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ABSTRACT

Adding carbon nanoparticles into organic phase change materials (PCMs) such as paraffin is a common way to enhance their thermal
conductivity and to improve the efficiency of heat storage devices. However, the sedimentation stability of such blends can be low due to
aggregation of aromatic carbon nanoparticles in the aliphatic paraffin environment. In this paper, we explore whether this important issue
can be resolved by the introduction of a polymer agent such as poly(3-hexylthiophene) (P3HT) into the paraffin-nanoparticle blends: P3HT
could ensure the compatibility of aromatic carbon nanoparticles with aliphatic paraffin chains. We employed a combination of experimen-
tal and computational approaches to determine the impact of P3HT addition on the properties of organic PCMs composed of paraffin and
carbon nanoparticles (asphaltenes). Our findings clearly show an increase in the sedimentation stability of paraffin-asphaltene blends, when
P3HT is added, through a decrease in average size of asphaltene aggregates as well as in an increase of the blends’ viscosity. We also witness
the appearance of the yield strength and gel-like behavior of the mixtures. At the same time, the presence of P3HT in the blends has almost
no effect on their thermophysical properties. This implies that all properties of the blends, which are critical for heat storage applications, are
well preserved. Thus, we demonstrated that adding polyalkylthiophenes to paraffin-asphaltene mixtures led to significant improvement in
the performance characteristics of these systems. Therefore, the polymer additives can serve as promising compatibilizers for organic PCMs
composed of paraffins and asphaltenes and other types of carbon nanoparticles.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0122116

. INTRODUCTION (PCMs), whose operation principle is based on the accumulation

and release of heat in the process of phase transition such as melting

Nowadays, one of the most important issues in the field of envi-
ronmental protection is the economical use of energy resources, part
of which is the reduction of heat losses in production and in resi-
dential premises. One of the strategic directions to save heat is the
use of special devices—heat accumulators, allowing thermal energy
storing and consuming as needed. One of the most promising types
of heat accumulators are devices based on phase change materials

and crystallization.'” Currently, the various classes of compounds
characterized by sufficiently high heat transition, chemical stability
and inertness, and relatively low cost can be used as phase change
materials.”

Paraffins are considered as a promising basis for the production
of organic phase change composite materials.””® Usually, paraffins
represent a mixture of n-alkanes of various molecular weight. By
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varying the molecular weight distribution of paraffins in a blend, it
is possible to change the temperature interval of its phase change
over a wide range, depending on the requirements of the appli-
cation of PCM.”"" Additionally, paraffins offer the advantages of
high energy storage density, thermal and chemical resistance, non-
toxicity, affordability and low cost,”” as well as a low tendency
to supercooling during crystallization, which provides stability and
reproducibility of the phase change temperature.'”"’

However, paraffins, like most organic phase change materials,
have a significant drawback that complicates their use in thermal
accumulators: their low thermal conductivity." >’ This leads to a
decrease in the efficiency of thermal accumulators based on paraf-
fins, as it slows down the processes of accumulation and release of
thermal energy. In this regard, one of the main problems, the solu-
tion of which is necessary for the practical use of paraffins in thermal
accumulators, is to increase their thermal conductivity.

In order to increase the thermal conductivity of paraffin-
based PCMs, nanoparticles with high thermal conductivity, such
as metallic or carbon nanoparticles, are most commonly added.”’
The advantages of using carbon nanoparticles compared to metallic
ones are their lower density and better dispersibility and stabil-
ity in the PCM volume.” In particular, the thermal conductivity
of paraffin-based PCMs has been shown to increase when carbon
nanotubes,'” ' nanofibers,'” graphene,'” '’ graphite partlcles, e
and asphaltene molecules are introduced into them.”" It was
shown that graphene-like nanoparticles (e.g., nanographite) have a
greater influence on the thermal conductivity of PCM compared to
nanofibers and nanotubes because of their low surface resistance and
greater aspect ratio.”'”'”'* So, in the work of Goli et al.,"” by intro-
ducing 20 wt. % graphene into paraffin it was possible to achieve
an extreme increase in the thermal conductivity of paraffin up to
45 W/(m K), which was 180 times higher than the thermal con-
ductivity of unfilled paraffin 0.25 W/(m K). Zhao et al.’' reported
increase in PCM thermal conductivity up to 1695% compared with
the paraffin using expanded graphite as a filler. However, in most
cases, the addition of carbon nanoparticles leads to a significantly
lower increase in the thermal conductivity of PCMs. The addition
of only 0.3 wt. % graphene in beeswax resulted in an increase in
the thermal conductivity of the mixture up to 2.89 W/(m K).”” In
the study of Li,'® the thermal conductivity of paraffin was increased
to 0.94 W/(m K) by the addition of nanographene particles. More-
over, in a number of works, the addition of carbon nanoparticles
into paraffins led to insignificant changes in the thermal conductivity
of materials. For example, in the work of Liu and Rao'® for paraf-
fin mixtures containing 2 wt. % of graphene or exfoliated graphite,
the thermal conductivity was 0.46 and 0.41 W/(m K), respectively,
and in the study of Karaipekli,'’ the addition of 1 wt.% of carbon
nanotubes increased the thermal conductivity of paraffin only to
0.28 W/(m K).

The most significant problem when using carbon nanoparti-
cles to increase the thermal conductivity of PCM is their tendency
to aggregate, caused by strong m-m interactions between the macro-
cyclic fragments of their molecules.””” Aggregation of filler particles
and subsequent phase separation in PCM leads to a decrease in their
thermal conductivity and, consequently, a decrease in efficiency. At
the same time, nanoparticle aggregation and nanoparticle perco-
lation cluster formation are the key factors affecting the thermal
conductivity of the material, since they form the phonon transfer
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pathways necessary to increased thermal conductivity in the blends.
Thus, the use of nanoparticles, including asphaltenes, to increase
the efficiency of paraffin-based PCM requires solving two opposing
problems: (1) increasing the sedimentation stability of nanoparticle
dispersions and aggregation stability of nanoparticles in the mixture
volume, including by increasing their compatibility with paraffins,
and (2) providing heat transfer pathways between nanoparticles
to increase the thermal conductivity of the mixture by forming a
percolation cluster between them.

To solve such problems, the addition of polymers with both
aromatic and aliphatic fragments in their structure to paraffin-based
PCM containing carbon nanoparticles can be performed. Aromatic
nanoparticles can form agglomerates with such polymers due to n-n
interactions, and the polymer aliphatic groups will contribute to the
compatibility of the aggregates with the paraffin. In the case of poly-
mers having conjugated main chain, such additives will contribute to
the formation of heat transfer pathways in the mixture, since poly-
mers with a high degree of conjugation in the main chain have rather
high values of thermal conductivity up to 0.37 W/(m K).”**” One of
the possible classes of polymers possessing a conjugated main chain
with grafted aliphatic side chains are polyalkylthiophenes, among
which poly(3- hexylthlophene) (P3HT) is the best known and widely
used in orgamc electronics’”” as the mlxtures with various carbon
nanoparticles,” "’ including asphaltenes.”"*

At present, polymers are mainly used for PCM production
as a carrier for the form-stable PCMs.”*"" Less frequently, poly-
mers, such as polyethylene glycol or polyurethanes, act as phase
change materials themselves.”” However, there are currently no
studies that investigate the addition of small amounts of poly-
mers to paraffin-based PCM to improve the phase change mate-
rial properties. This is the aim of the presented study, in which
we have analyzed, using both experimental and theoretical meth-
ods, the effect of P3HT introduction on the critical properties of
paraffin-based PCM, viz., phase transition temperature and heat
and the distribution and aggregation stability of filler particles in
the blends.

As a continuation of our previous studies, we consider paraffin-
based PCM filled with asphaltenes, relatively cheap by-products of
deep oil refining.”**” The chemical structure of their molecules can
vary widely, but their common feature is the presence of one or more
linked fragments containing a sufficiently large polycyclic aromatic
core with short peripheral aliphatic groups.’

Because of this feature of the chemical structure, asphaltene
molecules can be considered as small fragments of graphene and
used, like other carbon nanoparticles, to produce composite materi-
als with improved mechanical and thermal properties,*” for surface
modification of carbon materlals, as promising acceptor materials
in organic electronics.”’*” In addition, our previous studies have
shown the possibility of using asphaltenes to improve the thermal
conductivity of paraffin-based PCM, both by means of computer
simulations,” and by experimental studies.”

In our previous study, we performed computer simulations of
the blends of n-eicosane with asphaltenes of two types: asphaltenes
containing short aliphatic side chains attached to a polycyclic aro-
matic core and modified asphaltenes with the aliphatic groups
removed.”” The simulation results showed that the addition of
asphaltenes with aliphatic side groups into paraffin leads to the
creation of blends with a uniform distribution of small asphaltene
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aggregates in the volume of the system. At the same time, the addi-
tion of such asphaltenes does not increase the thermal conductivity
of the blend as compared to unfilled paraffin. Meanwhile, modified
asphaltenes with removed aliphatic groups form extended columnar
structures in the blends with paraffins, which can act as heat trans-
fer pathways in the blends. Indeed, simulations have shown at least
a twofold increase in the thermal conductivity coefficient of liquid
paraffin at the maximum considered concentration of asphaltenes
in the blend.

Experimental investigation of paraffin-asphaltene blends with
different content of aliphatic and aromatic groups® confirmed that
an increase in the aromaticity degree of asphaltene molecules leads
to an increased degree of aggregation and heterogeneous distribu-
tion of asphaltenes in the blend. This, in turn, led to a slight increase
in the thermal conductivity of the blends compared to the unfilled
paraffin. At the same time, for asphaltenes with a higher degree of
aliphaticity, a lower propensity to form aggregates and a more uni-
form distribution of asphaltenes in the volume of the blend were
found, which leads to a slight increase in the thermal conductivity
of the material when adding 20 wt. % of asphaltenes to the paraffin.
However, as the concentration of asphaltenes is further increased,
the thermal conductivity of the materials decreases again due to the
agglomeration of asphaltenes.

In this study, we will investigate the impact of P3HT introduc-
tion on the properties of paraffin-based PCM filled with asphaltenes
in terms of the influence of additives on the PCM critical proper-
ties: (1) the temperature and heat of transition and (2) distribu-
tion and aggregation stability of filler particles in the volume of
blends. The results of the studies will make it possible to deter-
mine how exactly the addition of polyconjugated polymers with
aliphatic side groups affects the properties of paraffin-based PCM
filled with carbon nanoparticles and show whether our proposed
approach can be applied to improve the performance of such
materials.

Il. METHODS
A. Experimental materials and techniques

P-2 grade paraffin (Lukoil, Russia) with a melting point of
52-58 °C was used as a phase change material. P-2 grade paraf-
fin is a solid petroleum paraffin of crystalline structure. It contains
aliphatic hydrocarbons with a number of carbon atoms from 18 and
above, mainly of normal structure. Paraffin of this grade is currently
the purest and commercially available paraffin, which determines its
choice as a model PCM.

Poly(3-hexylthiophene-2,5-diyl) (Ossila, UK) with a regioreg-
ularity of 94.2% and a molecular weight of 36-10° g/mol was used
as a heat conducting polymer additive and compatibilizer for the
paraffin-based blends (hereafter, P3HT).

The products of cracking (dealkylation) of native asphaltenes
obtained from crude oil from the Ashalchinskoye field (Russia)
were used as modifying additives for paraffin. To isolate native
asphaltenes, 40 g of dehydrated crude oil was diluted with a 40-fold
volume excess of n-hexane and thoroughly mixed. To ensure that
the asphaltenes precipitate completely, the solution was stored in
dark for 24 h. The asphaltene precipitate was then filtered, trans-
ferred to a filter paper cartridge, and placed in a Soxhlet apparatus
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for washing asphaltenes to remove co-extracted maltenes. Then, the
asphaltenes were washed with n-hexane until the solvent turned
completely colorless.

Cracking of native asphaltenes was carried out with their solu-
tion (2 wt. %) in toluene. Cracking experiments were carried outina
1-L high-pressure steel reactor (autoclave) of Parr Instrument Com-
pany. The pressure in the autoclave was maintained at 160 atm. The
asphaltene solution was mixed for 20 min at 435 °C.

As a result of cracking, some of the asphaltenes precipitated
as toluene-insoluble sediments on the bottom and walls of the
autoclave. After washing with pure toluene and drying, this pre-
cipitate was referred to as CR-Coke. The other part of the cracked
asphaltenes dissolved in toluene after removal of the solvent and
drying was referred to as CR-A.

The structural features of the obtained products were eval-
uated by the following methods: Matrix Assisted Laser Desorp-
tion/Ionization (MALDI), electron paramagnetic resonance (EPR),
x-ray photoelectron spectroscopy (XPS), and IR spectroscopy.

The molecular weight of the obtained asphaltenes and their
molecular weight distribution were evaluated using the MALDI
method. For this purpose, an UltraFlex III TOF/TOF mass spec-
trometer (Bruker Daltonik GmbH, Germany) was used. Measure-
ments were performed in linear mode using a Nd:YAG laser with
a wavelength of A = 355 nm. The spectra were obtained with 30 ns
acceleration delay and 25 kV accelerating voltage. The obtained data
were processed using the FlexAnalysis 3.0 software (Bruker Daltonik
GmbH, Germany).

According to MALDI data (Fig. S1 in the supplementary
material), CR-A asphaltenes differ from native asphaltenes in hav-
ing a lower molecular weight of about 700 g/mol, whereas native
asphaltenes are mostly characterized by a molecular weight of about
1700 g/mol, and a narrower molecular weight distribution. As for the
CR-Coke asphaltenes, they are characterized by a bimodal molecular
weight distribution, and while the position of one peak corresponds
approximately to the molecular weight of native asphaltenes, about
1700 g/mol, the second peak corresponds to very low molecular
weight values, about 200 g/mol.

EPR spectra were recorded on the Elexsys E 500 spectrom-
eter (Bruker, Germany). For the analysis, quartz glass ampoules
with an inner diameter of 3 mm were fixed in the center of the
EPR spectrometer’s resonator. The ampoules were densely filled
with the sample to a height of 13-14 mm, corresponding to the
resonator’s maximum sensitivity range. The number of free stable
radicals (FSRs) was estimated by the intensity of a single line in the
center of the spectrum (g = 2.003). The number of vanadyl com-
plexes (VCs) was estimated by the intensity of the +1/2 line adjacent
to the FSR line in the range of a weaker magnetic field. The FSR and
VC contents (in relative spin/g) were determined as the line inten-
sities of the studied sample were compared with the reference signal
intensity.

Two types of intense paramagnetic particle signals are revealed
when examining the structure of asphaltenes by EPR: free sta-
ble radicals (FSRs) and vanadyl complexes (VCs), Fig. S2 in the
supplementary material. The FSR signal arises due to the delocal-
ization of unpaired electrons on carbon n-systems and, thus, their
content reflects the degree of condensation of polyaromatic struc-
tures of asphaltenes. The FSR concentration is significantly higher
for the CR-Coke sample.
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The XPS studies were performed on PHI 5000 Versa Probe II
spectrometer (ULVAC-PHI, Inc., USA). Monochromatic Al Ka
radiation (hv®="°1486.6 eV), with power of 50 W and diameter
of 200 ym, was used as the excitation source. The analyzer’s
transmittance energy was 23.5 eV and its collection density was
0.2 eV/step.

A high content of functional groups containing heteroatoms
according to XPS data is observed in the CR-A sample (Table I).
These are mainly C-OH/C-O-C and C=0 groups, as well as -SOsH
groups (which include 5 wt. % of all sulfur) and -S-O/H (20 wt. %
of all sulfur). Most of the sulfur for the CR-A sample is in the form
of R-S groups in the thiophene form, and nitrogen is represented in
this case as a part of vanadyl porphyrins.

CR-Coke asphaltenes contain 82 wt. % carbon in the graphite-
like sp>-form, and sulfur atoms are mainly located in the center of
the graphite lattice with substitution of carbon atoms in the cycles
and partially in the R-SO3H group. Nitrogen atoms are present
in pyrrole cycles, in vanadylporphyrin complexes, and in pyridine
cycles incorporated into the graphite lattice.

To identify the functional groups of the obtained asphaltenes,
the infrared spectroscopy method was used. For this purpose, a
Vector-22 IR-Fourier spectrometer (Bruker, Germany) with the
optical resolution of 4 cm™" was used. The spectra of the com-
pounds were recorded in the range of 4000-400 cm™'. Samples
were prepared in tablets with KBr (Acros Organics, 206391000).
To study the structural and group composition of samples,
the following spectral coefficients were calculated: Al°="°(D70
+ D1375)/D1500 (aliphaticity), AI'°=°D1600/D720+1380 (aromaticity),
Br® =°D1380/D720 (branching), Cn=Digo0/D740+s60 (degree of con-
densation), Ox = D1700/D1e0o (degree of oxidation), and SI° = ° D130/
Dieoo (degree of sulfonation) the same way as it was done in
the previous study.”” The data obtained are shown in Table II,
from which it can be seen that, in contrast to native asphaltenes,
the CR-A and CR-Coke products are characterized by increased
condensation and aromaticity and contain fewer aliphatic sub-
stituents. These results are consistent with those obtained by other
methods.

The blends based on paraffin and poly(3-hexylthiophene) were
prepared by introducing P3HT in amounts of 1, 5, 10, and 15 wt. %
into the molten paraffin at 180 °C and constant stirring on a mag-
netic stirrer. Compositions containing additional asphaltenes were
prepared by injecting 5 wt. % of CR-A and CR-Coke samples at
120 °C with stirring on a magnetic stirrer for 30 min.

The thermophysical properties of the blends were studied by
modulated differential scanning calorimetry (MDSC) on an MDSC
2920 calorimeter (TA Instruments, USA). DSC thermograms were

TABLE I. Weight percentages of elements at the surface of asphaltenes according to
XPS.

Content, wt. % (surface)

Samples C N O S

Native 93.0 1.0 2.1 3.6
CR-A 91.8 2.0 3.2 2.9
CR-coke 90.2 2.1 4.9 2.9
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TABLE II. Spectral coefficients derived from IR spectroscopy data for native
asphaltenes, CR-A samples, and CR-Coke samples.

Samples Al Ar Br Cn Ox Sl
Native 2.22 0.44 2.0 0.37 0.30 0.48
CR-A 2.19 0.75 0.94 0.53 0.38 0.56

CR-Coke 1.37 0.77 1.07 0.96 0.31 1.17

obtained in the temperature range from 0 to 100°C at a heat-
ing/cooling rate of 5°C/min. The degree of crystallinity of the
samples was estimated from the ratio of the experimentally deter-
mined melting heat of the material to the melting heat of eicosane
(284.2]/g)"® corrected for the mass fraction of paraffin in a particular
system.

The influence of fillers on the structural properties of paraffin
was studied by x-ray diffraction analysis on a Rotaflex D/max-RC
x-ray diffractometer (Rigaku, Japan) at a wavelength of 0.154 nm.
Diffractograms were recorded in a range of 26 angles of 3-70° with
a step of 0.04° and a recording rate of 4°/min.

The compatibility of paraffin with P3HT was investigated by
the method of laser microinterferometry.””*’ A 70 ym-thick poly-
mer film was preformed by pressing at 200 °C. The film sample was
placed between glasses, a diffusion cell was assembled, heated to
60°C, and molten paraffin was added dropwise so that it was
brought into contact with the P3HT film. The measurements were
performed in a mode where the temperature was increased and
decreased stepwise from 20 to 220 °C. The moment of contact of the
components was considered the beginning of the diffusion process.
A modular KLM-A532-15-5 laser with a wavelength of 532 nm was
used as a light source.

Optical micrographs of the samples were obtained at room tem-
perature using a microscope equipped with a Levenhuk digital video
camera.

The rheological measurements of the blends of paraffin with
P3HT and asphaltenes were performed on a rotational rheometer
DHR-2 (TA Instruments, USA) at 80 °C using a cone-plane mea-
suring unit (cone diameter was 25 mm, the angle between the cone
surface and the plane was 2°). The measurements were carried
out in two modes: 1) studying the steady-state flow with stepwise
increase of the shear rate from 107> to 1000 s and 2) obtaining
the frequency dependence of the linear elasticity moduli and losses
at a deformation amplitude of 0.1%-10% and variation of angular
frequency from 0.0628 to 628 rad/s.

The measurements of thermal conductivity of paraffin, P3HT,
asphaltenes, and their blends were carried out at 20°C using a
KITT-Nanocomposite equipment (KB “Teplofon”, Russia).’ Sam-
ples were preliminarily prepared in the form of tablets with a
diameter of 10 mm and a thickness of 5 mm. Asphaltene tablet sam-
ples were prepared by compacting asphaltene powders in a mold
at room temperature under light pressure. Then, the samples were
placed into a measuring cell made of neutral material. The method
of measurement consisted of uniform preheating of the sample and
then its monotonous cooling from one side using a Peltier element
with calculation of the value of thermal conductivity using the tem-
perature difference at the edges of the sample and the value of heat
flow.
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B. Simulation models and methods

Atomistic simulations of ternary paraffin/asphaltene/P3HT
blends were performed to study the molecular mechanisms deter-
mining the effect of P3HT addition on the properties of paraffin-
based phase change materials filled with asphaltenes. Paraffin
n-eicosane (CyHaz), Fig. 1(a), was used as a main component of the
blends studied. n-eicosane is one of the most promising materials for
domestic use in thermal storage devices due to the fact that its melt-
ing point (37 °C)*" is close to the physiological one. As the paraffin
used in the experimental part of the study is a blend of hydrocarbons
of variable composition, its exact reproduction in the simulation is
difficult to achieve in practice. Meanwhile, n-eicosane is close to the
lower molecular weight limit of hydrocarbons included in the P-2
grade paraffin composition, which makes #-eicosane a good model
molecule for such paraffins. In addition, the structural and thermal
properties of n-eicosane’” "’ and its mixtures with asphaltenes have
been previously studied.”

Regioregular poly(3-hexylthiophene), Fig. 1(b), having a conju-
gated main chain with the grafted aliphatic groups, was considered
as a polymer additive to the mixtures of paraffin with asphaltenes.
The degree of polymerization of P3HT used in the simulation was
N, = 40, which corresponds to the polymer regime and is commonly
used in simulation of this polymer,”” " including its blends with
asphaltenes.*”

In this work, as well as in an earlier study of the blends of paraf-
fin with asphaltenes,” the blends containing two types of asphaltene
molecules were investigated, Figs. 1(c) and 1(d). Although the com-
plex chemical composition of asphaltenes®’ makes it very difficult
to build a model of asphaltenes in computer simulations,”"”* we
were guided by two key factors in choosing the specific chemical
structures: the relative simplicity of the model and its approbation
in other studies.

H3C

(a) n-eicosane

(c) Asp
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There are many different asphaltene structures that meet these
criteria and can therefore be used in simulations. As typical rep-
resentatives, one can mention the structure proposed by Mullins**
and further developed by Li and Greenfiled™* as well as the model of
an “island” asphaltene molecule proposed by Headen.”"”” Mullins’s
model asphaltene contains sulfur as a heteroatom in the fused core,
whereas heteroatoms in Headen’s model are located in the side
chains only. At the same time, elemental analysis of experimen-
tal asphaltene samples presented above shows that the asphaltenes
should contain heteroatoms in their aromatic core.

Thus, the structure proposed by Mullins®* was chosen as the
basic model of asphaltenes in our research. It represents a small aro-
matic nucleus with one heteroatom of sulfur, to which the aliphatic
groups are grafted, Fig. 1(c). Hereafter, this type of molecule will be
referred to as Asp. Calculation of the solubility of Asp in organic
solvents confirmed that this model corresponds to the definition of
asphaltenes, i.e., the molecules are soluble in toluene and insoluble
in heptane.” In recent years, it has been successfully used to study
the oil-water interface’” and asphalt.””*”” Importantly, this model
was also used in our recent study of paraffin-asphaltene blends.”’
Moreover, since the main goal of the present paper is to study the
impact of polymer addition on the properties of paraffin-asphaltene
systems, the choice of our asphaltene molecule is well justified as
it allows us to link our findings directly with earlier computational
results.

The choice of the second model asphaltene molecule represent-
ing Asp with the removed aliphatic groups [hereafter referred to as
Asp-Core, Fig. 1(d)] is based on the following factors. It is known
that the formation of “stacked” structures of aromatic molecules
caused by m-m interactions between them leads to an increase in
the thermal conductivity of materials.’”®! Thus, to increase the ther-
mal conductivity of PCM when asphaltenes are added to them, the

s
\ /-

CHj;

(b) P3HT CH

S
(d) Asp-Core

FIG. 1. Chemical formulas of components of blends studied using computer simulations: (a) n-eicosane; (b) poly-(3-hexylthiophene), P3HT; (c) model asphaltene with
aliphatic side groups (Asp); and (d) modified asphaltene with removed aliphatic groups (Asp-Core).
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latter should form such structures stabilized by interactions between
the aromatic nuclei of asphaltene molecules. However, it has been
shown that asphaltene molecules containing aliphatic fragments
form rather loose aggregates with a low degree of ordering.’” **
This is presumably due to the fact that aliphatic groups prevent the
mutual orientation of aromatic nuclei and thus the formation of
thermally conductive “stacked” aggregates.”**” Indeed, in the study
of Bian et al, it was shown, based on experimental and theoreti-
cal studies, that alkylation of asphaltenes leads to a decrease in the
aggregation of asphaltenes in solution.®

Consequently, chemical modification of Asp by “removing”
aliphatic fragments of asphaltene molecules, which can be realized
using cracking,””"” can lead to improved functional characteristics
of PCM based on paraffin filled with asphaltenes as confirmed by
the results of computer simulation performed using the Asp-Core
model.”’ At the same time, experimental data show that increas-
ing the degree of aromaticity of asphaltenes, although it increases
their tendency to aggregate in paraffin, leads to a decrease in the
homogeneity of their distribution in the mixture and, thus, does
not cause a significant increase in the thermal conductivity of the
material.””

The molar mass of Asp and Asp-Core asphaltenes is 708 and
358 g/mol, respectively. The mass fraction of carbon atoms in the
sp*-hybridization state is 41% for Asp and 87% for Asp-Core. The
amount of heteroatoms (sulfur) in these two molecules differs by
a factor of 2 and amounts to 4.5% in Asp and 9% in Asp-Core. It
should be noted that, although the molecular weight of the model
asphaltenes is smaller than that of the asphaltenes obtained in the
experiment, the ratio between the molecular weight of Asp and Asp-
Core is close to the difference between the most probable molecular
weights of native asphaltenes and CR-A asphaltenes. At the same
time, Asp molecules are close to native asphaltenes in terms of the
ratio of different types of atoms, whereas Asp-Core is close to CR-A
and CR-Coke.

Thus, the study of PCMs based on paraffin with two types
of asphaltenes in the presence and absence of P3HT additive will
allow us to determine the impact of the polymer with a conjugated
main chain and grafted aliphatic groups and simultaneously asphal-
tene chemical structure on the phase change material properties,
which is necessary to develop new types of PCMs and predict their
properties.

All the investigated systems contained 500 n-eicosane
molecules, as in the previous study investigating PCMs based
on paraffin filled with asphaltenes,”” and four P3HT chains with
polymerization degree N, = 40. In addition to paraffin and P3HT,
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the ternary blends also included 99 molecules of one of the two
types of asphaltene (Asp or Asp-Core).

The choice of the amount of P3HT chains introduced into the
studied systems is related to the composition of the blends studied
in the experiment. For a more correct comparison of the simulation
results with the experimental data, the mass fraction of P3HT in the
simulated systems (from 11 to 16 wt. %) was chosen to be close to
the limiting mass fraction of the polymer in the blends studied in
the experiment (15%).

The choice of the number of molecules in the considered sys-
tems was based on previously performed simulations of blends of
paraffin with two types of asphaltenes, which showed that significant
differences in the structure and properties of the blends, including
thermal conductivity, are found when the blend contains 99 asphal-
tene molecules, which corresponded to 20% of the asphaltene mass
fraction in the blend with paraffin.”> For the blends considered in
this study, the mass fraction of this number of asphaltene molecules
is 29 wt. % (for Asp) or 17 wt. % (for Asp-Core). The considered
asphaltene concentrations are higher than the concentrations used
in the experiment. This is due to the fact that, the rather limited
spatial and time scales are available for the investigation using all-
atom molecular dynamics simulations. Increasing the concentration
of nanoparticles in the considered systems makes it possible to accel-
erate their aggregation process and study the aggregation-related
effects at the times available for simulation on the order of a few
microseconds.

The list of systems, mass fraction of components, and num-
ber of atoms in each system are given in Table III. To determine
the impact of P3HT on the properties of paraffin-asphaltene blends,
results obtained for the systems containing P3HT were compared
with data previously obtained from simulation of PCMs based on
paraffin containing asphaltenes” as well as unfilled paraffin.*’

Computer simulations were performed using the molecu-
lar dynamics program implemented in the Gromacs software
package.”” "’ The GAFF force field”' was used to describe the inves-
tigated systems. This force field was successfully used previously
to study the structure and properties of various systems con-
taining parafﬁns,”’IS asphaltenes,’:("“;":‘’~3 and P3HT,"® includ-
ing paraffin-asphaltene blends,”” and P3HT with asphaltenes.’”
Description of all molecules in the GAFF force field, including val-
ues of the atomic partial charges, was obtained using the ACPYPE
program.””" Information on the partial charges and GAFF atom
types of the P3HT is provided in the supplementary material
(Fig. S3 and Table S1). The force field parameters of asphaltenes were
published in our previous work.”

TABLE lIl. Composition of the investigated systems and the mass fractions of their components.

System composition (number of molecules/mass fraction, %)

Paraffin/P3HT Paraffin/Asp/P3HT  Paraffin/Asp-core/P3HT

Component

Paraffin (n-eicosane) 500/84
P3HT 4/16
Asp e
Asp-core e
Number of atoms in the system 35008

500/59 500/70
4/11 4/13
99/29 e
X 99/17
46294 38869
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To create the initial configurations of the investigated systems,
P3HT, paraffin, and asphaltene molecules were randomly placed in
a sufficiently large cubic cell, followed by a preliminary simulation
that included compression of the system at T = 177 °C (450 K) and
pressure P = 100 bars for 5 ns and subsequent simulation at pres-
sure P = 1 bar also for 5 ns. Preliminary simulations were performed
using the Berendsen thermostat and barostat.”’

The main simulation was performed for 3 s at a temperature
T =177 °C (450 K) and a pressure P = 1 bar. The temperature and
pressure were kept constant using the Nose-Hoover thermostat™”"’
and the Parrinello-Rahman barostat,* respectively. The P-LINCS
method® was used to constrain bonds with hydrogen atoms. The
PME method®® was used to calculate the electrostatic interactions.
The simulation was carried out with a time step of 2 fs using periodic
boundary conditions.

For paraffin-asphaltene blends that do not contain P3HT, the
simulation time for each of the investigated systems was 1 ys and the
equilibration time was on the order of 100 ns.”’ The sizes of the poly-
mer chains in the systems with P3HT significantly exceed the sizes of
the individual asphaltene and n-eicosane molecules, so their equili-
bration time is significantly longer, on the order of 1.5 us, which was
determined by analyzing the time dependence of the P3HT chain
sizes and their mean square displacement in the investigated systems
(Fig. S4 in the supplementary material). In this regard, a significantly
longer simulation time was necessary for the P3HT-containing sys-
tems as compared to the simulation time for the paraffin-asphaltene
blends in order to obtain statistically reliable results. Thus,
for each of the P3HT-containing blends, the simulation time
was 3 ys.

To assess the thermophysical properties of the blends, viz., crys-
tallization temperature and heat, as well as thermal conductivity in
the crystalline state, simulations of cooling of the blends were per-
formed from 177 °C (450 K) to —23 °C (250 K) with a cooling rate
of 6 x 10° K/min, similar to the previous studies.”> Cooling was per-
formed stepwise with a temperature decrease by 10 K every 100 ns
of the simulation. For each of the investigated systems, cooling was
performed for three statistically independent configurations.

It has to be emphasized that the cooling rate can have a
crucial influence on the crystallization and melting processes stud-
ied by molecular dynamics simulations. In our recent work,"
we systematically explored this influence for the crystallization of
n-eicosane (the same paraffin as in the present study). We showed
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the existence of a certain threshold in the values of cooling rates
(6 x 10" K/min). At smaller rates, computer simulations are able
to qualitatively reproduce the crystallization process in paraffins and
the computational results are in line with experimental data. How-
ever, beyond this threshold, when cooling is too fast, a large part of
the system is trapped in the supercooled liquid state. As a result, one
has a systematic decrease in the fraction of crystalline domains in a
paraffin sample with cooling rate, leading eventually to a complete
lack of crystallization at low temperatures. The cooling rate used in
the present study is much smaller than the above-mentioned thresh-
old. Moreover, this cooling rate is very close to the state-of-the-art
limit accessible through atomistic computer modeling.*® Thus, we
can conclude that the cooling rate chosen for our simulations
allows us to obtain reliable data on phase transitions in the systems
at hand.

The method based on equilibrium molecular dynamics
(EMD)* has been used to calculate the thermal conductivity of
the blends as in our previous studies.”” In the EMD method,
the thermal conductivity coefficient is determined by analyz-
ing the autocorrelation function of heat flow (HFACF) using
Green-Kubo equations.”””" For this purpose, we simulated the
paraffin/asphaltene/P3HT systems in the NVE ensemble for 1 ns,
which allowed the heat flow in these systems to be calculated. The
simulations were performed in the LAMMPS software package’
for which the studied systems were converted from the Gromacs
representation to the LAMMPS format using the procedure devel-
oped by us. Next, the HFACF was calculated by averaging over each
10 ps time frame of the simulation” and the HFACF thus obtained,
in turn, was used to calculate the thermal conductivity coefficient,
which was averaged over the last 500 ps of the NVE ensemble
simulation trajectory.**

Ill. RESULTS
A. Thermophysical properties

Introduction of up to 5 wt. % P3HT into paraffin practically
does not change its phase change temperature (Fig. 2), but it leads
to a decrease in crystallinity by about 20% (Table IV). Repetition
of the melting-crystallization cycles for the paraffin-based compo-
sition with 5 wt.% P3HT demonstrates the homogeneity of the
system—the phase change temperatures and degree of crystallinity
are maintained at the same values. Adding 5 wt. % P3HT into the

FIG. 2. DSC thermograms obtained by
(a) heating and (b) cooling of pure paraf-
fin (1) and blends containing 1 wt. % (2),
10 wt. % (3), and 15 wt. % (4) of P3HT;
5 wt. % of CR-A asphaltene and 5 wt. %
of P3HT (5); and 5 wt. % of CR-Coke
asphaltene and 5 wt. % of P3HT (6).
Dashed lines correspond to the melting
and crystallization temperatures of pure
paraffin.
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assess the impact of P3HT introduction into blends.

The obtained data show that adding the modified Asp-Core
asphaltenes to paraffin leads to an increase in the crystallization tem-
perature of the blend by about 7 °C, which agrees well with the
experimental data.”” However, the addition of P3HT to paraffin-
based blends, as in the experiment, has little effect on the phase
change temperature of the blends. Thus, for paraffin and its mixtures
with Asp-Core asphaltenes, the crystallization temperature changed
on adding P3HT by less than 0.5 °C, and for the blends with Asp-
Core asphaltenes it decreased by 3.6 °C. The obtained differences in
the crystallization temperatures of the blends correlate well with the
experimental data.

It is worth noting that the paraffin crystallization temperature
determined by computer simulations is higher than the experimen-
tally determined crystallization temperature of n-eicosane, which is
37°C.® This is generally a characteristic of paraffin modeling using
full-atomic models, which leads to an overestimation of the paraffin
crystallization temperature.*’

The density of P3HT-containing systems in the melt is higher
than that of mixtures containing no polymer additive, which is due
to the higher density of pure P3HT compared to that of paraffin.
However, at temperatures below the crystallization temperature, the
density of the systems containing P3HT and without it does not
differ very significantly, and in the case of the blends containing

FIG. 3. Temperature dependence of the paraffin-based system density. The
dashed line corresponds to the crystallization temperature of paraffin determined
using simulation data.

Asp-Core asphaltenes, the introduction of P3HT does not lead to
any change in the density of the blend in the crystallized state.

The maximum density of the blends containing Asp-Core
asphaltenes is connected with a high degree of ordering of paraffin
molecules in them. Indeed, as will be shown below, analysis of the
paraffin structure in the studied systems at temperatures below the
crystallization temperature indicates that the addition of P3HT leads
to an increase in the degree of ordering of the paraffin molecules.
However, for correct comparison of the results of computer sim-
ulation with experimental data, the degree of crystallinity should
be determined using similar approaches. Since the degree of crys-
tallinity in the experiment is estimated indirectly on the basis of data
on the thermal impact of the phase change on the examined blends,
it was decided to use a similar approach in the analysis of computer
simulation data.

Thus, to estimate the thermal effect of crystallization and to
directly compare the computer simulation data with the DSC results,

TABLE IV. Thermophysical properties of blends based on paraffin, P3HT, CR-A, CR-Coke.

Melting

Crystallization

Crystallization
Filler content (wt. %)C Tm (°C) AH, (J/g) T« (°C) AHa (J/g) degree (%)
0 (pure paraffin) 58.2 198.5 40.7 210.0 69.8
1 (P3HT) 58.7 148.7 41.2 128.2 52.9
5 (P3HT) 57.6 141.6 41.1 136.9 52.4
Second heating—cooling cycle ~ 56.8 141.5 41.2 136.9 52.4
Third heating-cooling cycle 56.6 139.2 41.0 137.1 51.6
Fourth heating-cooling cycle 56.7 140.3 41.1 137.2 52.0
Fifth heating—cooling cycle 56.7 140.6 41.2 137.5 52.1
Sixth heating—cooling cycle 56.6 139.9 41.3 136.9 51.8
10 (P3HT) 63.0 135.3 39.5 116.8 52.9
15 (P3HT) 61.1 121.6 38.4 98.2 50.3
5 (P3HT) + 5 (CR-A) 593 133.5 40.7 115.5 52.2
5 (P3HT) + 5 (CR-coke) 585 134.0 413 115.9 524
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TABLE V. Temperature T¢r and enthalpy AHg of crystallization of paraffin-based systems determined by computer simulation

and the degree of crystallinity of blends, Kgjp.

T (OC) AH,, (I/g) Ksim(%
Type of With Without With Without With Without
asphaltene P3HT P3HT P3HT P3HT P3HT P3HT
Without asphaltenes 57.6 57.9 187.0 258.1 66 91
Asp 45.0 44.9 69.4 83.1 24 29
Asp-core 61.0 64.6 135.4 185.8 48 65

the temperature dependence of the enthalpy of the investigated sys-
tems H = Ey+ + pV was determined, where E;, is the total energy of
the system, V is the modeling cell volume, and p is the pressure in
the system. The obtained temperature dependence of the enthalpy
of the studied systems (Fig. S5 in the supplementary material) were
used to determine the heat of crystallization of the blends of paraffin
with asphaltenes with and without the addition of P3HT.

To determine the heat of transition (crystallization or melt-
ing) for DSC, the temperature dependence of enthalpy is reduced
to zero by subtracting the baseline from it.”””° In our case, we also
transformed the temperature dependence of enthalpy by subtract-
ing the baseline corresponding to the linear approximation of the
low-temperature region of dependence H(T): from -23 to 37°C
(Fig. 4). The crystallization heat AH,, was then determined as the
enthalpy value after an abrupt jump in the (reduced) H(T) curves.
The crystallization enthalpy values thus determined are shown in
Table V.

The degree of crystallinity of the systems researched in the
modeling Ki, was determined as the ratio of the enthalpy of crys-
tallization of the system AH,, to the enthalpy of crystallization of the
ideal n-eicosane crystal AH ¢ = 284.2 /g,

AH.

Ksim = - 100%.
Hpamf
With P3HT
3001 " Paraffin DDDDDDDD
e Asp goo®
A Asp-Core
AL
2007 Without P3HT .anaéééééﬁ' "
5 o Paraffin
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FIG. 4. Temperature dependence of the enthalpy H after subtraction of the baseline
corresponding to a linear approximation of the low-temperature region.

This definition allows us to compare the results of the computer sim-
ulation directly with the experimental data. The determined values
of crystallinity degree, Kim, are also given in Table V.

The results of computer simulation show good qualitative
agreement with the experimental data both in their values of the
enthalpy of crystallization of the blends and in the calculated degree
of crystallization. Indeed, the introduction of P3HT both in unfilled
paraffin and in the blends containing asphaltenes leads to a decrease
in the degree of crystallinity of the material. Nevertheless, modeling
shows that the decrease in crystallinity of the asphaltenes-containing
blends is mainly due to the introduction of asphaltenes, while the
addition of P3HT leads to a relatively small decrease in crystallinity
compared to that of the polymer-free systems. At the same time,
for a mixture of paraffin with P3HT, not containing asphaltenes, a
considerable decrease in the degree of crystallinity in comparison
with unfilled paraffin is observed. Such a change is connected with
disturbance of the crystal structure of paraffin in the blend, which
is expressed, as it will be shown below, in terms of increase in the
quantity of crystal domains in the structure of paraffin when P3HT
is added.

B. Structural properties

1. Crystallization of paraffin in blends
when introducing P3HT

X-ray diffractograms of paraffin obtained at room temperature
are typical for this material: In the range of angles from 3° to 15°,
peaks characterizing the periodicity of the paraffin chains are
observed, and in the range of 15°-25°, peaks typical for the crystal
lattice are observed (Fig. 5).*' X-ray diffractograms of P3HT indi-
cate its crystallinity. The first peak in the diffractogram for P3HT at
5° corresponds to the plane (100), and its position is related to the
lattice constant. The second peak localized in the 20° to 26 region
corresponds to the plane (010) and is related to the head-to-head
packing of the P3HT chains.”

The introduction of P3HT into the paraffin does not lead to
significant changes in the structure of the paraffin [Fig. 5(a)]. The
co-crystallization of components can be noted, as evidenced by
disappearance of the paraffin reflex at 10°, accompanied by strength-
ening of the reflexes at angles 21.3° and 23.6° and preservation of all
reflexes at angles above 30°.

The addition of 5 wt. % asphaltenes of different nature to paraf-
fin/P3HT blends generally does not result in an apparent change in
the reflex positions typical for the paraffin —5 wt. % P3HT blend.
However, it can be noted that the use of CR-Coke asphaltenes as
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FIG. 5. X-ray diffractograms of blends based on paraffin filled with (a) poly(3-hexylthiophene) and (b) poly(3-hexylthiophene) and asphaltenes. The concentration of fillers is

given in the legend inside the figures.

a filler leads to an increase in the intensity of the peak in the 5°
region, characterizing the ordering of the chains, and a decrease
in the intensity of the peak in the 20° region, responsible for
the ordering of the crystal structure. However, the situation is
reversed when CR-A asphaltenes are introduced into the system,
which, in turn, contribute more to the ordering of the crystal lattice
[Fig. 5(b)].

Thus, when using poly(3-hexylthiophene) as a filler for paraffin,
co-crystallization of components is observed. At the same time, the
introduction of asphaltenes into the obtained system has no signif-
icant effect on the crystallization of blends, which favorably affects
their thermophysical properties.

2. P3HT compatibility with paraffin

Interferograms obtained by laser microinterferometry show no
visible changes in the diffusion zone after contact of P3HT with
paraffin at the melting temperature of paraffin; the area with P3HT
looks dark and the interference bands on the paraffin side do not
acquire a typical bend, indicating diffusion processes [Fig. 6(a)].
However, as the temperature approaches 180 °C, dissolution of the
polymer in the paraffin begins [Fig. 6(b)], the interference bands
curve intensely, and the interfacial boundary disappears. According
to the DSC data of P3HT (Fig. S6 in the supplementary material),
this temperature interval precedes the beginning of the melting of
the P3HT crystal phase. After cooling of the cell, crystals form not
only on the paraffin side but also in the diffusion zone [Fig. 6(c)],
indicating co-crystallization of the components as shown in the
figure. Thus, the behavior of P3HT appears to be fully compatible
with that of paraffin above 180 °C.

Analysis of optical microphotographs of blends can also indi-
rectly indicate co-crystallization of paraffin with P3HT. Figure 7
shows room temperature micrographs of blends containing 5%
P3HT [Fig. 7(a)] with the addition of 5 wt.% CR-A [Fig. 7(b)]
and CR-Coke [Fig. 7(c)]. The blend of paraffin with P3HT looks
quite homogeneous—the dark (P3HT) and light (paraffin) areas are
evenly distributed. Additional introduction of 5 wt. % asphaltenes
does not violate the structure of the blends. The presence of

asphaltene agglomerates is observed of sizes up to 10-20 ym. At
the same time, asphaltene agglomerates of noticeably larger sizes are
observed in the absence of P3HT. Thus, the use of P3HT probably
contributes to more homogeneous dispersion of asphaltenes in the
paraffin matrix.

Computer simulations also confirm the co-crystallization of the
polymer (primarily the aliphatic side chains) and paraffin in the
P3HT-paraffin dual systems. Analysis of the instantaneous config-
uration of the investigated systems shows that the polymer chains
are embedded in the domain structure of the paraffin crystal and,
apparently, have an additional ordering effect on the paraffin. The
representative snapshots are shown in Fig. 8.

Furthermore, comparison of snapshots for paraffin-
asphaltenes mixtures with and without P3HT shows different
effects of P3HT addition on the distribution of Asp and Asp-Core
molecules. In the case of Asp-containing mixtures, there are no
sufficient changes visible in the distribution of asphaltene molecules
upon addition of P3HT [Figs. 8(d) and 8(f)]; the Asp molecules
are distributed almost uniformly over a simulation box. At the
same time, addition of P3HT to the mixture of paraffin with
Asp-Core results in sufficient condensation of asphaltenes on
P3HT chains and also a certain decrease in the size of Asp-Core
aggregates [Figs. 8(e) and 8(g)]. These observations are confirmed
by the structural characteristics of asphaltene aggregates and pair
distribution functions (see below).

To estimate the degree of ordering of the paraffin molecules
in the studied blends, the number of ordered domains in the
paraffin Njomqin> the nematic order parameter Sy, the fraction
of trans-conformers ¢ians, and the distance between the ends of
the He chains of paraffin were determined. The values of these
characteristics for the studied systems are shown in Table V1.

Significant increase of the nematic order parameter Sy for
paraffin in mixture with P3HT in comparison with pure paraf-
fin shows that, indeed, addition of P3HT leads to increase in the
degree of ordering of paraffin chains, though the average number
of domains in structure of paraffin appears somewhat higher for the
systems, containing P3HT, which confirms a general decrease in the
degree of crystallinity of the blends. At the same time, the distance
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FIG. 6. Interferograms of the paraffin—P3HT system obtained at (a) 57 °C, (b) 182 °C, and (c) 26 °C.

between the ends of the paraffin molecules is the same in the pure
paraffin sample and in the system on addition of P3HT, and it is
equal to the maximum possible value for n-eicosane, i.e., in these
systems, the paraffin molecules have a maximum extended confor-
mation, which is confirmed by a high fraction of trans-conformers
$rrans in both systems.

For the blends containing Asp-Core asphaltenes, the forma-
tion of a dense structure with a high degree of order in which both
asphaltenes and P3HT chains are embedded in the structure of the
paraffin crystal is observed. It is for these blends that the maxi-
mum order parameter for the paraffin molecules and the minimum
average number of domains are observed, and the density of these

systems is determined, probably, by the maximum possible packing
density of the paraffin molecules.

It should be noted that although the addition of P3HT to the
blend with Asp-Core asphaltenes leads to a slight decrease in the
degree of ordering of the paraffin chains in the material, the dis-
tance between the ends of the paraffin molecules and the fraction
of trans-conformers are higher exactly for the systems containing
the polymer, which indicates a more complex domain structure of
paraffin in these blends.

In the systems containing asphaltenes with aliphatic side
groups, a multidomain structure of paraffin containing a large num-
ber of differently directed small-volume domains is observed, which
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FIG. 7. Microphotographs of paraffin-based blends containing (a) 5 wt. % P3HT with the addition of 5 wt. % (b) CR-A and (c) CR-Coke (c), and blends containing only (d) 5

wt. % CR-A and (e) 5 wt. % CR-Coke at room temperature.

leads to a relatively low value of the order parameter for paraffin in
these systems as well as to a lower density of the blends. Nevertheless,
even in these systems, the addition of P3HT, according to computer
simulation data, promotes an increase in the degree of ordering of
the paraffin chains, which is expressed in an increase in their size,
the fraction of trans-conformers, and the nematic order parameter
of n-eicosane molecules.

To evaluate the impact of P3HT on the distribution of asphal-
tene molecules in paraffin-based blends, we calculated the inter-
molecular pair distribution functions between the aromatic asphal-
tene atoms ga-4(7) [Fig. 9(a)] and between the aromatic asphaltene
atoms and the P3HT main chain atoms ga_p(r) [Fig. 9(b)].

A comparison of the pair distribution functions between the
atoms of the aromatic nuclei of asphaltenes shows that the introduc-
tion of P3HT into the blends containing asphaltenes with aliphatic
groups does not lead to changes in the pair distribution function and,
accordingly, in the aggregation behavior of these asphaltenes in the
blends with paraffin. Moreover, for Asp-Core asphaltenes without
aliphatic groups in their composition, the pair distribution function
ga-a(r) decreases when P3HT is added to the system, which indi-
cates a decrease in the interaction of asphaltenes with each other,
and this should lead to a decrease in the size of asphaltene aggre-
gates. Indeed, the values of the average aggregate size of asphaltenes
in the investigated systems, calculated using the built-in clustsize
program of the Gromacs package (Table VII), show that in the sys-
tems containing Asp-Core asphaltenes, the aggregate size decreases
when P3HT is added, whereas no significant change in the size of

aggregates formed by Asp-core asphaltenes occurs when P3HT is
added.

Thus, the results of experimental studies and computer sim-
ulation data confirm that the introduction of P3HT into mixtures
containing modified Asp-Core asphaltenes reduces the aggregation
of mainly aromatic asphaltenes, which should prevent them from
sedimentation in the melt.

The different influence of P3HT on the aggregation of the two
considered types of asphaltenes is related to the fact that asphaltenes
whose molecules contain aliphatic groups have a greater compati-
bility with paraffin than exclusively aromatic asphaltenes Asp-Core.
In the latter case, the association of asphaltene molecules into large
aggregates is facilitated by m-mn interactions between the atoms of
aromatic asphaltene nuclei, which, unlike asphaltenes with aliphatic
groups, are not balanced by the interaction of side chains with
paraffin.

P3HT has a conjugated main chain and aliphatic side chains,
which ensures its compatibility with both Asp-Core aromatic
asphaltene molecules and paraffin molecules, which should con-
tribute to more uniform distribution of Asp-Core in the blends with
paraffin when P3HT is introduced into them. The pairwise distribu-
tion function of the aromatic asphaltene core atoms relative to the
P3HT main chain atoms ga_p(r) confirms the presence of specific
interactions of the P3HT main chain specifically with the Asp-Core
asphaltenes. In this case, ga_p(r) have significantly higher values than
for asphaltenes with aliphatic side groups and are characterized by
the presence of several peaks [Fig. 9(b)].
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FIG. 8. Typical snapshots of the paraffin-based mixtures containing (a) P3HT, (b) and (d) P3HT and Asp, (c) and (e) P3HT and Asp-Core, (f) Asp only, and (g) Asp-Core
only. Paraffin atoms are shown in cyan, P3HT atoms in yellow, and asphaltenes’ atoms in red. Paraffin molecules are not shown in the panels (d)-(g) for clarity. Blue lines
show a periodic simulation box.

Overall, Asp-Core molecules tend to form larger aggregates
than the Asp molecules due to low compatibility of Asp-Core
asphaltenes with paraffin and stronger inter-asphaltene interac-
tions. At the same time interaction of Asp-Core asphaltenes with

aggregates and almost no change in the size of Asp aggregates upon
addition of P3HT (Table VII).

P3HT is higher than that of Asp, so that the polymer affects much
stronger on the size of Asp-Core aggregates. As a result, we observe a
considerable decrease (around 30%) in the size of Asp-Core

C. Rheological properties

It is known that molten paraffin has Newtonian fluid
properties—its viscosity is independent of shear stress.”® However,

TABLE VL. The average number of domains in the paraffin structure Ngomain, the nematic order parameter Sy, the fraction of trans-conformers ¢yans, and the distance between
the ends of Hee paraffin molecules in the studied systems at temperature T = —23 °C.

¢tmns
Type of asphaltene With P3BHT Without P3HT With P3HT Without P3HT With P3HT Without P3HT With P3HT Without P3BHT

N domain NY Hee, nm

No asphaltenes 4.78 3.9 0.79 0.50 0.987 0.974* 2.43 2.43%
Asp 18.46 19.44 0.55 0.49 0.938 0.829 2.32 2.05
Asp-core 2.73 1.36 0.95 0.98 0.983 0.961 2.43 2.37
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FIG. 9. The intermolecular pair distribution functions of (a) asphaltene aromatic nucleus atoms and (b) asphaltene aromatic nucleus atoms relative to P3HT main chain

atoms in paraffin-based blends at T = —23 °C.

TABLE VII. Average aggregate size of asphaltenes Nagq in the studied systems at
T = -23 °C (the calculation was performed using the built-in clustsize program of the
Gromacs package).

Asphaltene With P3HT Without P3HT
Asp 2.88 +£0.29 2.97 +£0.30
Asp-core 63+1.6 8.79 +2.87

when 5 wt. % P3HT is introduced into the paraffin, the system
exhibits an evident yield strength [Fig. 10(a)] together with increase
in viscosity. This indicates that P3HT, being insoluble in the system
at a temperature of 80 °C, at which the measurements were made,
can be considered as a filler that forms a kind of structural network
in the system, which contributes to the sedimentation stability of
the obtained two-component system. The enhanced sedimentation

a) 107 A l
™ 10°
5 | 1 \‘ ‘\
10 7
10! -
o 100, HH Lot [
. 909000000
o 1 107 100 100 100 10° 10* o.Pa
< 10" -
O Paraffin
1014 ® Paraffin + 5% P3HT
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® Paraffin + 15% P3HT  asongyy,
10° . r .
10 102 10° 102

y, s

stability can also be witnessed directly through a decrease in the sed-
imentation velocity of asphaltenes in paraffin when P3HT is added,
see Figs. S7 and S8 in the supplementary material.

At the same time, a significant increase in the yield strength
for the investigated systems is observed with increasing filler con-
centration. If we consider the frequency dependence of the storage
and loss moduli, we observe for all systems containing P3HT a very
weak dependence of the moduli on the deformation frequency in
the entire frequency range [Fig. 10(b)], with the storage modulus
exceeding the loss modulus for all concentrations. This behavior is
typical for the gel-like systems.””'"’ It is worth noting that, as in the
case of the yield strength, the values of moduli increase with increase
in the filler concentration.

Note that a weak frequency dependence of the moduli is typical
for so-called weak gels.'”'"'"” For such gels, the relation G”/G’ > 0.1
also holds. Obviously, both these features are present here; so, our
systems can be classified as weak gels. Importantly, weak gels should
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FIG. 10. Dependence of viscosity n on (a) shear rate j and shear stress o (inset in a) and (b) frequency dependence of storage and loss moduli of paraffin compositions
containing P3HT (polymer concentration is indicated in the legend inside the figure), T = 80 °C.
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FIG. 11. Dependence of viscosity i, on (a) shear rate j and (b) shear stress o (b) for paraffin filled with P3HT and asphaltenes of different nature, T = 80°C. The concentration

of the fillers is given in the legend.

be distinguished from so-called strong gels, for which the moduli do
not depend on the deformation frequency.

Thus, the introduction of poly(3-hexylthiophene) into paraf-
fin leads to an increase in the viscosity of the system. In addition,
the introduced filler forms a kind of “structural network” in the
composition, the presence of which is confirmed by rheological
data. Furthermore, this “network” can help prevent sedimentation
of asphaltene particles.

The addition of 5 wt. % CR-A asphaltenes into the paraffin
without P3HT leads to a certain structural ordering, as in the case
of P3HT, because the viscosity vs shear rate relationship of such a
system is at an angle close to 45° [Fig. 11(a)], and on the curve for
the effective viscosity vs shear stress relationship we can observe a
vertical constant stress section corresponding to the yield strength
[Fig. 11(b)]. As the shear rate increase, however, this system is capa-
ble of flowing with a viscosity close to that of pure paraffin. If 5 wt. %
CR-Coke asphaltenes are added to the paraffin, they are also capable
of forming a “structural network,” but the yield strength of this sys-
tem is significantly higher than that of similar systems with CR-A
asphaltenes. This may be due to the higher stiffness of the coke
asphaltene particles.

If we add asphaltenes of different nature as an additive in the
paraffin containing 5 wt. % P3HT, the yield stress of such systems is
determined mainly by asphaltenes. The presence of P3HT has little
effect on the viscoelastic behavior of such systems.

TABLE VIII. Diffusion coefficients of paraffin molecules, Dpgratr, @

As for the frequency and amplitude dependence of the stor-
age and loss moduli for paraffins containing asphaltenes of different
structures as fillers, as in the case of P3HT, the storage mod-
ulus exceeds the loss modulus over the entire frequency range
and is independent of the deformation frequency (Fig. S9 in the
supplementary material). While the concentration of the filler in the
system increases, the storage modulus increases, and the systems
with CR-Coke asphaltenes have higher modulus values than those
containing CR-A.

Thus, the introduction of fillers into paraffin leads to the
appearance of a stable supramolecular structure characterized by the
value of yield strength and gel-like behavior. In this case, the highest
value of both the yield strength and the storage modulus is achieved
for the systems containing CR-Coke asphaltenes as a modifier.

To assess the dynamic characteristics of the investigated sys-
tems, the translational mobility of paraffin and asphaltene molecules
in the blends was analyzed in computer simulations, for which
the diffusion coefficients of paraffin molecules, Dy, and asphal-
tene, Dy, in the studied systems were determined at temperature
T =177 °C (Table VIII). It was found that the addition of a polymer
in the blends with asphaltenes leads to a decrease in the mobil-
ity of paraffin and asphaltene molecules. The mobility of both
asphaltenes and paraffin molecules is minimal in the systems with
asphaltenes containing aliphatic side groups. The decrease in mobil-
ity of asphaltenes in the presence of poly(3-hexylthiophene) may be

nd asphaltenes, Dy, in the considered systems.

Dparagy> 107° cm?/s Dasph» 107° cm?/s
Type of asphaltene With P3HT Without P3HT With P3HT Without P3HT
Without asphaltenes 2.1+0.03 2.6 £0.03 e e
Asp 1.4 +0.02 1.8 £ 0.01 0.4 +0.01 0.5+ 0.04
Asp-core 1.7 £ 0.04 20+0.2 1.1 £0.05 1.7 £ 0.02
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directly related to the fact that the addition of P3HT increases the
viscosity of the paraffin sample, which, in turn, may prevent the sed-
imentation of asphaltenes. Indeed, calculation of the viscosity of the
paraffin/P3HT systems at 177 °C based on the computer simulation
results showed a significant increase in the viscosity of the blend to
1.82 mPa s compared to that of unfilled paraffin (0.42 mPa s).*’

D. Thermal conductivity

The value of thermal conductivity of P3HT at room temper-
ature, obtained using a KITT-Nanocomposite device, on a sample
representing a tablet of manually compacted powder was 0.19 W/m
K. Addition of 1wt. % of P3HT to the paraffin leads to 7.2%
increase in the thermal conductivity (from 0.209 to 0.224 W/m K).
Then at 5 and 10 wt. % of P3HT there is a decrease to the value

0.23
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0.201 W/m K (3.8 %) and at addition of 15 wt. % of P3HT leads
again to 5.2% increase to 0.220 W/m K in comparison with the ther-
mal conductivity of the paraffin (Fig. 12). The addition of 5 wt. % of
asphaltenes into the blends with 5 wt. % of P3HT leads to a decrease
in the thermal conductivity of the blend by 1.5% to 0.198 W/m K in
the case of CR-A and to an increase by 3.6% to 0.208 W/m K in the
case of CR-Coke. Thus, the introduction of P3HT with thermal con-
ductivity close to that of paraffin does not result in any significant
change in heat transfer. The introduction of P3HT to blends with
asphaltenes also does not produce special results.

Modeling of the thermal conductivity of paraffin-based blends
containing different types of asphaltenes (Fig. 13) showed that the
introduction of P3HT into pure paraffin leads to some decrease
in the thermal conductivity of the blends both in the molten (at
177°C) and in the crystallized (at —23 °C) state. The addition of

0.22
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<020
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FIG. 12. Thermal conductivity of pure components of paraffin-based PCMs (blue bars), blends of paraffin with P3HT (green bars), and ternary blends containing 5 wt. % of

P3HT and different types of asphaltenes (orange bars).
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FIG. 13. Thermal conductivity of paraffin, P3HT, and their blends with asphaltenes in the molten (T = 177 °C, dark blue bars) and crystallized (T = —23 °C, light blue bars)
states obtained by atomistic modeling. The patterned bars correspond to the systems comprising P3HT.

J. Chem. Phys. 157, 194702 (2022); doi: 10.1063/5.0122116
Published under an exclusive license by AIP Publishing

157, 194702-16


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

P3HT to the blends containing either Asp or Asp-Core asphaltenes
slightly increases the thermal conductivity of the melt at 177 °C, but
the thermal conductivity of the blend in crystallized state is lower
than that before the addition of P3HT.

IV. CONCLUSIONS

The introduction of carbon nanoparticles into paraffin-based
phase change materials (PCMs) is one of the most common ways to
increase their thermal conductivity, which is necessary to increase
the efficiency and expand the possible applications of such PCMs.
The aggregation of nanoparticles in the blends with paraffins occurs
due to - interactions, which can have multidirectional impacts on
the PCM properties. On the one hand, aggregation of nanoparticles
can lead to the desired increase in thermal conductivity of the blends
when ordered structures are formed from the aromatic fragments of
carbon nanoparticles or the formation of percolation cluster when
the concentration of nanoparticles is increased, but on the other
hand, it reduces the sedimentation stability of blends and can cause
phase separation of PCM at temperatures above their melting point,
which is undesirable.

The sedimentation and aggregation stability of nanoparticles
in the blends with paraffin can be increased by introducing a
small amount of agents that enhance the compatibility of aromatic
fragments of carbon nanoparticles with aliphatic paraffins. Such
agents can be polymers with a conjugated aromatic main chain and
aliphatic side groups, such as polyalkylthiophenes, one of the best-
known representatives of which is poly(3-hexylthiophene) (P3HT).
Such polymers, in addition to increasing the compatibility of car-
bon nanofillers with paraffin, can also contribute to some increase in
the thermal conductivity of PCM by forming heat transfer pathways
between aggregates of nanoparticles.

In this study, using experimental and theoretical methods, a
systematic study of the effect of P3HT addition on the structure
and properties of promising phase change materials based on paraf-
fin filled with asphaltenes—natural nanoparticles with an aromatic
polycyclic nucleus—was carried out. In particular, the effect of P3HT
on the crystallization of both pure paraffin and paraffin in blends
with asphaltenes was considered, the changes in the rheological and
thermal physical properties as well as the thermal conductivity of
blends upon addition of P3HT were determined.

The result of this study shows that the addition of P3HT leads
to a change in the rheological properties of paraffin-based sys-
tems, including an increase in their viscosity, which provides greater
resistance of the blends of paraffin with asphaltenes to the sedi-
mentation of filler particles. This is also confirmed by a decrease
in the size of aggregates formed by asphaltenes in the investi-
gated systems, both in the experiment and in atomistic computer
simulations.

It was shown that in the ternary systems of paraffin/
asphaltenes/P3HT, co-crystallization of components is observed,
which is confirmed by both experimental data and computer sim-
ulation data. Based on the analysis of the crystallization heat of
these blends, it was found that the addition of P3HT to the
paraffin-asphaltene blend leads to a decrease in the degree of crys-
tallinity of the blend. However, the effect of P3HT on crystallinity
is markedly inferior to the impact of asphaltenes (especially with
aliphatic chains) on the crystallinity of paraffin.

ARTICLE scitation.org/journalljcp

According to the experimental data, the introduction of P3HT
into the blend in amounts up to 15 wt. % does not significantly
change the phase change temperatures of the heat-accumulating
materials and does not lead to a significant change in the thermal
conductivity of the materials. In turn, computer simulation showed
that the blends based on paraffin and P3HT with model asphaltenes
containing no aliphatic groups have a higher thermal conductiv-
ity compared to the blends without P3HT as well as to the blends
containing asphaltenes with aliphatic groups.

Thus, in this study, using a combination of experimental and
computational methods, it was demonstrated that the use of small
amounts of the P3HT polymer as an additive to materials for ther-
mal storage devices based on mixtures of paraffins with asphaltene
molecules leads to an increase in the sedimentation stability of the
blends in liquid state, associated with an increase in their viscos-
ity and formation of a supramolecular structure. At the same time,
the addition of P3HT does not significantly affect the temperature
and phase change heat of the investigated systems, and it does not
impair their thermal conductivity. Thus, addition of the P3HT poly-
mer (as well as, apparently, its more irregular analog) leads to an
overall improvement in the performance of PCMs.

SUPPLEMENTARY MATERIAL

See the supplementary material for information on the char-
acterization of asphaltenes, details of the P3HT force field used for
computer simulation, estimation of equilibration times in molecu-
lar dynamics simulations, DSC thermograms of P3HT, report on
the sedimentation study of paraffin-asphaltenes mixtures, and fre-
quency dependence of the storage and loss moduli of paraffin-based
mixtures.
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