomes very slow. At longer recovery periods,
usually no residue strain is observed. The quick decrease of the defor-
mation after the removal of the stress shows the immediate elastic
response of the sample, whereas the viscous properties of the material
retard its complete recovery.

Results shown in Fig. 1a illustrate also that the maximum deforma-
tion reached during the creep stage increases with the increase of ¢, it is
Ymax ~ 0.46% for 7¢c = 500 Pa and about 5 times lower for 7¢ = 100 Pa.
The proportionality of the maximum strain to the applied stress shows
that these stresses cause deformations which do not change the general
structure of the sample, i.e. the experiments are performed in the linear
viscoelastic region. This is even better demonstrated by the shear
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Fig. 1. Results obtained from creep-recovery experiments with nonadecane. (a,b) Effect of the applied stress. (a) Rheological curves showing y(t) dependence for the
rotator phase of Cyo, studied at 25°C at different applied stresses during the creep stage: red triangles: 500 Pa; blue circles: 300 Pa; green squares: 200 Pa; purple
stars: 100 Pa. (b) The same experimental results as (a), presented as compliance vs. time. All curves fall on a master plot. (c) Effect of temperature for the observed
strain when a fixed stress of 100 Pa is applied. The different colors represent data obtained at different temperatures: 28°C in red, 27°C in purple, 25°C in green, and
21°C in blue. (d) Maximum strain reached in creep-recovery experiments performed at different temperatures at a fixed applied stress of z7c = 100 Pa.
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compliance function, J(t) = y(t)/7¢c, equal to the measured shear strain
divided by the applied shear stress, see Fig. 1b. We note that such master
curve is obtained only when the applied stresses do not cause irrevers-
ible deformation of the sample. When a critical value of the maximum
strain was exceeded, the experimental results from the creep-recovery
tests expressed as a compliance vs. time did not fall on a master curve,
see Supplementary Figure S4. The critical maximum strain was found to
depend slightly on the temperature, but in most cases, it was around
3-5%, see Supplementary Figure S5.

The rotator phases of the studied alkanes exist in a relatively wide
temperature ranges, e.g. between ca. 21 and 32°C for Cj9. Therefore,
next we studied the temperature effect for the rheological properties of
the rotator phases. Fig. 1c presents data obtained at different tempera-
tures at a fixed value of the applied stress, 7¢c = 100 Pa. At higher tem-
peratures, the sample is deformed more easily compared to lower
temperatures: at 28°C, ymax =~ 0.19%, while at 21°C the maximum strain
is around two times lower, ynqe =~ 0.09%. As seen from Fig. 1d, the
dependence ymqx(T) is almost linear. This trend is related to the me-
chanical strength dependence of the temperature. At higher tempera-
tures, the alkane molecules have higher thermal energy, they rotate
more freely and make the sample easier to deform. In contrast, at low
temperatures the energy of the system decreases, the number of struc-
tural defects also decreases, due to the lower concentration of non-
planar conformers [28], hence smaller deformations are observed
when an equivalent stress is applied. Similar results were obtained in the
creep-recovery experiments, performed with the longer Cyg alkane, see
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Supplementary Figure S3.

Next, we studied the visco-elasto-plastic behavior of the same rotator
phases by performing stress-relaxation experiments. In these tests, the
sample is quickly deformed to a given shear strain value, after which the
strain is held constant for a pre-defined period of time. The resulting
shear stress is measured during this period. A typical example for the
stress vs. time curve obtained in these experiments is presented in
Fig. 2a. The maximum stress in the samples is observed when the strain
approaches the pre-defined value. This happens in about 0.5-2 s after
the beginning of the experiment. Afterwards, the stress begins to
decrease. The steepest decrease proceeds in the initial seconds, with
more than half of the maximal stress released during the first 5 s. This
fast relaxation shows the visco-elastic response of the sample with the
shortest relaxation time. Due to additional relaxation processes with
longer relaxation times, afterwards the stress continues to decrease at a
slower rate. Even after 60 min, however, the stress does not diminish to
zero; instead, a relatively constant value is established, see Fig. 2b and
Supplementary Figure S6. This result shows that the rheological model
able to describe the observed behavior should contain an elastic element
(spring) which is not connected to a dashpot element. This spring will
account for the stress remaining in the sample upon stress-relaxation
experiment after infinitely long time has passed.

The residue stress generated in the sample increases its value when
the applied strain is increased for y < 5%. In contrast, the residue stress
observed in the experiments was found to decrease for y > 5%, see
Fig. 2¢ and Supplementary Figure S5. This effect is easily seen when the
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Fig. 2. Illustrative results obtained from stress-relaxation rheological tests with C;g alkane. (a) Shear stress vs. time. (b) Modulus vs. time. Different colors represent
the different shear strains tested, y: 0.1% red, 0.3% pink, 0.5% green, 2% dark blue, and 5% blue. All experiments are performed at 25°C temperature. (c) Residue
stress determined after 300 s relaxation time vs. applied shear strain. An increase is observed for y < 5%, whereas at higher shear strains it decreases due to irre-
versible changes proceeding in the samples. (d) Shear stress vs. time for experiments performed at shear strain = 0.5% at different temperatures: 21°C blue circles,

23°C orange rhombi, 25°C green squares, and 27°C purple triangles.
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data are presented as the ratio between the resulting stress divided by
the applied strain as a function of time. All data obtained for strains up to
ca. 5% lie on a master curve in this scale, see Fig. 2b, whereas the
modulus measured at higher strains have lower values, Supplementary
Figure S5. This result shows unambiguously that the high strains cause
changes in the overall structure of the sample, such as plastic de-
formations with domain restructuring, breakup of the structure, etc.
Note that this result is identical to the differences in the compliances
observed in the creep-recovery rheological tests, when stresses higher
than the critical one, are applied.

Similarly, to the creep-recovery results, the stress-relaxation tests
revealed a temperature dependence of both the maximum stress and the
residue stress after 300 s. For experiments performed at a given shear
strain, the maximum stress decreased as the temperature increased as
shown in Fig. 2d.

In conclusion, the relaxation rheological tests performed with al-
kanes, structured in a rotator phase, showed that these phases exhibit
elasto-visco-plastic behavior. The structure of the sample remained
intact when the strain in the sample remained around or below 5%,
whereas higher values resulted in plastic deformations, causing irre-
versible changes in the sample structure. Furthermore, the absence of
residue deformation in the creep-recovery tests and the presence of re-
sidual stress in the stress-relaxation rheological experiments demon-
strate that the rheological model which should be used to describe the
observed behavior should contain an individual spring element.

3.2. Main characteristics of obtained experimental data

The experimental data from creep-recovery experiments were
plotted as the logarithm of compliance, InJ vs. the logarithm of time, Int,
in Supplementary Figure S7 for the entire creep region. Two distinct
regions are observed in InJ vs. Int dependence: a primary creep region,
where the rate of compliance gradually decreases over time and a sec-
ondary region where a linear dependence between InJ vs Int is estab-
lished. This second region is known in the literature as secondary or
Andrade creep [29-34] and it has been observed in numerous materials
such as gels [35], colloidal glasses [36], microgel pastes [37], papers
[38], ice crystals [39], alloys [40], rocks [41] and other materials.

The experimental data for time scales between 1 and 20 s were
assumed to follow a power law dependence, i.e. J = A", where A and m
are unknown constants. From the best linear fit of InJ vs. Int the values of
the constant were determined (A from the intercept, and m from the
slope). The calculated slope values are m = 0.18 + 0.04 for C;9 samples
and 0.23 + 0.04 for Cyg samples, indicating that the plastic deformation
is more important for rotator phases formed from the longer chain
alkane. However, both of these values are lower compared to the
characteristic value for Andrade creep, which is equal to 1/3, which is
typically reported for samples subjected to stress levels approaching
their yield stress value. The lower values determined here suggest that
the applied stresses are significantly below the yield stress for the
studied samples. The m-values determined in our study are in good
agreement with values reported in the literature for shear hardening gels
at shear stress below the yield stress [35]. Numerical simulations have
recently predicted a continuous change for m from 0 to 0.6 [34] arising
from the interplay between the thermal activation and elastic stress
redistribution. Values of m close to 0 imply that the dislocation events
are rare and the changes in the material properties are minimal during
the creep period. Therefore, we conclude that the change in the material
properties of studied rotator phases is limited during the creep region.

Another characteristic which can be extracted from these results is
the activation energy, E,, of dislocation events. To estimate this acti-
vation energy, we employed the equation proposed in Ref. [34,41]:

ar AV
I_Bexp(—R—T>t"' M
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where B is a material constant, E, is a material-dependent but stress
independent activation energy, R is the universal gas constant and T is
the temperature. The dependences of In(Am) vs. In(1/T) for C9 and Cog
phases are shown in Fig. 3. From the slope of the curves, we determined
E, ~ 70 + 20 kJ/mol for C;9 and E, =~ 170 + 40 kJ/mol for Cyg. These
values represent the activation energies for self-diffusion [41].

Self-diffusion in closely packed alkanes is assumed to proceed by self-
diffusion of vacancy rather than interstitial migration [42,43]. It is
known that the activation energy for self-diffusion is in the order of heat
of sublimation [42,43]. The heat of sublimation of C;9 alkane is
140 kJ/mol and 240 kJ/mol for C28 alkane [44]. The experimentally
determined values for the self-diffusion activation energy are around
twice smaller as compared to the heat of sublimation. This discrepancy
most probably occurs because the activation energy for vacancy
self-diffusion in rotator phases is lower than in the well-ordered crys-
talline phases. Note that the sublimation energy for Cy alkane is
170 kJ/mol, whereas the activation energy for self-diffusion in rotator
phase is measured to be 83 kJ/mol [45] which is again twice smaller.
Therefore, we can conclude that the linear stage in creep experiments is
related to the self-diffusion of the vacancies which have the activation
energy around twice smaller as compared to their activation energy in
the well packed crystals.

The next stage was to examine the sample behavior during the re-
covery phase. Recovery compliance is defined as Jiec(t) = (y(tcr)-
y(t + tcr))/7c [46], where y(tcg) is the maximum strain reached during
the creep stage and y(t + tcg) is the strain measured during the recovery.
To facilitate comparison, the recovery time was redefined to start from
zero. The data from Fig. 1b is replotted in Supplementary Figure S8 on a
logarithmic scale for both parts (creep and recovery). The creep and
recovery data fall on the same master curves for experiments performed
between 100 and 500 Pa demonstrating that the transient deformations
are recovered upon removal of the stress. At longer time scale, InJiec
levels off as the strain fully recovers.

The data for InJyec vs. Int between 1 and 20 s after removing the stress
were used to determine the values of Are. and myec, which characterize
the expression Jyec = Arect™ <. The values for mye. were determined to be
slightly lower than those determined from the creep part: mye. = 0.15
+ 0.03 for Ci9 and 0.20 + 0.04 for Cog, while the activation energies
during the relaxation part were found to be consistent with those from
the creep phase. This confirms that the processes driving strain increase
during the creep are reversible upon stress removal and possess similar
activation energies.

The stress-relaxation experiments demonstrate that the tested ma-
terials behave as viscoelastic solids, as seen by the presence of residual
stress under constant strain deformation. When the experimental data
from Fig. 2a are replotted on a logarithmic scale in Supplementary
Figure S5c, it becomes evident that the residual stress is a linear function
of the applied strain up to ca. 5% strains. Based on the slope of the curve,
the residual modulus is determined to be 43 + 5 kPa for strains up to
5%. This value implies the presence of a spring that is not attached to a
dashpot, preventing the complete relaxation during the stress-relaxation
experiments and ensuring recovery during the creep-recovery rheolog-
ical tests. Finally, the observed decrease in the residual stress values as
deformation increases toward 10% (see Supplementary Figure S5b,c)
indicates that the material begins to yield at these higher strain levels
which leads to a significant decrease in both the residual stress and re-
sidual modulus. This observation suggests that the elastic nature of the
rotator phases begins to transform once the strain exceeds ca. 5%, a
phenomenon likely related to an irreversible sliding of rotator phase
domains under higher deformations.

Next, we describe how a model containing the smallest number of
parameters was chosen and applied to describe the observed rheological
behavior in the linear viscoelastic regime (y < 5%).
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Fig. 3. Ln (Am) vs. 1000/T for: (a) Cyg, and (b) Cog samples.

3.3. Selection of an appropriate rheological model for data description

The rheological properties of the viscoelastic materials are usually
described by compositional rheological models composed of elastic
(springs) and viscous (dashpots) elements connected in various ways.
The simplest mathematical models used to describe the viscoelastic
properties of materials are the Maxwell and Kelvin-Voigt models
[47-49]. These models describe the behavior of materials showing one
characteristic relaxation time only. For the rotator phases, however, a
model having at least two characteristic times is needed to describe the
initial quick and the later much slower relaxations, observed in the
stress-relaxation and creep-recovery rheological experiments, see Figs. 1
and 2. Therefore, the applicability of a generalized viscoelastic model,
connecting several Kelvin-Voigt or Maxwell elements, was investigated
for description of the experimental results.

Note that every generalized Kelvin-Voigt (GKV) model has an
equivalent generalized Maxwell (GM) model - these two models are
linked by the Prony series adjusting the creep and relaxation functions
[50]. To interpret the experimental results from creep-recovery and
stress-relaxation tests, we employed the Generalized Maxwell (GM) and
Generalized Kelvin-Voigt (GKV) models. Although these two models are
mathematically equivalent, we selected specific model for given exper-
imental data sets to simplify the analytical description. We analyzed the
stress-relaxation data using analytical expressions derived from the GM
model, which is also commonly referred to as the Maxwell-Wiechert
model [47,50]. Once the elasticities of the springs and the viscosity of
the dashpots were determined for the GM model, these parameters were
converted into their GKV equivalents to ensure a consistent represen-
tation of the stress-relaxation behavior. On the other hand, we analyzed
the creep-recovery data by first determining the GKV parameters
through its corresponding analytical expressions and then calculating
the equivalent GM parameters. This approach allowed us to obtain a
complete set of parameters for both models for both stress-relaxation
and creep recovery experiments, ensuring that the viscoelastic charac-
teristics of the studied rotator phases were fully captured regardless of
the specific test performed.

Finally, on the basis of physicochemical arguments, we discuss which
of the two (mathematically equivalent) models, GKV or GM, is more
relevant for description of the specific system under investigation and
provide plausible molecular interpretation of the underlying relaxation
processes.

3.3.1. Stress-relaxation data description under the assumption that y
= const
The simplest GM model which could potentially be used to describe
our data consists of a single elastic element, connected in parallel to a
single Maxwell element, a set of one dashpot and one spring, connected
in a series, see GM1 part of the inset in Fig. 4a. The elastic moduli and
viscosity characterizing each element in the model are denoted as E,, E1
and 7. This model is also known as the Zener model and is described by
the following differential equation, connecting the stress, z(t), and
strain, y(t), functions and their time derivatives [50]:
N s AL )
By solving this equation for the stress-relaxation experiments, a
relation between the relaxation modulus, shear stress divided by the
constant shear strain, Y = t/y., the model constants, and time can be
obtained for the GM1 model [50]:

t _t
Y=Y |1-pi[1-en =E,+Eehn 3)
E
b = m: ()]

where Y is the sum of the springs constants, Yy = E, + Ej, tis the time,
and 1; =n1/E; is the characteristic relaxation time for the Maxwell
element in the GM1 model. Note that this solution is obtained under the
assumption that the applied shear strain is constant during the entire
experiment, y = yc and dy/dt = 0. Although this assumption is generally
correct throughout the main part of the stress-relaxation experiment, it
does not account for the real strain dependence in the first initial seconds
when the strain increases from 0 up to the pre-defined constant value.
An example for the actual strain dependence on time is shown in Fig. 4b.
As seen from this graph, it takes about 3 s to obtain 99.5% of the final y¢
value, whereas the final constant strain is obtained in about 6 s after the
beginning of the experiment. This complication will be further discussed
below.

The fit of the experimental data obtained after the initial few seconds
of the experiments with Eq. 3 is shown with orange line in Fig. 4a. As
seen from this comparison, GM1 model is unable to describe the
experimental results, demonstrating that a more complex model is
needed. Therefore, next we introduced a second Maxwell element to the
model, see GM2 schematics in the inset of Fig. 4. For this model, a
second exponential term is added to Eq. 3 [50]. This modification
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Fig. 4. (a) Fitting of the relaxation modulus measured in a stress-relaxation experiment with generalized Maxwell models of different orders: orange - GM1; green —
GM2; red - GM3. Inset: schematic representation of the models. (b) Strain vs. time dependence. The experimental data shown are obtained with C;¢ alkane at 27°C.
The set strain value is 0.5% and the actual strain value obtained is ~ 0.506%. The dashed white line shows the y(t) fit, see Eq. 15 and related discussion in Section
3.3.2 below. (c,d) Stress vs. time dependence for nonadecane obtained in stress-relaxation experiments performed with y = 0.5% at different temperatures: 21°C blue,
25°C green, 28°C red. The symbols show the experimental data; dashed lines — GM3 fit assuming that applied strain is constant throughout the whole experiment;
solid lines — GM3 fit using the actual y(t) dependence found in the experiment. Inset in (d): zoom-in of the 0.01-0.4 s, showing the slight discrepancy between the

obtained fits and the actual stress.

improved slightly the data fit, as seen by the green line in Fig. 4. How-
ever, the GM2 model was also unable to accurately describe both the
rapid initial relaxation and the subsequent very slow relaxation at longer
times. Moreover, the relaxation modulus predicted by the GM2 model at
infinite time exceeded the experimentally observed value, indicating
that two relaxation times are insufficient to fully describe the rheolog-
ical behavior of the rotator phases.

Next, a third Maxwell element was added to the model, see GM3 in
Fig. 4a. The differential equation describing the relation between the
shear stress, t, and shear strain, y, for this model is [50]:

Bdi Cd*t Zdt a bdy cd zd

Haatawtaw A TAad T aw A )

Adt "Ade? " Ade

where the values of the A, B, C, Z, a, b, ¢, and z constants are related to
the spring and dashpot constants, E; and #; [50]:

A= ElEzEg; a—= E«,A
_ M M2 N3, _
B=EEE; |+ +|; b=E.B+A(n +n,+n)
E, E, E;

MMy | M3 | Na2ll3 Mtz | MmNz | NaMl3
C=EEE;| +2+22 4+ 23 c=E.C+A(E2+L22 420
. 3(E1E2+E1E3+E2E3>7 ¢ * (Ez * E3 * Es)

Z =mnyN3; %= (Ew +E1 +E2 +E3)Z
(6-9)

According to this model, under the assumption for a constant shear
strain, the relaxation modulus is defined as [50]:

3 t
Y=Yo|1-) p|1-e% (¢1V)]
i=1

where Y, represents the sum of the elastic constants:
Yo=E,+E +E;+E;3 1n

The constants p; are defined as:

pbi = Yo (12)

and 4; = ni/E;, i = 1, 2 or 3 are the characteristic times for the individual
Maxwell elements in the GM3 model.

Using the GM3 model, we were able to describe sufficiently well the
main trends in the experimentally obtained relaxation curve, see the red
line in Fig. 4a. To evaluate the applicability of the GM2 and GM3 models
in fitting the experimental data, we calculated the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC) values [51].
The AIC and BIC values determined for the GM2 model were consistently
higher by a magnitude of 1000 compared to those for the GM3 model,
indicating an approximately 100% probability that GM3 is the superior
model. Furthermore, we analyzed the p-values of the estimated
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parameters. When using the GKV3 and GM3 models, p-values were
typically within the range of 107>, suggesting that all included pa-
rameters are statistically significant and essential for describing the
experimental data. Only at high stress levels and elevated temperatures
did the p-values for the third element increase to approximately 102 for
certain samples. We also attempted to fit the data using GKV4 and GM4
models. However, the p-values for the newly added parameters excee-
ded 0.1, indicating that these additional variables could not be deter-
mined with a sufficient accuracy or reliability. Consequently, this
statistical analysis confirms that the GKV3 and GM3 models represent
the most appropriate choice for interpreting our experimental results.

Similar analyses using GM3 model were performed for the stress-
relaxation data obtained in more than 120 independently performed
experiments with nonadecane and octacosane samples at different
temperatures, falling within the temperature range of rotator phase
existence. Data from experiments, for which the modulus fall on a
master curve under the studied temperature, were used only. From the
performed analyses, we were able to calculate the elastic and viscous
constants of the springs and dashpot elements, E; and #;, and the three
characteristic relaxation times. These parameters were further used to
calculate the storage, G, and loss, G", moduli for the rotator phases using
the following relations [50]:

3 P
1-— Y
; (1 + /1i2a)2>]

3
@
G = L S
; 1+ 2 w?

G =Y,

(13-14)

where  is the angular velocity.

Fig. 4¢,d and Supplementary Figure S9a show illustrative compari-
son between the experimental results and their theoretical fit using GM3
model (see the dashed lines). These fits were obtained using the exper-
imental data collected after the first few initial seconds, once the desired
strain value had become established. As seen from Fig. 4c and Supple-
mentary Figure S9a, the data description after the first few seconds is
excellent. However, a closer look into the first few seconds of the
experiment reveal a noticeable deviation between the system response
predicted by the current model and that observed experimentally, see
Fig. 4d.

This discrepancy arises due to the inaccurate assumption, used to
derive the equations used for this theoretical description. As already
explained, Eq. 10 describes the moduli under the assumption that the
applied shear strain is constant during the entire experiment. Although
this assumption is valid about 3-6 s after the beginning of the experi-
ment, see Fig. 4b and Supplementary Figure S9b, it is inaccurate during
these initial seconds. This inconsistency makes the extrapolated data
description also inaccurate during these first several seconds, which
results in artificially lower value of the elastic constant E; and in higher
values of the characteristic time ;. To correct this deviation, next we
developed a model accounting for the experimentally measured time
dependence of the strain applied to the sample.

3.3.2. Stress-relaxation data description using the experimentally measured
y(t) dependence

Instead of being constant during the entire stress-relaxation experi-
ment, the strain function needs several seconds to increase and then to
establish the constant value, set in the experimental protocol, see
Fig. 4b. Note that y(t) function shows a small overshooting above the
experimentally set value, after which it returns to the desired value. Our
analysis of the rheological data showed that such behavior is observed in
practically all stress-relaxation experiments. Therefore, to correctly es-
timate the characteristic constants related to the first Maxwell element
present in the GM3 model (which will react the fastest), we need to
describe correctly the complete strain-time dependence.

With this aim, we first described y(t) dependence for a given
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experiment, using the following analytical function:

]/(t) = k] (1 — e'kz[) — (k3t+k4)e'k5‘ (15)

where k; are numerical constants. Examples showing the obtained y(t)
fits are shown with curves in Fig. 4b and Supplementary Figure S9b.
Afterwards, a Laplace transform from the time domain to the Laplace
domain was performed for y(t) and Y(t) functions, and the differential
equation relating the strain and stress functions was solved numerically
using two unknown variables, E; and ;. The other constants from the
GM3 model were held constant with the initial estimate made by the
experimental data description in the time domain (namely, the fit shown
in Fig. 4a,c). Once E; and A; constants were calculated, an inverse
Laplace transform was applied to y(s) and Y(s) functions to return them
to the real-time domain. Afterwards, a second fitting procedure was
applied to the experimental data, obtained after the constant strain
value had been already established in the system. For this fit, the initial
simpler version of the Y(t) function was used, see Eq. 10.

A comparison between the data fit obtained under the assumption for
y(t) = const (dashed lines) and the one obtained with the actual y(t)
dependence (solid lines) is presented in Fig. 4d. As seen from these fits,
the deviation in the description of the experimental results with the
constant strain value, seen in the initial few seconds, has been (almost)
resolved when the real y(t) function is used, providing us with an ac-
curate description of the entire Y(t) dependence, as well as with correct
E; and #; values, and G' and G" moduli. A small deviation during the
initial ca. 0.1 s still remains, see the inset in Fig. 4d. However, it prob-
ably arises from the imprecision of the rheometer response at very short
times, as the chosen model is able to describe the creep-recovery data
very well.

Detailed analysis of the obtained parameters, their temperature and
alkane chain length dependences are presented in Section 3.5. Before
that, we explain how the creep-recovery results were analyzed with the
GM3 and GKV3 models to compare the parameters obtained from the
data fitting by the two types of rheological tests, described in Section 3.1
(Figs. 1 and 2).

3.3.3. Creep-recovery data description with GM3 and GKV3 models

Considering that the simpler GM1 and GM2 models were unable to
describe sufficiently well the experimental results from the stress-
relaxation tests, and that the chosen rheological model should be able
to describe both the creep-recovery and stress-relaxation results, we will
not present the analysis of the GM1 and GM2 models of the creep-
recovery tests. Instead we explain directly the applicability of the
GM3 model.

As already explained, the generalized Maxwell and Kelvin-Voigt
models comprising the same number of elements (springs and dash-
pots) are equivalent [50]. As the data description for the creep-recovery
experiments is more straightforward using the GKV model, we first used
this model to describe the obtained experimental results.

A schematic picture of the GKV3 model is shown as inset in Fig. 5.
Note that although the elements included in the GM3 and GKV3 models
are identical, the different way in which they are connected to one
another makes their elastic and viscous constants different. To easily
distinguish the rheological parameters in the GM3 and GKV3 models, we
use the Ej, j and 4; notation for the GM3 parameters, whereas to describe
the GKV3 model we denoted the springs constants with G;, the dashpot
constants with y;, and the characteristic relaxation times with t; = y;/G;j,
wherei=0-3 andj=1, 2 or 3.

The differential equation describing the stress-strain relation for the
GKV3 model is [50]:

Bl dr

A dt

Note that Eq. 16 is identical to Eq. 5 describing the GM3 model. The
constants multiplying the stress and strain derivatives, however, have

C1 dz‘[

A, dt?

Z1 d3T _ a;

A de AT TA dt A, de

b1 d}/

Z1 d3]/
+ A, a8 (16)

C1 dzj/
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Fig. 5. Illustrative graphs showing the experimental data fitting with GKV3
model. Experimental data are shown with empty symbols, whereas the fits are
plotted with dashed lines. Results from creep-recovery experiments performed
with C;9 alkane at t. = 100 Pa are shown. Inset: Schematic representation of
the Generalized Kelvin-Voigt model with 3 consecutively connected Kelvin-
Voigt elements, GKV3.

different values, thus the “1” subscripts were introduced in the constants
in Eq. 16. Their values are [50]:

a; = GoG1G2Gs;
1 1 1 1

A = — =t —+—;

1 al(Go+G1+G2+G3)7
b =a(ti + &+ t3);

b 1 1 1 1 1 1 (17-20)
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The creep compliance in the GKV3 model can be expressed as [52]:

_ _t 1 _t
= 1-et —|1-et 21
G0+G1 G, ¢ JrG3 e @D

and the recoverable compliance is [53]:

o\ _tte ] o) tte ] o\ _tte ]
J(t)=1-et |e flG—lJr l-e®]e sz—er l-et]e tsG—s
(22)

where t. denotes the creep period set in the experiment.

Using Eqgs. 21 and 22, the creep-recovery data were analyzed and G;,
u; and t; constants were calculated. An example for the fit obtained using
these equations is presented in Fig. 5. The calculation of the storage and
loss moduli for the GKV3 model, however, is not straightforward as in
the case of GM3 model. Therefore, to compare the parameters of creep-
recovery and stress-relaxation tests, we developed a procedure allowing
us to calculate the E;, #; and /; constants using the G;, y;j and t; values and
vice versa. The calculation of the GKV3 model constants (G;, pj, tj) from
the experimental results described with the GM3 model (i.e. stress-
relaxation experiments) is described in details in Supplementary Infor-
mation Section A.

For the calculation of the GM3 constants (E;, #;, 4;) from the GKV3
constants we used the same procedure but in a reverse order. The E;, #;
and 4; constants determined from the GM3 model fits of the experi-
mental data were used along with equations 13-14, to determine the
storage and loss moduli for the system. The obtained values are
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presented and discussed in the next sections.
3.4. Storage and loss moduli for rotator phases of alkanes

The storage and loss moduli for a given visco-elastic material indi-
cate its ability to store energy elastically and to dissipate energy,
respectively. They present a combined characteristic of the different
elastic and viscous contributions which may be described using a more
detailed rheological model. To further demonstrate the applicability of
the used GM3 and GKV3 models, we compare the storage and loss
moduli calculated using the third-order models description of the stress-
relaxation and creep-recovery data for the rotator phases of alkanes,
with the values measured in independent oscillatory rheological tests,
see Fig. 6.

An excellent agreement between the storage and loss moduli calcu-
lated from the creep-recovery (CR) and stress-relaxation (SR) results
analysis with the third-order generalized Kelvin-Voigt and Maxwell
models is observed with the G' and G" moduli measured directly in
oscillatory type of experiments, Fig. 6. Furthermore, as previously
shown in Ref. [27], the storage modulus is higher than the loss modulus
for the rotator phases of both alkanes and the values of these moduli
increase with the temperature decrease.

The importance of the precise data description and the usage of
complete y(t) dependence in the analysis of the stress-relaxation tests is
demonstrated in Fig. 6. The orange crossed triangles show the moduli
calculated from the stress-relaxation data description, under the
assumption that the applied strain is constant throughout the whole
experiment (i.e. disregarding the data from the initial few seconds in
which the constant strain has not been established yet). In contrast, the
red triangles show the corrected moduli determined using the complete
y(t) dependence. While the red triangles coincide well with the data from
the other types of experiments, a significant discrepancy is observed for
the data obtained under the constant strain assumption. The observed
deviation is especially significant for the values of the loss moduli which
become about 3-10 times higher when the complete y(t) dependence is
accounted for.

This comparison confirms that the third-order models are applicable
for description of the visco-elastic behavior of rotator phases of alkanes.
Therefore, next we analyze the parameters values calculated from the
description of the SR and CR results with the GM3 and GKV3 models.

3.5. GM3 vs. GKV3 model — relevance to the presently investigated
system. Comparison of the viscous and elastic parameters

Each of the third-order generalized Kelvin-Voigt (GKV3) and
Maxwell (GM3) rheological models contains seven elements — three
spring-dashpot pairs, and an additional spring. Although the constituent
elements are identical and the models have been proven to be mathe-
matically equivalent [50], the models are derived from fundamentally
different physical assumptions. GM3 would describe correctly the shear
with the same local deformation everywhere, whereas GKV3 would
describe correctly a shear with the same local stress everywhere. In re-
ality, in a complex domain structure with softer interdomain regions
both the deformation and the stress could vary locally. Therefore, the
constants obtained from experimental data description with both
models are described in the paper. However, we argue that due to the
softer regions of disordered molecules and disordered terminal molec-
ular fragments, one could not expect the local deformation to be the
same everywhere in the rotator phase samples studied here. Thus, we
give some preference to GKV3 model, while admitting that the stress and
strain distributions in the real sample could be more complex. As seen
from the comparison of the model parameters, determined from both
GM3 and GKV3 models, the numerical values of the parameters for the
respective elements are close to one another — an indication that these
values are robust and can be used to discuss the possible molecular
relaxation mechanisms.
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Fig. 6. Storage (a,c) and loss (b,d) moduli for rotator phases of C;9 (a,b) and Cyg (c,d) alkanes. Different symbols denote the data obtained in different experiments:
purple squares: temperature ramps, 2 °C/min (C;o), and 1 °C/min (Cgg), 1 Hz oscillation frequency; green circles: amplitude sweep experiments performed at the
given temperature, data for: 1 Hz frequency, 0.02% amplitude; blue diamonds: data calculated from the creep-recovery experiments using GKV3 and GM3 models;
triangles: data calculated from the stress-relaxation experiments using GM3 model under the assumption that the applied strain is constant during the entire
experiment (orange crossed symbols) or using the real y(t) dependence, as observed experimentally (red symbols).

In GKV model, the micro-heterogeneous structure is allowed to un-
dergo different deformations in the various micro- and nano-regions, as
would be expected for such material. The assumption for uniform
deformation everywhere, characterizing the GM model, would be more
appropriate for homogeneous systems which is not our case. Accord-
ingly, we present and discuss below the averaged parameters obtained
from both creep-recovery and stress-relaxation experiments using the
GKV3 model. For completeness, the parameters derived from the GM3
models are presented in Supplementary Figure S10. We note that all
major trends identified from the GKV3 model are also observed in the
GM3 analysis, although the absolute values of the elastic and viscous
constants are slightly lower when the GM3 model is applied.

Fig. 7 presents the temperature dependence of the constants derived
from the GKV3 model, averaged over both creep-recovery and stress-
relaxation experiments. The averaged elastic and viscous constants for
nonadecane (Fig. 7a and c) exhibit a pronounced temperature depen-
dence, with their values increasing as the temperature decreased. The
averaged rates of change determined between 21 and 28°C were: dG;/
dT ~ -0.049 + 0.007 MPa.°C™! and dpy/dT ~ -0.050 + 0.009 MPa.s.°
CL. In contrast, the larger fitting uncertainties obtained for octacosane
prevented reliable determination of analogous slopes. Instead, its elastic
moduli and viscous constants were found to be almost temperature-
independent within the investigated range between 56 and 60°C, see
Fig. 7b,d. This behavior is probably caused by the significantly higher
fraction of non-planar (gauche) conformers in octacosane, compared to
the shorter nonadecane, combined with the narrower temperature in-
terval over which its rotator phase exists.

Furthermore, analysis of the elastic constants in GKV3 model showed

10

that Gy 2 G =~ G >> Gg3, see Table 1 and Fig. 7a,b. For nonadecane, G,
was approximately 30 + 9% higher than G; and G, which exhibited
similar values at a given temperature, e.g. G, Go =~ 0.19 + 0.05 MPa at
28°C and 0.29 + 0.08 MPa at 23°C. In the case of octacosane, this dif-
ference was less pronounced, and Gy, G; and G constants were nearly
identical within the experimental uncertainty with Gy, G1, G2 ~ 0.10
+ 0.02 MPa in the 56-60°C temperature range. In contrast, the elastic
constant associated with the fourth spring in the GKV3 model was
significantly smaller: for nonadecane, Gs = 0.07 MPa at 28°C,
increasing to = 0.08 MPa at 23°C, whereas for octacosane Gg3
~ 0.013 MPa. These results show that the processes associated with the
first two characteristic times, t; and t, have comparable elastic contri-
butions, whereas the third process, which is the slowest one, has sub-
stantially smaller elastic contribution.

The three viscous constants, which characterize the resistance of the
dashpot elements in the model, exhibited clearly distinct values. For
nonadecane, p; = 0.07-0.21 MPa.s, us =~ 1.48-3.37 MPa.s and us
~ 8.6-22.4 MPa.s in GKV3 model depending on the temperature. For
octacosane, these values decreased to: ji; ~ 0.04 &+ 0.01 MPa.s, yz ~ 0.8
+ 0.2 MPa.s and u3 ~ 2.4 £+ 0.6 MPa.s, but the hierarchy pu; < po < u3
was preserved.

Next, we discuss the relaxation times, defined as the ratios of the
viscous to elastic constants, determined from the GKV3 model, and their
possible relation to the molecular processes within the system.
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Fig. 7. Temperature dependence of the averaged parameters derived from GKV3 model in creep-recovery and stress-relaxation experiments. (a,c,e) Cio alkane; (b,d,
f) Cag alkane. (a,b) Elastic constants; (c,d) Viscous constants; (e,f) Characteristic times. The color code is denoted on the graphs, see also the inset in (a). The dashed

lines present linear fits to the data.

3.6. Relaxation processes in alkane crystals — a possible molecular
interpretation

Our experimental data and their analysis revealed three distinct
relaxation times in the rotator phases of linear alkanes. Their values
differ by orders of magnitude, t; ~ 0.45 s and t; ~ 8-9 s for nonadecane
and octacosane (very similar for both alkanes), while t3 = 137 + 36 s for
nonadecane and 206 + 11 s for octacosane indicating longer t3 for the
longer alkane, see Fig. 7e,f and Table 1. These characteristic times do
not vary significantly within the temperature range of rotator phase
existence. Note that the elastic and viscous constants decrease

11

noticeably when the temperature increase for Ci9 (while for Copg the
observed temperature effect is negligible), however, because the
decrease is similar, their ratios — the relaxation times became tempera-
ture independent in the frame of the experimental accuracy.

Therefore, in the following molecular interpretation of our data, we
have to take into account and explain the most important experimental
trends: (1) Go 2 G1 ~ G2 >> Gs; (2) t3 >> t5 >> t1; (3) t; and t; show no
significant dependence on the alkane chain length, whereas t3 increases
with the alkane chain length.

The distinct values of the three relaxation times, t; to t3, demonstrate
that each of them corresponds to a different type of molecular
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Table 1

Averaged values of the elastic and viscous constants, and their ratios — the
characteristic times, determined from the analysis of stress-relaxation and creep-
recovery data using the GKV3 model. The reported errors represent the standard
deviations of the averaged values obtained from different experiments con-
ducted under equivalent conditions, or, in the case of the characteristic times —
for all temperatures examined for a given alkane.

Alkane Nonadecane, Ci9 Octacosane, Cog
Temperature 23°C 28°C 56°C 60°C
Elastic constants GKV3 Go 0.38 0.25 0.10 0.10
model, MPa + 0.04 +0.03 +0.03 +0.01
Gy 0.29 0.18 0.08 0.11
+ 0.06 +0.09 +0.02 +0.02
Go 0.29 0.19 0.08 0.09
+ 0.08 + 0.05 + 0.02 +0.02
G; 0.08 0.07 0.01 0.015
+ 0.02 + 0.05 + 0.002 + 0.006
Viscous constants 1 0.11 0.08 0.02 0.05
GKV3 model, MPa.s +0.03 + 0.04 +0.01 +0.01
Ha 2.23 1.48 0.56 0.92
+ 0.85 +1.03 +0.31 + 0.10
K3 10.87 8.62 1.84 3.10
+4.32 + 4.50 + 0.94 +1.35
Characteristic time t1 0.43 + 0.05 0.47 + 0.06
) 8.0 £0.8 9.4 +0.5
t3 137 + 36 206 £11

rearrangement in the deformed samples. On the other hand, the values
of G; (i=1,2,3) indicate three structurally different regions in the
sheared samples. The highest elasticity Gy should originate from the
most ordered structural regions, viz. from the interior of the ordered
lipid domains, see Fig. 8. The intermediate elasticities G; ~ G should
correspond to less ordered regions, while the much smaller value of G3
could correspond to disordered regions. Based on the results from mo-
lecular dynamics simulations, performed previously, see Ref. [54], we
propose that the region with intermediate elasticity, G; ~ Go, is the
boundary region at the surface of the ordered domains, in which many
disordered gauche conformers in the terminal methyl and methylene
groups are located. The softest material characterized by Gs; most
probably corresponds to the layers of disordered alkane molecules,
trapped upon freezing in between the neighboring ordered domains, see
Fig. 8.

Based on the above assumptions, we can propose molecular expla-
nations of the various constants and the underlying processes. The
highest elastic constant, Gy, corresponds to purely elastic deformation of
the ordered domains, e.g., a small change in the tilt of the ordered
molecules in the planar structure of the sheared domains. These mole-
cules could not relax in the time scale of our experiments under

ordered
layers
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constantly applied deformation (as in the stress-relaxation experiments).
For this reason, the elastic constant Gy has no viscous and relaxation
counterparts. Note that no crystalline phase is present in the studied
samples, as all samples are in the rotator phase. The value of Gy corre-
sponds to molecules incorporated within the domains, where the num-
ber of defects is minimal or absent, whereas the other three values
represent molecules located in regions with defects.

The relaxation processes characterized with t; and t are related to
the regions characterized with G; =~ G,. Therefore, these processes
should occur in the same structural regions, viz. in the boundary layers
of the domains, but should involve different molecular dynamics which
does not depend on the alkane chain-length. Based on these data, we
propose that the shortest time t; should correspond to local rearrange-
ments of the gauche conformers of the terminal methyl and methylene
groups located in the boundary regions, thus relaxing rapidly the stress
around these conformers. Note that (1) these local rearrangements do
not depend on the alkane chain length, in agreement with the experi-
mental observations, and (2) we measure the macro-response of the
stressed material, which means that we detect the collective response of
the rearrangement of multiple conformers in the boundary layers — that
is why these collective effects take much longer time (a fraction of
seconds) than the individual conformational changes of single
molecules.

The relaxation time t; is significantly longer and should include some
additional, slower rearrangement process in the same boundary regions.
We propose that this process is rearrangement of the disordered mole-
cules which are not included in the ordered domains, while being
strongly entangled with the gauche conformers in the boundary layers of
the ordered domains. These disordered molecules can relax part of the
applied stress by rearranging some of their fragments perpendicularly to
the domain walls — thus explaining why ¢, also does not depend signif-
icantly on the alkane chain length.

Finally, t3 is much longer and exhibits a measurable dependence on
the alkane chain length. Therefore, we propose that it reflects molecular
displacements (translation and/or rotation) of the disordered molecules,
located in the regions between the ordered domains. Such a displace-
ment would take much longer time and will be slower for the larger
molecules, because it involves translation and/or rotation of the entire
molecule. This process could result also in relatively small in amplitude,
reversible sliding of the neighboring domains with respect to each other
(the disordered alkane molecules acting as a “lubricant” between the
domains).

Note that the experimental data interpreted with the GKV and GM
models correspond to small reversible deformations. Therefore, we do
not consider larger in amplitude sliding of the neighboring domains

boundary

layer \.

interlocked
j molecules

'}p:{/-(‘;:
c;1 ||G2|G3£:$:

T2 ||I||
|I||IIIIII||||
LT

disordered molecules
trapped upon freezing

Fig. 8. Schematic representation of the molecular ordering in frozen alkane systems. Alkane molecules located within individual rotator phase domains (shown in
blue) are arranged in well-ordered layers. Molecules at the surfaces of these ordered domains (shown in green) contain a high number of disordered gauche con-
formers. The layer of entangled, interlocked molecules is shown in purple, while alkane molecules trapped between the individual ordered domains and remaining
disordered are shown in red. The elastic constants associated with the different regions are also indicated in the schematic.
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which would change the relative positions of the neighboring domains,
thus creating irreversible deformations like those observed at strains y
> 3-5%. Note that such interdomain sliding is observed in many poly-
crystalline materials, including nanocrystalline materials [55], alloys
[56], ceramics [57] and even geological systems [58].

The above molecular interpretation is rather plausible, but it still
remains speculative. Further dedicated experiments or molecular
modelling of sheared alkane materials would be required to verify or to
refine the molecular explanations proposed above.

4. Conclusions

The present study investigates the visco-elasto-plastic properties of
the rotator phases of alkanes. A large series of creep-recovery and stress-
relaxation rheological experiments are performed and the obtained re-
sults are analyzed using generalized rheological models. The absence of
residue strain in the creep-recovery tests when the maximal deformation
remained below ca. 5% and the establishment of a constant stress values
at infinitely long time in the stress-relaxation tests performed in the
linear visco-elastic region, show that one purely elastic element must be
included in the model. Third-order models, i.e. containing three addi-
tional viscous and three additional elastic elements, were found to
describe adequately all obtained experimental results in the linear
regime.

Analysis of the experimental data, using the third-order generalized
Maxwell (GM3) and Kelvin-Voigt (GKV3) models revealed the respective
elastic and viscous contributions to the overall rheological response. We
showed that obtaining accurate values for the first elastic constant
associated with the first spring-dashpot element requires accounting for
the complete strain vs. time profile in the stress-relaxation experiments.
When the simpler assumption of a constant applied strain throughout
the entire experiment was used to describe the data obtained after the
initial few seconds, this elastic constant was systematically
underestimated.

Based on the analysis of the sample structure, we concluded that the
generalized Kelvin-Voigt model (GKV3) is adequate to describe the
domain-structured bulk lipids. Therefore, we summarize in the conclu-
sion only the results obtained with this model. The elastic constants had
comparable values, e.g., Gj =~ 0.07 — 0.25 MPa for the rotator phase of
nonadecane at 28°C using the GKV3 model, see Table 1. In contrast, the
viscous constants varied within several orders of magnitude, between
0.08 and 8.62 MPa.s, reflecting also the wide span of the respective
relaxation times — between ca. 0.5 and 200 s. Both the elastic and
viscous constants were found to increase their values upon cooling
within the temperature range of the rotator phase existence for non-
adecane (Cp9) in the temperature range between 21°C and 28°C. No
significant dependence of the temperature was observed for octacosane
(Cag) in the range of 56°C to 60°C. The relaxation times in both systems
were practically independent of temperature in the frame of the exper-
imental accuracy.

A plausible molecular interpretation of the observed relaxation
processes is proposed. The values of the three characteristic relaxation
times were determined to be: t; ~0.45s, to ~8-9s, and t3 ~ 140 —
200 s. We propose that the shortest time t; correspond to local rear-
rangements of the gauche conformers of the terminal methyl and
methylene groups located in the boundary, less ordered regions of the
alkane molecules included in the ordered domains. The relaxation time
t is proposed to reflect the rearrangement of the disordered molecules
which are not included in the ordered domains, while being strongly
entangled with the gauche conformers in the boundary layers of the
ordered domains. Finally, t3 is proposed to reflect molecular displace-
ments (translation and/or rotation) of the disordered molecules, located
in the regions between the ordered domains. The latter process could
include also a relatively small in amplitude, reversible sliding of the
neighboring domains with respect to each other (the disordered alkane
molecules acting as a “lubricant” between the domains).
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The present study serves as an example for the rheological investi-
gation of the properties of crystalline and plastic materials composed of
low-molecular weight solid phases, for which information in the liter-
ature is currently scarce. The approach demonstrated here can be
applied to other polycrystalline materials to interpret their macroscopic
rheological response and to extract characteristic relaxation times
associated with their underlying structural and molecular dynamics.
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