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Abstract: We present a mesoscale model and the simulation results of a system composed of polyacry-
lonitrile (PAN), carbon nanotubes (CNTs), and a mixed solvent of dimethylsulfoxide (DMSO) and
water. The model describes a fragment of a nascent PAN/CNT composite fiber during coagulation.
This process represents one of the stages in the production of PAN composite fibers, which are consid-
ered as precursors for carbon fibers with improved properties. All calculations are based on dynamic
density functional theory. The results obtained show that the greatest structural heterogeneity of
the system is observed when water dominates in the composition of the mixed solvent, which is
identified with the conditions of a non-solvent coagulation bath. The model also predicts that the
introduction of CNTs can lead to an increase in structural heterogeneity in the polymer matrix with
increasing water content in the system. In addition, it is shown that the presence of a surface modifier
on the CNT surface, which increases the affinity of the filler to the polymer, can sufficiently reduce
the inhomogeneity of the nascent fiber structure.

Keywords: polyacrylonitrile; carbon nanotubes; nanomaterials; nanocomposites; polymer fibers;
modeling and simulation; mesoscale simulations

1. Introduction

Carbon fibers (CFs) are high-tech nanomaterials that combine many different proper-
ties, such as high Young’s modulus (up to 960 GPa), low density (1.75–2.18 g/cm3), thermal
conductivity, high thermal stability, electrical conductivity, chemical resistance, environ-
mental friendliness, and biocompatibility [1–4]. As a consequence, they are widely used
as reinforcing components in composite materials for aerospace, machinery, shipbuilding,
nuclear and wind energy, medicine, sports equipment, and many other applications [2–6].

CFs typically consist of turbostratic carbon planes with a spacing of ≈0.34 nm (larger
than the ideal spacing of 0.335 nm between graphite planes) and have a core–shell struc-
ture [2]. It is believed that high-modulus carbon fibers should have small interlayer spacing,
low defect density, and a high degree of crystallinity, with crystallites having a preferred
orientation parallel to the fiber axis [2]. Although cellulose was the first precursor used
for carbon fiber, it is now primarily made from polyacrylonitrile (PAN)-based precursors,
which occupy ~90% of the CF market [3,7,8]. This is because PAN has a high carbon yield
value (50–60%), good mechanical properties, and high temperature resistance [2,6,9]. One
of the key properties of PAN is its ability to undergo cyclization reactions at high tempera-
tures [2,8–11]. These reactions lead to the formation of disordered, layered, polyaromatic,
graphene-like structures, which are believed to form CFs [12].

The mechanical properties of PAN-based carbon fibers are still well below their theo-
retical limit (less than 10% of the carbon–carbon bond strength of 100–150 GPa [3]), which
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is mainly explained by the presence of a large number of different defects in the poly-
mer matrix. To reduce them, it is necessary to consider the influence of many factors,
such as the composition of PAN fibers, the conditions of their formation and various
post-treatments [6,13], etc.

The preferred way to produce PAN fibers is dry-jet-wet spinning technology [2,8]. In
this method, the spinning solution (a solution of the polymer in a “good” solvent with
a concentration of 10–30 wt% [7,13]) is pressed out of the spinneret holes in the form of
thin jets into the air, after which the fiber enters a coagulation (precipitation) bath filled
with a non-solvent for PAN. The primary structure of PAN fibers is formed in the process
of diffusion exchange between the dope jet and the coagulation bath [14]. As-spun fibers
typically have a fibrillar network structure (gel-like) with numerous pores, capillaries, and
voids [15–17]. These structural inhomogeneities can significantly affect the properties of
the fiber in subsequent processing steps.

To increase the strength of PAN fibers, various fillers are embedded in the spinning
solution. Carbon nanotubes (CNTs) and graphene are considered the most suitable fillers
for PAN [6,18–29]. The PAN/CNT composite fibers exhibit improved mechanical (Young’s
modulus and tensile strength), thermal dimensional stability, and electrical conductivity
properties [6,8,9,18,23,27,28]. While traditional fillers help to improve some properties,
such as modulus and stiffness at the expense of tensile strength, it is sufficient to introduce
only ≤20 wt% of CNTs to improve all mechanical properties, including an increase of
~26–75% in tensile strength [6,9,29] and 16–144% in Young’s modulus [6,9,29]. This ability
to tune their properties makes them good candidates as precursors for the production of
next-generation carbon fibers [27], electrochemical supercapacitor electrodes [9,29], and
smart and functional textiles [28].

The strengthening effect of PAN/CNT fibers is explained by the fact that CNTs, due to
their 1D structure and good compatibility with PAN molecules, can act both as a nucleation
center during PAN crystallization and as an orientation template for the polymer chains [24].
The orientation of the PAN chains in the composite fiber is generally higher (orientation
coefficient ~0.62) than in unfilled PAN samples (orientation coefficient ~0.52). The influence
of different types of CNTs has been studied separately [22,27]. It can be concluded that all
types of CNTs contribute to the improvement of the properties of the resulting material.
The maximum increase in Young’s modulus (by 75%) is observed in composites containing
single-walled CNTs (SWCNTs). Composites with MWCNTs show a significant increase
in the work of rupture of fibers (by 230% [9]). In addition, according to the data obtained,
the size of PAN crystallites in the composite fibers is 35% larger than in the reference PAN
fibers, while the overall crystallinity of PAN is slightly lower. Separately, we can mention
studies dedicated to the modification of the surface of CNTs with different functional
groups [19,29–31]. This way, the functionalization makes it possible to obtain a uniform
distribution of the filler in the volume of the polymer matrix, which can give structural
integrity to the nanocomposites and contribute to the effective redistribution of the load
between the matrix and the filler.

Despite the large number of works devoted to PAN, there is currently no rigorous
and generally accepted theory relating the properties of fibers with the parameters of their
production process [13]. In this case, computer modeling is a powerful method to identify
the structure–property relationship at different scale levels of material organization; see,
for example, a review [32]. It should be noted that most simulation studies of the fiber
nucleation process are based on the solution of diffusion equations, the main parameters of
which are usually adjusted on the basis of experimental data [14,33–38]. These models have
been used to study the main aspects of the kinetics of mass transfer between the nascent
fiber and the coagulation bath. At the same time, direct atomistic and coarse-grained
simulations have focused on the behavior of a single PAN chain in the solution [39] and on
the interaction of PAN with solvents [40] and with SWCNT [41–44].

Previously [45], we developed a mesoscale model to describe a mixture of polyacry-
lonitrile with a two-component (mixed) solvent based on dynamic density functional theory
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(DDFT) [46]. It was used to study structure formation in a mixture of high-concentration
polyacrylonitrile with dimethyl sulfoxide (DMSO, the good solvent for PAN) and water
(the non-solvent for PAN). We have associated the nascent fiber state of PAN with this
system. It was shown that the greatest heterogeneity of the PAN structure occurs with
high water content in the system. In this case, a large number of high-density areas are
formed in the polymer, which we consider to be nuclei of the crystalline phase. Conversely,
when a good solvent dominates over the non-solvent in the system, a homogeneous spatial
structure of the polymer matrix is formed.

In this work, we modified our DDFT model [45] to take into account the effect of the
carbon filler, namely carbon nanotubes, and studied the influence of their volume fraction
on the formation of the structure of the PAN nascent fiber. The influence of CNT surface
modification on the system structure is also analyzed. As before, we associate the quality
of the mixed solvent in the system with the influence of the coagulation bath composition.
Thus, our study aims to investigate the effect of the mixed solvent and the volume fraction
of the filler on the structure of the PAN matrix.

The rest of the paper is organized as follows. Section 2 describes the model of the
system under study and its parameterization and provides the most important information
about the modeling method used. Section 3 presents the methodology used to perform
all calculations and characterize the system. The results obtained are further described in
Section 4 and discussed in Section 5. Section 6 gives a brief overview of the results and a
summary of the work performed. The Supplementary Materials file contains the additional
data used to build our model.

2. Model and Simulation Method

The molecular weights of PAN used in the production of precursor fibers are
30,000–250,000 Da (≈570–4700 monomers), and the diameter of multiwalled carbon nan-
otubes can reach 5–30 nm, with a length of more than 1 µm. The use of such molecular
objects is far beyond the capabilities of all atom computer simulations. Based on our pre-
vious experience in studying molecular systems [47–49], we chose a mesoscale modeling
methodology based on the use of dynamic density functional theory as a working tool.
This method allows us to model melts and solutions of macromolecules on relatively large
scales of ~200 nm and time intervals of ~1 µs.

2.1. Highlights of the DDFT

Let us dwell on some details of DDFT to make clear to the reader the parameters of
our model and the peculiarities of the presentation of the results. For more details and
examples of the use of the engaged method, see articles [46–51]. A distinguishing feature
of DDFT from other mesoscale modeling methods is the use of scalar density fields ρα(r,t)
to describe the spatial distribution of molecular subsystems with index α in the volume
of the simulation box LxLyLz = V (Li is the edge size). Since periodic boundary conditions
are imposed on its faces, it is possible to indirectly take into account the continuous nature
of the system under study. The selection of subsystems (coarsening) is usually done by
analyzing and dividing the initial chemical structures into individual subunits based on
their role (sometimes hypothetical) in the formation of supramolecular structures during
the evolution of the system under consideration. For convenience, they are represented
as structureless coarse particles (further referred to as particles) of the same diameter σ,
which determines the characteristic scale length of the model. This way, density fields can
be assigned to single molecules and their fragments, as well as to sets of molecules of low
molecular weight components.

The Langevin diffusion equations are used to describe the evolution of the system
under study [46,47,50]:

∂ρα(r,t)/∂t = D/kBT·∑β

∫
Vδαβδ(r − r′)∇rρβ(r)∇r ′ δF[ρ,ω]/δρβ(r′,t)dr′ + ηα(r,t), (1)
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where F[ρ,ω] is the free energy functional, D is the average particle diffusion coefficient, and
ηα(r,t) is the term describing stochastic noise with a distribution that obeys the fluctuation
dissipation theorem [52]. The factor δF[ρ,ω]/δρα(r,t), the functional derivative, gives the
partial chemical potential µα(r) of the subsystem α at the point determined by the end
of the radius vector r. Thus, the evolution of the density field ρα(r,t) is governed by the
gradient of the chemical potential arising due to the peculiarities of the interaction of
different molecular subsystems and thermal noise.

Since the system described by Equation (1) is non-equilibrium, additional external
fields ωα(r) are introduced, acting on each component and chosen so that at any moment,
t, the density distribution ρα(r,t) corresponds to an equilibrium state. The relation between
ρα(r,t) and ωα(r) (at a fixed time) is determined by the following equation:

ρα[ω](r) = −nMkBT·∂lnZM[ω]/∂ωα(r), (2)

where nM is the number of molecules in the system, kB is the Boltzmann constant, T is the
absolute temperature (since this method uses dimensionless units, kBT = 1), and ZM is the
intramolecular statistical integral. The analytical form of the ZM depends on the model
representation of the polymer chain. As before, we used the ZM expression from [50,51].

To obtain the free energy of the system F[ρ,ω], we used the representation given in
Ref. [47]:

F[ρ,ω] = −kBT·ln∏MZM
nM[ω]/∏MnM! − ∑α

∫
ωα(r)ρα(r)dr + ½∑αβ

∫ ∫
εαβ(3/2πa2)3/2exp(−3(r − r′)2/2πa2)ρα(r)ρβ(r′)drdr′

+ ½ κTν
2
∫

(∑αρα(r) − ∑α <ρα>)2dr,
(3)

where <ρα> is the average density of the α component and κT is the compressibility
parameter (κT = 10 kBT) [46]. Equation (3) was written under the approximation that all
molecules have a Gaussian coil conformation. The force constants εαβ determine the
interaction between the subsystems of the model. They are related to the Flory–Huggins
parameters χαβ [53,54] by the following equations [54,55]:

χαβ = (εαβ + εβα − εαα − εββ)/2νkBT. (4)

The Flory–Huggins parameters provide a relationship between the chemical properties
of the molecular subsystems of the model and the interaction energy of the corresponding
coarse particles. The method for their estimation is given below in Section 2.4.

The representation of the modeled system as a set of interacting structureless particles
of equal volume in combination with the Flory–Huggins model is a convenient technique
to obtain an analytical representation of the free energy functional of the system. The imple-
mentation of the computational scheme is described in detail in our publications [47,49].

2.2. Model Description

As in Ref. [45], we selected DMSO as the solvent for PAN and water as the non-solvent.
We assume that when a jet of spinning solution (usually, its composition includes 20 vol% of
PAN and 80 vol% of the solvent [1,25,56–58]) comes into contact with the coagulation bath
(containing a mixture of solvent and non-solvent in different ratios), diffusion exchange
occurs between the jet of spinning solution and the contents of the bath. During this process,
two countercurrent flows occur. Because DMSO and water mix well at different ratios, the
excess solvent diffuses out of the jet and is replaced by the non-solvent. As the amount of
water increases, PAN, being insoluble in water, first becomes a viscous, easily deformable,
filamentous structure. When the water content reaches a threshold, the polymer coagulates
to form a separate solid phase. This greatly slows down the mass transfer and creates
conditions for a quasi-equilibrium state of a mixture of the solid phase of the polymer with
a certain amount of residual solvent, consisting of solvent and non-solvent [14,34,36,59–61].
According to the literature, an as-spun fiber, comprising coagulated polymer with the
mixed combined solvent, consists of a dense shell (where the non-solvent dominates) and
a soft core (where the good solvent is prevalent). The final microstructure of the system
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depends on the residence time in the coagulation bath, the chemical composition of the
spinning solution, the contents of the bath, and its temperature.

Because the diameter of the PAN nascent fibers (~60 µm) and the time of their for-
mation (several seconds) exceeded the spatial and temporal scales available in DDFT, we
considered the coagulation as a quasi-equilibrium process taking place inside the simula-
tion cell with a fixed composition. As in Ref. [45], we assumed that the simulation cell could
be located at different distances from the fiber surface (see Figure 1). Thus, large values of
the volume fraction of solvent in the cell correspond to areas of the fiber closer to its center.
The simulation cell was also interpreted differently, as a part of the fiber located at a fixed
distance from the surface. In this case, the composition of the system was determined by
the time elapsed relative to the onset of mass transfer in the coagulation bath. Thus, by
changing the composition of the system, we can indirectly study the state of a given fiber
fragment (I) at different times during the coagulation process and (II) at different distances
from the surface at the moment the filament leaves the coagulation bath (see Figure 1).
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Figure 1. Sketch of the dry-jet-wet spinning process and the interpretation of the internal states in the
simulation cell. It can be assumed that fragments of a nascent fiber are located at different distances
from the surface. Thus, the farther the simulation cell is from the surface, the greater the volume
fraction of dimethyl sulfoxide (DMSO) it contains. As an alternative, it can be assumed that the
simulation cell is located near the fiber surface. Therefore, the change in the DMSO/water ratio can
be considered as (I) a quasi-stationary state of the system at different stages of the coagulation process
or (II) the effect of the composition of the coagulation bath on the fiber structure at a fixed distance
from the center. The cubic box shows an example of the polymer density distribution obtained in the
simulations (blue color corresponds to the lowest density, dark red to the highest density).

The main parameters of our model were the volume fraction of the residual solvent,
the solvent quality (DMSO/water ratio), and the filler content. To reduce the number
of parameters, the temperature was fixed. As the output data of the DDFT model, we
calculatedthe density distribution of the main components of the model, which gave us
information about the structure of the system, namely the nature of the distribution of the
system components, porosity, size of crystalline nuclei, etc.

When mapping real molecular structures onto the DDFT model representation, we
used the same coarsening principles as in Ref. [45]. The approach of coarsening polymer
chains and small molecules has already been used in our previous studies to investigate the
phase separation of molecular systems [47–49]. It was assumed that all molecular compo-
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nents consist of identical spherical particles. The chosen scheme for mapping the atomistic
structures of PAN, MWCNT, DMSO, and water to the coarse-grained representation is
shown schematically in Figure 2. P-type particles correspond to a statistical segment of the
polymer chain, and D- and W-type particles correspond to DMSO and water molecules,
respectively. In addition, we have introduced in our model C-type particles associated with
a carbon nanotube fragment. The particle contents were determined by the Cα parameters,
which define the volume fractions of each component.
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Figure 2. The principle of mapping the atomistic structure of PAN, DMSO, and water to coarse-
grained representations. Particles of type P correspond to a segment of the PAN chain containing
the comonomers acrylonitrile and itaconic acid (not explicitly shown), D—DMSO molecules, W—
water, and C—a piece of MWCNT. Colors of atoms in atomistic models: carbon—gray; oxygen—red;
sulfur—yellow; nitrogen—blue; hydrogen—white. The colors of the coarse-grained particles also
correspond to the colors of the density fields ρα in other figures. The parameters NP and NC denote
the number of coarse-grained particles in the polymer chain and CNT models, respectively.

2.3. Model Characteristic Scale

As in Ref. [45], we used the polymer chain with a length of NP = 34 coarse-grained
particles. The length of the model chain was chosen based on the following considerations.
In the DDFT model, real polymer chains are mapped to the equivalent of the freely jointed
chains. According to Refs. [62,63], the length of the equivalent chain N is determined by
the degree of polymerization and a characteristic ratio C∞ of the polymer molecules (a
measure of the stiffness of the polymer chain):

NP = Mp/(MmonC∞), (5)

where MP is the molecular weight of the real chain, and Mmon is the molecular weight of
the monomer. Thus, assuming an average molecular weight of PAN of ~103,000 Da, and
using the average experimental value of 10.1−18.5 [64] for C∞, we obtained the length of
an equivalent chain of 136 coarse-grained particles. Since such chains require the use of
large simulation cells, we reduced the length of the model chain to 34 particles and rescaled
the Flory–Huggins parameters to decrease the computational cost [62]. Thus, in our model,
the value of the characteristic scale length σ was related to the degree of coarsening in the
polymer chain.

In addition to the range of C∞ values mentioned above, lower values of 6.2 [65]
and 6.49 [66] can be found in the literature. In these studies, the characteristic ratio was
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calculated for many polymers, including PAN, using the group contribution and all-atom
molecular dynamics simulation methods with subsequent comparison with experiment.
At the same time, the theoretical estimate of C∞ using the Bicerano method gave us 7.33,
which was used in Ref. [67] to model a mixture of PAN with polyglycolide. Since itaconic
acid [1,10] is introduced into PAN chains as a comonomer (in particular, to reduce the
rigidity of the polymer chains), when estimating σ, we chose the smallest of the range of
values found for C∞ = 6.2–10.1. In this case, the characteristic length scale of our model is
about 2 nm. The following remark should be made here. The choice of the length scale of
molecular objects in any coarse-grained model is usually illustrative for an approximate
recalculation of the size of the structures observed in the simulation cell, measured in
dimensionless units σ. Therefore, this choice does not affect the calculation results.

In turn, 30 coarse-grained D-type particles were used to build carbon nanotube models.
The chosen value of the scale unit allowed us to interpret the model CNTs as multiwalled
CNTs with a diameter of 2 nm.

2.4. Interaction Parameters

The intermolecular interaction force constants εαβ (α, β = P, C, D, and W) in
Equations (3) and (4) were calculated based on the Hildebrand solubility parameters δα [62],
which are related to the Flory–Huggins interaction parameters χαβ by the following
expression [51,54,63,68,69]:

χαβ = υ (δα − δβ)2/RT, (6)

where R is the universal gas constant, and υ is the average molecular volume of the
original molecular structures associated with the major subsystems of the model. The
values of δα and υ can be measured experimentally, obtained from atomistic molecular
dynamics simulations [47,68,70], as well as using the Bicerano [62] and Askadskii [71]
regression models.

When estimating χαβ by Equation (6), we used υ = 47.8 cm3/mol obtained by av-
eraging the molecular volumes of PAN, DMSO, and water calculated by the Askadskii
method [71]. The Hildebrand solubility parameters δα, according to literature data, are in
the following value ranges: 25.3–27.43 (J/cm3)1/2 for PAN [68,72–74], 22.14–29.0 (J/cm3)1/2

for DMSO [68,70,73–76], 47.5–48.0 (J/cm3)1/2 for water [51,68,75,77], and 20.35–20.79
(J/cm3)1/2 for CNTs [78,79]. Their averaging gave: δP = 26.6 (J/cm3)1/2 for PAN,
δD = 26.1 (J/cm3)1/2 for DMSO, δW = 47.8 (J/cm3)1/2 for water, and δC = 20.6 (J/cm3)1/2

for CNTs. The proximity of δP and δD means that DMSO is a good solvent for PAN, which
is a well-known fact [73,76]. The difference between δP and δC is also small, indicating
good miscibility of PAN with CNTs, which is also in good agreement with literature
data [20–22,24,26,28].

The PAN solubility parameter was corrected based on the following considerations.
As mentioned above, to obtain carbon fibers, itaconic acid (IA) comonomers are introduced
into the PAN from 2 wt% to 15 wt% [1,2,10] to weaken the intermolecular interactions and
reduce the viscosity of the spinning solution (PAN contains highly polar nitrile groups,
which effectively makes the polymer chain rigid). In addition, IA affects the cyclization
process of PAN, lowering the stabilization temperature, reducing the rate of heat release,
and accelerating the stabilization reactions [3,7]. The presence of IA can be accounted for
by correcting the solubility parameter of PAN using a simple additive equation [77]:

δP,corr = (1 − φ) δP + φ·δIA, (7)

where φ is the comonomer fraction, and δIA is the solubility parameter of IA. To evaluate
δP,corr, we assumed that φ = 0.05 (≈5 wt%) and δIA = 22.6 (J/cm3)1/2 [80], which slightly
reduced the initial value of δP to 26.4 (J/cm3)1/2.

Thus, using Equation (6) for T = 300 K, we obtained the following estimates for the
values of the Flory–Huggins interaction parameters: χP,D = 0.0, χP,W = 8.8, χP,C = 0.6,
χD,W = 9.0, χD,C = 0.6, and χC,W = 14.2. The zero value of χP,D from the point of view of the
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Flory– Huggins and Hildebrand solubility theories [53,54,63,68] for polymers indicates that
DMSO is a good solvent for PAN, and the large value of χP,W = 8.8 clearly shows that water
is a non-solvent for it. Thus, by changing the DMSO/water ratio, it is possible to change
the thermodynamic quality of the solvent mixture for polyacrylonitrile [81]. However,
the obtained value χD,W = 9.0 (DMSO/water) contradicts the known experimental fact
about the good miscibility of DMSO and water in any ratio. When this value is used in
DDFT calculations, DMSO and water are completely separated. The large value of χD,W is
explained by the fact that Hildebrand’s theory [72] does not take into account the formation
of hydrogen bonds between DMSO and water molecules [82]. Therefore, to account for
the good miscibility of DMSO and water, the value of χD,W was adjusted in all further
calculations by setting χD,W = 0.

In the introduction, it was noted that the modification of the surface of CNTs can
significantly affect the nature of their distribution in the volume of the polymer matrix. In
DDFT, the modification of the CNT surface can be taken into account by changing the value
of the solubility parameter corresponding to the CNT subsystem δC. Our estimates (made
using the MULTICOMP package (ver. 1.1.20) [83] and the PCFF valence force field [84];
see Section S1 in the Supplementary Materials file), showed that there is a certain optimal
value of the modifier surface density (<5%) at which the adhesion energy of PAN to the
CNT surface increases. Thus, reducing the difference (δP − δC) reduces the value of the
Flory–Huggins parameter χPC, which improves the miscibility of CNTs with a polymer
matrix and makes it possible to account for the modifier on their surface.

3. Calculation and System Characterization Methodology

According to the literature, pores in nascent fibers that appear during coagulation
play the role of defects that reduce the strength properties of carbon fibers [59,85–87]. Our
previous results [45] indicated that a homogeneous structure of PAN nascent fibers can be
formed as a result of slowing down the coagulation by increasing the amount of DMSO in
the coagulation bath. In this work, our goal was to determine what additional effect the
filler in the form of carbon nanotubes can have on the structure of PAN in the presence and
absence of surface modification.

All calculations were performed at a fixed temperature of 300 K. As in our previous
study [45], we assumed that in the late stages of coagulation, the nascent fiber consists of
80 vol% PAN + CNTs and 20 vol% mixed solvent DMSO + water, since the non-solvent does
not completely replace the solvent [37,58,73,88]. The fraction of water in the mixed solvent
composition was determined using the parameter f W = CW/(CW + CD). The amount of
CNTs, CC, in the system was varied from 0 to 5 vol% (correspondingly, the amount of PAN,
CP, was varied from 80 to 75 vol%), and the amount of water, f W, in the mixed solvent was
varied from 0 to 1.

Equation (1) was solved on a regular cubic grid with a step of 1σ and a total number
of nodes Ntotal equal to 32 × 32 × 32. Note that the polymer chain model used had the
following geometric properties: The end-to-end distance was 5.8 σ, and the radius of
gyration was 2.4 σ, which was much less than half of the edge length of the simulation cell.
Since the characteristic length scale of the model was σ ≈ 2 nm, the constructed model
allows us to study the structure formation in a cubic cell with an edge length of ≈64 nm.
The integration step of Equation (1) over time, ∆t, was chosen equal to 0.5 τ (τ is the time
scale). To set the coefficients, D, in the system of Equation (1), we used an averaged value
of the diffusion coefficients for DMSO and water equal to 3.3 × 10−11 m2/s [89], which
gave a time scale τ ≈ 121 ns.

For the initial states, we used random distributions of density fields ρα(r,0) (α = P, C,
D, and W) generated in such a way that each ρα(r,0), on average, fills the volume of the
simulation cell uniformly. The total calculation time tmax was controlled by the free energy
convergence condition (|F(t2) − F(t1)| < ς, where ς is a small value) (see, e.g., Figure 3).
Depending on the parameter set, the value of tmax varies from 150 to 10,000 ∆t (here and
below, the time is given in the integration steps of the calculation scheme ∆t), which can
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be roughly converted to real time in the range of ≈6 µs to ≈600 µs. It should be noted
that in the literature, it is possible to find values of D for water and DMSO in the range
of 0.22 × 10−11 m2/s to 15 × 10−11 m2/s [34,37,61,89], which allows us to compare the
upper simulation time with a range of 1.3 µs to 9091 µs. For each set of parameters, three
statistically independent calculations were performed. The data obtained for each series of
calculations are used to average the values analyzed.
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Figure 3. (a) Free energy density F, (b) order parameters Λα (P—PAN, D—DMSO, W—water,
C—CNTs), as a function of time for systems without CNTs (CP = 80 vol%, f W = 0.5, dotted lines), in
the presence of CNTs (CP = 75 vol%, CC = 5 vol%, f W = 0.5, solid lines). Instantaneous snapshots
show the PAN density field distribution ρP ≥ 0.75 (red color) on the cross-section of the simulation
cell: (c) without filler and (d) with filler. The values of the time points, t, when they were obtained
are given between snapshots. The completion time of the polymer/water phase separation, tPS, is
determined by linear extrapolation of the region of a sharp decrease of F(t) up to the intersection
with the time axis (shown by the dotted line), which is schematically shown in part (a) of this figure.
T = 300 K.

To control the phase transitions occurring in the PAN/CNT/DMSO/water mixture,
the order parameters Λα were calculated. These properties were defined as the volume-
averaged difference between the square of the local non-stationary density field ρα(r,t) and
the square of the average density ρα of particles of type α, respectively:

Λα(t) = ν/V
∫

V[ρα2(r,t) − <ρα>2] dr. (8)

When all values of Λα were close to zero, all components of the system formed
a homogeneous mixture. If Λα > 0, the component α tends to form a separate phase.
Figure 3a,b show the typical time dependencies of the free energy, F, and order parameters
for the two systems: without filler CP = 80 vol%, f W = 0.5 (dotted lines) and with filler
CP = 75 vol%, CC = 5 wf%, f W = 0.5 (solid lines). Their shape indicates that the non-solvent
induced phase separation. At t ~ 25, it is accompanied by a sharp decrease in the free
energy and a rapid increase in the order parameter for water and polymer.
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Figure 3c,d also show a visualization of the structural changes in the system at the
cross-section of a simulation box with the plane (xOy) in the form of color maps of the
PAN density distribution when ρP(r,t) > 0.75 (PAN) at different times in the absence and
presence of filler in the system. Intense structural changes occur as the simulation time
approaches tPS, which we defined as the time of phase separation (coagulation) of PAN
and water; see Figure 3a (and snapshots for t = 20 ∆t, 30 ∆t in Figure 3c,d). The phase
separation time, tPS, was estimated by linear extrapolation of the region of rapid change in
the free energy of the system along the time axis (see Figure 3a). As can be seen from the
snapshots, regions of low density are formed in the polymer matrix, which are occupied by
other components of the system (CNTs and water).

When t > 50 ∆t and there is no filler in the system, the values of Λα (α = P, W)
quickly reach saturation, and the structure of the system (according to the visualization in
Figure 3c) remains practically unchanged. With the introduction of CNTs into the system,
the separation of the PAN/water phases is faster due to the CNTs acting as nuclei of
the polymer phase. This can be seen in Figure 3a, which shows tPS (no filler) and t’PS
(filler present).

If the filler is present in the system, ΛW reaches saturation after the water has formed
a separate phase. At the same time, the PAN order parameter, ΛP, continues to increase
slowly as the filler tends to form its phase. The latter occurs over a long time, starting from
t > 40 ∆t to t ≈ 75 ∆t. This process is accompanied by a slow increase of ΛC, and up to
t > 40 ∆t, it is difficult to observe it visually. In the time interval 40 ∆t < t < 75 ∆t, a feature
in the form of a small bend appears in the ΛP(t) behavior. An additional increase in ΛP is
accompanied by an increase in the number of high-density areas in the polymer matrix.
This is discussed below. The delay in the separation of the PAN/CNT phases is due to
the proximity of their solubility parameters δP and δC. As mentioned above, the value
of the Flory–Huggins interaction parameter for these subsystems is χP,C = 0.6, which is
close to the threshold value of 0.5, at which the system is on the border of phase separation.
Therefore, a significant diffusion time is required for the phase separation of PAN and
CNT. In the case of DMSO, the value of ΛD (according to Figure 3b) does not exceed
0.01, indicating the absence of order in this subsystem, since DMSO mixes well with PAN
(χP,D = 0.0) and water (χW,D = 0.0).

Additionally in Figure 3a,b, in the behavior of F(t) and the order parameter ΛP(t), one
can observe the presence of weak long-period oscillations (in the case of ΛW and ΛC, they
are of the nature of small perturbations) at large simulation times t > 120 ∆t. This behavior
is associated with slow relaxation processes as a result of the ongoing redistribution of
density fields since PAN, DMSO, and CNT have similar solubility parameters. This is
accompanied by slight changes in the structure of the polymer matrix, which can be
observed in Figure 3c,d by the change in shape of the regions where ρP(r,t) > 0.75. Although
the structure of the system continues to evolve at t > 120 ∆t, its main motifs remain stable.
This is confirmed by the data in Figure 4, which shows the distribution of a fraction of PAN
regions, NP(ρP,t)/Ntotal, with density ρP in a simulation cell at different simulation times.
It can be seen from the figure that when t > 100 ∆t for ρ < 1.3, the NP(ρP,t)/Ntotal profiles
practically do not change. In particular, the position of the maxima at ρP ≈ 1.19 remains
unchanged. It can be concluded that in the matrix structure, the number of regions with
high-density ρP > 1.3 continues to increase, but their content does not exceed 1%, while the
free energy changes by a value <0.1 RT. Thus, although the structure of the system tended
to evolve, this did not lead to significant changes in the distribution of ρP(r,t). Therefore,
we stopped our simulation when (|F(tmax − 50∆t) − F(tmax)|) < 0.1 RT.

In the final state t = tmax, when f W > 0.3, the PAN matrix looks like a porous structure
(like a gel network). An example of such a state for CP = 75 vol%, CC = 5 vol%, f W = 0.5, and
t = 200 ∆t is shown in Figure 5 (the evolution of this system was shown earlier in
Figure 3b,d). In this case, the average pore size is ≈6 ± 1σ. The pores are filled with
a mixture of DMSO and water, which is visible in a combined plot of all density fields
(Figure 5d). The PAN density field distribution with ρP(r, tmax) > 0.75 shows that high-
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density areas form an unoriented fibrillary three-dimensional network structure (Figure 5a)
whose pores are filled with water (Figure 5b) and interspersed with areas formed by
filler (Figure 5c). In this case, DMSO has a uniform distribution in the system volume,
see Figure 5b, where the water (blue color) and DMSO (green color) density fields are
given. Thus, with the developed model, we could observe structural changes in the
PAN/CNT/DMSO/water mixture at different simulation times.
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CP = (80 − CC) vol%; f W = 0.5. Ntotal is the total number of grid points in the modeling cell.
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Figure 5. Density field distribution ρα(r,tmax) for (a) PAN (red, ρP > 0.75; green color shows the
surface of pores in a polymer matrix); (b) DMSO (green, ρD > 0.02) and water (blue, ρW > 0.8);
(c) CNT (black, ρC > 0.8); and (d) combined plot (PAN—dark and bright red [bright red—regions
with high-density ρP > 1.3], DMSO—green, water—blue, CNT—black). CP = 75 vol%, CC = 5 vol%,
f W = 0.5, T = 300 K, tmax = 200 ∆t. Letters correspond to model component designations shown in
Figure 1.
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4. Results
4.1. Effect of Filler and Mixed Solvent Quality on PAN Structure

To evaluate the effect of the filler content and mixed solvent quality on the structure
of the PAN/DMSO/water/CNT system, a series of calculations were performed with
different CNT contents in the system and DMSO/water ratios. The last one was controlled
by the f W parameter. Thus, the more water present in the system, the greater the difference
between the Hildebrand solubility parameter of the DMSO/water mixture and the solu-
bility parameters of PAN and CNT (see Section S2), making the DMSO/water mixture a
non-solvent for the polymer and filler.

First, the polymer/water phase separation time, tPS (which can be considered as the
coagulation time), was calculated as a function of the filler volume fraction, CC. The results
shown in Figure 6 indicate that the introduction of filler has the greatest effect on the
coagulation time at low water content, where tPS decreases significantly with the increase
of the filler volume fraction.
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The visualization of the distribution of density fields for PAN + CNT and water
(Figure 7) allowed us to get a clear idea of the structural changes occurring in the system.
At low water content f W < 0.15, the system remains homogeneous, which is in agreement
with our previous results [45]. When 0.15 < f W ≤ 0.2 (Figure 7, region I) and there is no
filler, PAN also forms a homogeneous structure, although the water starts to form small
spherical domains with an uneven distribution in the volume of the simulation cell. At
the same water content (f W = 0.2), the introduction of filler (CC = 3 vol%) first causes the
formation of PAN regions with high-density ρP > 1.3, then at CC > 3 vol%, the filler also
begins to form high-density areas. We associated the formation of such regions with the
formation of crystalline nuclei in the case of PAN and with the formation of aggregates in
the case of filler. The region 0.2 < f W < 0.5 (Figure 7, region II) is characterized by a gradual
increase in the number of spherical water domains in the system. In this case, a significant
number of high-density areas are formed in the volume of the polymer matrix, even in the
absence of filler. Their number increases significantly with increasing CC.

When f W reaches a value of 0.5, the water domains begin to merge and form elongated
dumbbell-shaped structures (Figure 7, region III). Finally, when a threshold value is reached
(f W ≈ 0.8), the water domains form a 3D network structure that fills the entire volume
of the simulation cell (Figure 7, region IV). In the latter case, the strongest perturbation
of the polymer structure is observed in the form of the appearance of regions of high
density. Thus, an increase in the water content leads to the formation of regions with high
water content, which provokes the development of regions of high density in the polymer
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with uneven distribution in the volume. It can also be concluded that, as in our previous
study [45], the strongest perturbation of the polymer density distribution is observed above
the percolation threshold of the water domains. At the same time, the introduction of filler
leads to a significant increase in the number of inhomogeneities in the system; see Figure 7.
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Figure 7. Visualization of the density field distribution: PAN + CNT (ρP > 1.3, ρC > 0.8) and water
(ρW > 0.8) at different values of f W and volume fraction of filler in the system. The following ranges
of f W are conventionally denoted by Roman numerals: (I) PAN forms a homogeneous structure in
the absence of filler, (II) water forms discrete spherical domains, (III) water forms elongated domains,
and (IV) water domains form a percolating network of pores. Letters correspond to model component
designations shown in Figure 1.

Quantitative information about the influence of water and filler on the formation of
regions with different densities is given in Figure 8, where the distributions of the values
of the fraction of domains Nα(ρ,tmax)/Ntotal (α = P, C, and W) with density ρ are plotted.
In the case of α = P, the most significant fluctuations in the maximum density values
become most pronounced with increasing filler volume fraction at average values of f W
(see Figure 8a). It can be seen from the figure that at large f W, the maximum value of the
PAN density increases quite smoothly. Figure 8b also shows that increasing the volume
fraction of the filler leads to a gradual widening of the range of the density values of the
corresponding domains. This can be interpreted as an indication of possible nanotube
aggregation during CC growth. According to Figure 8c, the filler has virtually no effect on
the nature of the water distribution in the cell volume. The most noticeable effect appears
only at high f W values. It is also clear from Figure 8 that the NP(ρ)/Ntotal distribution for
PAN has a clear maximum at ρP ≈ 1.03. Its position is weakly dependent on the filler
content and shifts to higher values with increasing f W.
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As mentioned above, solvent-filled pores in the polymer matrix are considered de-
fects because they reduce the integrity of the fiber structure. Since the presence of voids
prevents the uniform distribution of the applied external load, they can contribute to the
destruction of the fiber at high degrees of deformation during the drawing stages of pre-
cursor fibers [59,85–87]. At the same time, the regions with the highest density of PAN
can act as nuclei for the growth of the crystalline phase in the subsequent stages of the
fiber drawing and heat treatment process. Since the strengthening of carbon fibers is often
associated with an increase in the crystallinity of PAN, we paid special attention to study-
ing the influence of f W and CC on the formation of crystalline nuclei in the system under
study. As before [45], we considered all areas in the simulation cell where the PAN density
ρP > 1.3 as nuclei of the crystalline phase. As a generalized geometric property of such
regions, we evaluated their radius, which was calculated as (3 V/4π)1/3, where V is the av-
erage volume of domains with density ρP > 1.3. This feature is conditional, since according
to Figure 7, the high-density areas have a very irregular shape; it nevertheless allows us to
follow the main trends of changes in the structure of the system with changes in CC and f W.

Figure 9 shows the distribution of the average number of high-density areas, <NP>,
which we associated with the PAN crystalline phase, and their conditional radius, <RP>.
The maximum average value <RP> = 6.5σ ± 1σ, which, considering the characteristic scale
σ ≈ 2 nm, is in good agreement with the values of experimentally recorded crystalline
regions in PAN 7−10 nm [90,91]. Figure 9a shows that the dependence <NP>(f W,CC) has
a small maximum in the region of f W ≈ 0.3. Its amplitude increases with increasing filler
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volume fraction. At this water content, the radius of high-density areas has a large scatter
of values, which led to a large error in the results. At the same time, in agreement with our
previous results [45], a rapid increase in <RP> occurs at f W values corresponding to the
final state, in which an interconnected network of water-filled pores is formed in the cell
volume; see Figure 7 (region IV). The formation of such a morphology introduces a strong
perturbation in the distribution of the PAN density field, which causes the simultaneous
growth of <NP> and <RP>.
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Figure 9. The average number of (a) high-density (ρP > 1.3) areas in the PAN matrix <NP> and
(b) their average radius <RP> as a function of the water content f W and the volume fraction of filler
in the system. CP = 80–75 vol%, CC = 0–5 vol%, f W = 0–1, T = 300 K.

The reason for the increase in the size of high-density PAN areas in the range of
0.2 < f W < 0.5 can be explained by the behavior of the average number of CNT high-density
areas, <NC>, and their average radius, <RC>, shown in Figure 10. According to this
figure, the deterioration of the quality of the mixed solvent (increase in f W) caused by the
difference in the Hildebrand solubility parameters (δC and δW) results in a rapid increase in
the number of high-density areas formed by the filler (see Figure 7, region II). These areas
can be interpreted as CNT aggregates. In this case, the value of f W ≈ 0.3–0.4, where <RC>
(according to Figure 10b) has a maximum and the largest spread of values corresponds to a
similar water content in the system, where the largest spread in the size of high-density
areas is observed for PAN.

ChemEngineering 2024, 8, x FOR PEER REVIEW 16 of 24 
 

  
(a) (b) 

Figure 9. The average number of (a) high-density (ρP > 1.3) areas in the PAN matrix <NP> and (b) 
their average radius <RP> as a function of the water content fW and the volume fraction of filler in 
the system. CP = 80−75 vol%, CC = 0−5 vol%, fW = 0−1, T = 300 K. 

The reason for the increase in the size of high-density PAN areas in the range of 0.2 < 
fW < 0.5 can be explained by the behavior of the average number of CNT high-density 
areas, <NC>, and their average radius, <RC>, shown in Figure 10. According to this figure, 
the deterioration of the quality of the mixed solvent (increase in fW) caused by the differ-
ence in the Hildebrand solubility parameters (δC and δW) results in a rapid increase in the 
number of high-density areas formed by the filler (see Figure 7, region II). These areas can 
be interpreted as CNT aggregates. In this case, the value of fW ≈ 0.3–0.4, where <RC> (ac-
cording to Figure 10b) has a maximum and the largest spread of values corresponds to a 
similar water content in the system, where the largest spread in the size of high-density 
areas is observed for PAN. 

  
(a) (b) 

Figure 10. The average number of (a) ρC > 0.8 areas formed by the filler and (b) their average radius 
<RC> as a function of the water content fW and the volume fraction of the filler in the system. CP = 
80−75 vol%, CC = 0−5 vol%, fW = 0−1, T = 300 K. 

The instability of the behavior of <RP> and <RC> at fW ≈ 0.3–0.4 can be explained by 
the fact that in this case, the largest number of spherical water domains are formed in the 
cell volume. With a further increase in the amount of water fW from 0.4 to 0.75 (as can be 
seen in Figure 7), the domains formed by water gradually expand and begin to play the 
role of obstacles that interfere with the diffusion and merging of high-density areas in the 
PAN and CNT subsystems. This leads to a stabilization of the <NC> and <RC> values. This 

Figure 10. The average number of (a) ρC > 0.8 areas formed by the filler and (b) their average
radius <RC> as a function of the water content f W and the volume fraction of the filler in the system.
CP = 80–75 vol%, CC = 0–5 vol%, f W = 0–1, T = 300 K.



ChemEngineering 2024, 8, 97 16 of 22

The instability of the behavior of <RP> and <RC> at f W ≈ 0.3–0.4 can be explained
by the fact that in this case, the largest number of spherical water domains are formed in
the cell volume. With a further increase in the amount of water f W from 0.4 to 0.75 (as
can be seen in Figure 7), the domains formed by water gradually expand and begin to
play the role of obstacles that interfere with the diffusion and merging of high-density
areas in the PAN and CNT subsystems. This leads to a stabilization of the <NC> and <RC>
values. This conclusion is partially confirmed by the decrease of <RP> with increasing
CC at f W > 0.75. At the same water content, the <NP> value continues to increase with
increasing CC. Thus, we can conclude that the average size and number of aggregates
formed by CNTs are related to the quality of the mixed solvent, which controls the release
of CNTs into the separate phase, and the rate of their diffusion, which determines the
possibility of the coalescence of CNT aggregates. In turn, the formation of CNT aggregates
provokes an increase in the number of high-density areas in the PAN subsystem, which can
be associated with an increase in the crystallinity of the polymer matrix.

4.2. Effect of Filler Surface Functionalization on the Structure of the Polymer Matrix

As discussed in Section 2.4, the surface modifier of the CNTs in our model can
be accounted for by modifying the Hildebrand solubility parameter δC. Recall that
the following values were chosen for the calculations: δP = 26.6 (J/cm3)1/2 for PAN
and δC = 20.6 (J/cm3)1/2 for CNTs (see Section 2.4). Thus, an increase in δC reduces
the Flory–Huggins parameter χPS, which improves the miscibility of the CNT with the
polymer matrix.

To study the effect of the surface functionalization of CNTs, we simulated a system
with a fixed composition of CP = 77 vol%, CC = 3 vol%, and f W = 0.8. The water content was
chosen based on the consideration that near this value, the heterogeneity of the polymer
matrix begins to grow rapidly as the water content in the system increases. Four values
of the CNT solubility parameter were used, namely δC = 18, 20, 22, and 24 (J/cm3)1/2.
Thus, the first value was chosen lower than the original (assuming poor compatibility of
the modifier and PAN), the second one close to the original, and two values close to PAN,
reflecting the case of increased adhesion of PAN to the filler surface.

Figure 11 shows the obtained results for the average number of high-density areas
and their radii as a function of the δC value. When δC = 20 (J/cm3)1/2, the values of the
calculated characteristics are close to the results in Figures 9 and 10. At the same time,
decreasing the value to δC = 18 (J/cm3)1/2 leads to a significant increase in the number
of areas of high density in PAN and CNT distributions, as well as in their effective radii.
Thus, the deterioration of the compatibility of PAN and CNTs leads to a significant increase
in the number of inhomogeneities in the polymer matrix. On the other hand, increasing
the affinity between the matrix and the filler (namely δC = 22 and 24 [J/cm3]1/2) leads to a
simultaneous decrease in the average number of high-density areas of PAN and CNTs, as
well as their dimensions (see Figure 11). This is due to the fact that in the case of embedding
an unmodified filler, the resulting aggregates provoke the growth of nuclei in the PAN
crystalline phase (see Figure 9a). Therefore, by increasing the compatibility of the filler
and the polymer, which leads to their better miscibility, it is possible to achieve a uniform
distribution of CNTs in the volume of the polymer and to reduce the degree of heterogeneity
of the polymer matrix to values without filler. Thus, our model illustrates that by selecting
the right type of filler surface modifier, it is possible to significantly influence the properties
of the polymer matrix, as well as reduce the filler aggregation.
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5. Discussion

Since our model is mesoscale, i.e., it takes into account only the general motives of the
structure of the main components of the system and the features of their interaction with
each other, the results obtained can be interpreted in several ways. Let us look at this in
more detail.

One of the possible interpretations of our model could be the following. The position
of the simulation cell can be considered as fixed within the fiber volume. For example, its
position can be associated with the near-surface layer (see Figure 1). Then, the water fraction
in the mixed solvent composition (determined by the f W parameter) can be perceived as
determined by the DMSO/water ratio in the coagulation bath composition. Thus, the
examples of snapshots of the simulation cell shown in Figure 7 illustrate how different
coagulation bath compositions affect the structure of the near-surface layer of the PAN
nascent fiber. Looking at Figure 7 vertically, we can conclude that the softer the coagulation
bath (DMSO dominates in relation to water), the more homogeneous the structure of the
surface layer becomes. At the same time, the formation of a large number of high-density
areas (Figure 7, region IV) can be interpreted as the development of a dense layer on the
surface of the nascent fibers. The presence of such a layer can significantly slow down the
mass transfer between the inner regions of the fiber and the coagulation bath and cause the
formation of a core–shell type fiber structure (loose core and dense surface).

Let us consider another way to interpret our results. The horizontal sequences of the
system snapshots shown in Figure 7 can be identified with the position of the simulation
cell at different distances from the center of the fiber (see Figure 1). Then, the horizontal
rows in Figure 7 can be interpreted as a visual representation of how the fiber structure
changes from the center to the surface.

Based on the data obtained, we can say that our model clearly shows that the formation
of precursor fibers with homogeneous structure is achieved when the coagulation bath
contains a high amount of DMSO. This is consistent with the conclusions of experimental
studies, which indicate that increasing the solvent content in the coagulation bath reduces
the rate of diffusion of the solvent from the fibers and of the non-solvent (water) into
the fibers, which slows down the coagulation [13] and prevents the formation of a hard
shell (cuticle) on the surface of the fibers of PAN precursors [7]. It should be noted that
the presence of such a hard shell leads to a deviation of the fiber cross-section from the
round [13]. Thus, the results obtained confirm that one of the possible ways to reduce
the porosity of the precursor fibers and obtain a homogeneous structure is to increase the
amount of the good solvent in the nascent fiber (soft coagulation bath) [7,10,13,86,92–102].
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The model also shows that carbon nanotubes can increase the number of nuclei of crystalline
PAN domains. At the same time, an increase in the affinity between PAN and CNTs helps
to increase the homogeneity of the system.

When discussing our results, we wrote that the formation of the high-porosity structure
at the high non-solvent ratio (Figure 7) is usually considered a defect that weakens the
mechanical properties of fibers [7,13]. We believe that there is another way to look at this
problem. The high porosity of the structure may be advantageous for applications that
require the deposition of a stable layer of colored pigment on the fiber surface, as well as
for the production of filters and sorbents for air/water purification [9,103,104]. In addition,
based on the chemistry of the thermal stabilization and carbonization process of [10], it can
be cautiously assumed that high porosity may be beneficial for better oxygen penetration
and removal of off-gassing from the fiber during the final stages of carbon fiber production.
In this case, a large number of crystalline regions of PAN can serve as physical cross-links
for polymer chains, increasing the stability of the fiber, when the PAN cyclization reaction
is not yet complete.

6. Conclusions

The paper presents the DDFT model to study the coagulation of PAN in DMSO
spinning solution containing carbon nanotubes. The system under study is a fragment of a
PAN/CNT composite fiber. Such fibers are considered as precursors for the production of
next-generation carbon fibers due to their improved mechanical properties and smart and
functional textiles.

The model allowed us to consider the processes of structure formation of a mixture of
PAN, CNTs, DMSO, and water depending on changes in the ratios of all components. We
also examined a possible way to take into account the surface modifier on the filler within
the framework of DDFT. The obtained results showed that by varying the composition
of the coagulation bath, it is possible to control the internal structure of PAN fibers. Our
model predicted that when the mixed solvent remaining in the bulk of the fiber during
late exposure in the coagulation bath is good for polyacrylonitrile, a uniform spatial fiber
structure is formed. This may be a favorable factor for achieving a high degree of orienta-
tional order of polymer chains during multistage fiber drawing. On the other hand, the
greatest spatial heterogeneity of the as-spun fiber was observed at the high-water content
in the coagulation bath. In this case, a large number of regions of high polymer density
are formed, which can be considered as nuclei of the crystalline phase. The introduction
of carbon nanotubes can also contribute to the development of the heterogeneous fiber
structure. At the same time, the use of surface modifiers that increase the affinity between
the filler and the polymer matrix significantly contributes to the reduction of the number of
aggregates formed by the filler and leads to a more uniform distribution throughout the
volume of the material. This can also reduce the crystallinity of the polymer matrix.

Since our model does not operate on specific chemical structures, but on the density
distributions of their coarse-grained equivalent representations, its predictive results are
also applicable to other composite chemical fibers where the Hildebrand solubility parame-
ters of the polymer/mixed solvent are close to the values chosen in this work. In addition,
when this model is combined with continuum methods that predict the composition of the
system, for example, based on the solution of diffusion equations, it is possible to visualize
the possible structure of the material as a function of changes in the composition of the
system in different areas of the fiber at different stages of coagulation. This can be useful for
visualizing the kinetics of processes occurring in the fiber during the mass transfer process.
Such results can be used to select technological conditions for the formation of chemical
fibers with a given structure.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/chemengineering8050097/s1, Section S1: Interaction of
polyacrylonitrile oligomer chains with carbon fillers; Figure S1: The adhesion energy of PAN to
the surface of three-layer graphene NP as a function of the number of units of the oligomer chain
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L. The dashed line is an approximation of the results; Figure S2: The adhesion energy of PAN
(L = 10) to the graphene NP surface is a function of the number of layers n in the NP. The dashed
line is an approximation of the results; Figure S3: The adhesion energy of PAN oligomers with
L = 10 to the three-walled CNT as a function of its diameter d. The rightmost points correspond
to the adhesion energy of PAN to the surface of three-layer graphene. This system was used as a
reference (d→∞). The dashed line is an approximation of the results; Figure S4: The adhesion energy
of PAN (L = 10) to the surface of three-layer modified graphene NPs with different surface modifiers
(N-(2-aminoethyl)carbamoyl, nitro cyclohexane, benzamide, and dinitrobiphenyl) as a function of
their grafting density. The dashed line is an approximation of the results; Section S2: Solubility of
PAN in combined DMSO: water solvent; Figure S5: The value of the difference RS − DP,S as a function
of water content (f W) in the composition of the DMSO-water combined solvent.
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