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The growing demand for clean energy resources caused by increase in the Earth population and the related increase
in the consumption of planet resources has made research, development, and production of both traditional and
based on new materials solar cells relevant. One of the potential alternatives to crystalline silicon solar cells is organic
photovoltaic cells made of thin films based on polymer materials, which can be easily applied layer by layer onto
flexible substrates of large area using wet processing methods. The use of polymeric materials gives such promising
advantages as ease of processing, possible recyclability, and relatively low cost. A typical structure of a polymer solar
cell (PSC) has the multilayer architecture. For the widespread of polymer solar cells in daily practice, it is necessary to
achieve a number of properties, such as the high power conversion efficiency, durability, and stability with prolonged
exposure to temperature changes. When developing PSC, many polymeric materials need to be tested. The use of
computer simulations can greatly facilitate the process of design and verification of the properties of various polymers
prior to their experimental study. In studying the morphology of a photoactive layer (PL), which is crucial for PSC
efficiency, the development of computer models is facing a significant challenge. The fact is that the PL is a
nanocomposite in which m-conjugated (semiconducting) polymers are used as matrices. Due to m-mt stacking
interactions, crystalline domains, which play an important role in the formation of PL properties, are present in the
structure of conjugated polymers. However, at present, computer simulation methods have very limited possibilities
for constructing models of polymeric materials, taking into account n-it interactions driving self-assembly processes.
This problem is especially acute for mesoscopic methods that allow the study of polymeric materials at relatively large
length and time scales. In this paper, we propose a method for taking into account m-mt stacking interactions in
mesoscale models and check it in the framework of the dissipative particle dynamics method. We implement the
dynamic bonding of mesoscopic particles in the model of conjugated polymer chains. As a prototype of polymer
model, we use poly (3-hexylthiophene). We show that, taking into account -t stacking interaction in our model leads
to self-assembly of the polymer chains into large stacks with strong alignment due to the dynamic bonding. These
stacks form lamellae, which is in good agreement with the known experimental data. The proposed methodology
could be helpful in studies of conjugated polymer materials especially in design of PSC and other photovoltaic devices.
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Conjugated polymer films play a decisive role in construction of photoactive elements in organic
DOI: 00.00 00/XXXXXXXXXX . . . . . . .
electronics devices. Their morphology is mainly determined by self-assembly processes during crys-
tallization initiated by 7-7 interactions between aromatic rings. However, currently there are only
very limited capabilities to construct polymer matrix models taking into account their crystallization
in the framework of computer simulations. In this paper, we propose an extension of mesoscale mod-
eling methodology based on dissipative particle dynamics method. We use poly(3-hexylthiophene)
(P3HT) as a prototype of the mesoscopic model of polymer chains. To take into account the 7-7
interactions, we implement the formation and breaking of additional dynamic non-covalent bonds
between coarse particles mapped to thiophene rings. We show that the introduction of dynamic

bonds makes possible to simulate the self-assembly of the conjugated polymer chains into hexagonal
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packed cylinder morphology and lamellar morphology with large thiophene stacks.

1 Introduction

Bulk heterojunction plastic films based on polymer matrices be-
longing to p-type semiconductors (electron donors) and fillers
consisting of n-type semiconductors (electron acceptors), such as
n-type conjugated polymers, fullerenes, and quantum dots, are
widely used to construct the organic photovoltaic devices, e.g.,
photodiodes, phototransistors, and solar cells (PSC) devicesTH,
The latter attract increasing attention as promising renewable,
environmentally friendly sources of cheap electric energy®. In
addition to the chemical composition and molecular architec-
ture of polymers, the morphology of the photoactive layer signif-
icantly affects the overall efficiency and thermodynamic stability
of PSCBIE,

Regioregular poly (3-hexylthiophene) (P3HT) (Fig.[Th), which
belongs to the semiconducting polymers from the polythiophene
family, is one of the most outstanding and the most studied
electron-donor materials. Its popularity is primarily due to the
relatively high mobility of charge carriers (0.1 cm?/(Vxs)) com-
bined with a high degree of solubility”. P3HT has a rigid back-
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bone chain with attached side alkyl chains that increase the sol-
ubility of the polymer in organic solvents?. The degree of P3HT
crystallinity varies in the range of 60%-70%7910, The equilib-
rium crystalline structure of poly (3-hexylthiophene) and its de-
pendence on temperature and molecular weight is still disputed.
The X-ray diffraction analysis (XRD) of P3HT films shows that the
crystalline domains, consisting of stacked lamellae, alternate with
amorphous polymer regions. The crystalline domains are formed
via packing of thiophene rings into “stacks” due to the n-7 stack-
ing interactions. The following characteristic scales of the spatial
organization of the crystalline domains were revealed: the scale
of 3.8 A correlates with the distance between the thiophene rings
forming the stacks, the scale of 16 A correlates with the distance
between the P3HT chains separated by the side alkyl chains, the

scale of 28 nm correlates with the spatial periodicity of the lamel-
lar domains 710,

The presence of the crystalline domains in the conjugated poly-
mers can strongly affect the morphology of the formed films, the
mobility of charge carriers in them, and consequently the prop-
erties of produced electronic devices. Therefore, the theoreti-
cal consideration of such systems requires constructing computa-
tional models capable to reproduce the structure of crystallizing
polymers with maximal possible accuracy. However, this is not
easy to implement. The crystallization of polymers is kinetically
controlled process that occurs under the thermodynamic condi-
tions far from equilibrium state, so the crystal morphology (fib-
rils, lamellae, axialites or spherulites) depends on the interplay of
surface tension and diffusion™™3, Even in the case of crystalliza-
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tion of linear flexible chain polymers, the sequence of transitions
(occurring at different space and time scales) from strongly en-
tangled states to highly ordered domains takes place. For these
reasons, the crystallization process is a difficult problem to be de-
scribed by rigorous analytical methods, especially for polymers
with complex structure and the presence of specific intermolec-
ular interactions such as hydrogen bonds and #-7 stacking3.
Today, due to the rapid growth in computer power, simulations
have become an important method for the direct study of vari-
ous processes in complex molecular systems. However, the use
of full-atomic molecular mechanics methods such as molecular
dynamics (MD) and Monte Carlo (MC) to describe the crystal-
lization processes is limited by the size of the model samples and
the duration of their simulations due to the very slow dynamics
of these processes. Up to now, the crystallization of polymers and
the preceding stages have been modeled in detail only for linear
polymers in the framework of coarse-grained models14Z, Such
modeling in the framework of full-atomic models is performed
mainly for single chains®. For the polymer matrices the tech-
nique is applied only in the framework of the united-atoms mod-
els 19‘20_

To describe the properties of conjugated polymers, it is neces-
sary to take into account the 7-7 stacking interaction in computer
models. It acts over short distances, has a strong spatial orienta-
tion, and it is strong enough to force molecules to self-assemble
into highly ordered supramolecular structures called aggregates
or stacks. Owing to these features, the polymer chains become ef-
fectively rigid, which reveals itself in the increased chain’s persis-
tent length. In the case of P3HT, its estimated value ranges from
21Ato 33A22122. pye to the short intermolecular distances in
the stacks, new overlapping molecular orbital levels are created,
which contribute to the delocalization of electrons and to the
transfer of charge carriers”. Since -7 interactions are caused by
specific electron correlations2324 the effect of such interactions
is difficult to extrapolate to molecular mechanics methods. In the
force fields of molecular mechanics, to some extent, 7-7 interac-
tions are taken into account by adjusting the partial charges and
van der Waals (vdW) interactions of atoms in the composition of
aromatic rings2372%. But this approach cannot fully reproduce the
directional effect of #n-7 interactions on the conjugated polymer
morphology formation. In mesoscopic simulations, the problem
of taking into account the n-7 stacking interactions is poorly in-
vestigated“Z*24, One of the most successful ways is based on us-
ing soft anisotropic nonbonded interactions, which strikes certain
difficulties in modeling large systems=2.

Up to now, the structure of P3HT has been repeatedly stud-
ied using the computer simulation in the framework of various
approximations from the coarse-grained models to the full-atom
ones27133 In these studies, the crystallization process was con-
sidered as a consequence of the stiffness of the polymer chain and
the specificity of the intermolecular interaction between coarse-
grained particles or united atoms. In this case, the alignment of
the thiophene rings due to the 7-7 stacking is realized only within
the framework of the united atoms models243°,

In our recent work,2Z we used the mesoscale modeling
technique based on the dissipative particle dynamics (DPD)
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method®®, and studied the possibility to control the morphology
of the photoactive layer by choosing the chemical structure of the
blocks of the conjugated AB copolymer. As a prototype of one of
the blocks we used P3HT. DPD method is effective when predict-
ing the three-dimensional morphology of various polymer mate-
rials, which is the result of the self-assembly process=2#0, The
DPD method allows to track the evolution of sufficiently large
molecular systems in the direction to the ordered thermodynamic
equilibrium state due to reducing the internal degrees of freedom
and using soft potentials but it does not explicitly take into ac-
count the 7-7 stacking interactions.

In the present work, we modify the DPD model of conjugated
polymer chains by introducing additional dynamic non-covalent
bonds to take into account the formation of supramolecular mor-
phologies in the P3HT matrix caused by #-7 stacking interaction.
It should be noted that another important task in the simulation
of conjugated polymers is to correctly take into account the con-
formational properties of polymer chains in particular by carefully
fitting the torsion potentials®L™43. However, in this study, to fo-
cus at the effect of 7-7 stacking self-assembly, we did not include
torsion potentials in our model.

2  Methods

2.1 Coarse-grained model of P3HT

We used dissipative particle dynamics simulations to model a con-
jugated polymer matrix. DPD is a mesoscale simulation technique
suggested by Hoogerbrugge and Koelman“#42 and developed
by Espanol, Groot, and Warren for simulations of polymers and
molecular systems=84246 1 this method, the polymer molecules
are represented in terms of the bead-and-spring model, with par-
ticles governed by Newton’s equations and interacting through a
conservative force (repulsion), a dissipative force (friction), and
a random force (heat generator). Each DPD bead has the same
weight m and size o. For weight, length, energy, and time, the

2
reduced units m=1, c =1, kgT =1 and 7 = (m"z are used

ksT
(T is absolute temperature, kg is the Boltzmann constant). A soft
repulsive potential enhances the stability of the integration of the
equations of motion, allows to increase the time step (in com-
parison with molecular or Brownian dynamics), and thus to ac-
cess to large time and spatial scales in the simulation of complex
polymer systems. Recently, this method was successfully used
to describe the structure and properties of various polymer sys-
tems 21324748 1t is also adopted for simulating chemical reac-
tions and dynamic bonding between particles#2"23, We omit the
details of this method because they are well described in the pub-
lications mentioned. In addition, a recent review and comparison
of different molecular scale simulations on thermoset polymers
can be found in Ref. 24, Hereinafter, the dimensionless units were
used, which is common in coarse-grained simulations.

As a prototype of the mesoscopic model of a polymer chain, we
used the chemical structure of poly (3-hexylthiophene). In this
study, coarse-grained model of P3HT monomer consisted of one
bead A (thiophene fragment) and three beads B (alkyl side chain),
as shown in Fig., b). The system density was p = 30 3. The
simulations box contained 1012 polymer chains of length N = 20
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Fig. 1 a) Chemical structure of poly (3-hexylthiophene) monomer. b) The structure of a single P3HT chain in our coarse-grain model (blue solid
lines depict covalent bonds between beads of the main chain). Schematic representation of ¢) a coarse-grained stack of thiophene rings belonging to
different P3HT chains (orange dashed lines show dynamic non-covalent bonds, representing -7 stacking). d) the main stages of formation of the
dynamic bonds. Visualization of P3HT stacks e) top view, f) side view. The valence angle, o, between the A-beads is introduced to control the
persistence length of the main chain. I, - equilibrium bond length. An additional valence angle y = 180°, between the beads of adjacent chains is
introduced to control the alignment of the chains in the stack relative to each other.

monomers and had size of [, x I, x I; = 30 x 30 x 3007 (here J; is
the simulation cell edge in i-th direction), which is approximately
17 x 17 x 17nm? (based on the mass of the equivalent atomistic
system and the experimental density value for regioregular P3HT
1.15 g/em3?). Thus, the DPD unit length o is about 0.57 nm.
The selected coarsening is a good compromise, since it allows to
adequately reproduce the structural features of the polymer chain
and to simulate the morphology of the system under conditions
of solution and melt3133555, While we considered P3HT polymer
in this study, we believe the model is widely applicable to other
polythiophenes (for example, with different morphology of the
sidechain and their arrangement).

The DPD pair repulsion parameters aaa and agg were equal to
100, while apap varied from 100 (no incompatibility between A
and B) to 120 (high incompatibility between A and B). The test
of the model at different degrees of compatibility between the
backbone and side chains was done for better understanding of
capability of the model to reproduce behaviour of polymers with
various chemical structure. An evaluation of the repulsion pa-
rameter apg corresponding to the case of P3HT is described in
Electronic Supplementary Information (ESI). The harmonic po-
tential with equilibrium bond length /;, = 0.5 ¢ and bond strength
Kj, = 50kpT /6> was applied to all bonds. Such combination of re-
pulsion parameters and bond strength was used to avoid the for-
mation of unnatural local structures. In addition, the harmonic
valence angle potentials with equilibrium angle o = 180° and of
various stiffness K, were applied to main chain to maintain its
persistence length (which is governed by angle a, see Fig. 1(b)).
The friction coefficient was y = 4.57~!. For improved stability of

the integration scheme we used for integration of equations of
motion a time step Az = 0.01 7. No torsion potential was included
in the interactions, thus we excluded from our model the effects
of the regioregularity or the interdigitation of the side chains. At
the same time, the model is fully compatible with torsion poten-
tials, and the regioregularity of the polymer can be easily taken
into account in the future.

2.2 n-r stacking via dynamic bonding
In our model, n-7 interactions were introduced via dynamic
bonding of main chain beads (of type A in Fig. 1). In this respect,
our model resembles previous studies with saturating bonds®Z.
The formation and breaking of dynamic non-covalent bonds be-
tween these beads were based on the concept of “mesoscale
chemistry”, in which reactions are probabilistic, see for de-
tails®258"60,  For this purpose at the beginning of simulations,
beads of type A are assigned a valence number of 2 that means
these beads can form two additional bonds between each other.
Two reactions were implemented: 1) dynamic bond formation
reaction, and 2) dynamic bond breaking reaction. For dynamic
bonds formation, we used the following algorithm. At regular
intervals, for every bead i of type A with free valence (called pri-
mary bead below), the search for neighbor j satisfying the follow-
ing conditions was performed (see Fig.[I):

1. Bead j also has type A.
2. Bead j is within reaction radius Ryeact = 0.8 ¢ from bead i.
3. Bead j has free valence.
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4. Beads i and j are not already bonded.

5. If beads i and j belong to the same main chain, they are not
closer than 3 bonds away from each other.

6. There is no another bead k in the system, which is bonded
(statically or dynamically) to both beads i and j. In other
words, the formation of triangles of bonds is forbidden.

Dynamic non-covalent bond formation and breaking proce-
dures were executed consequently every 200 Ar DPD steps,
which was enough to satisfy the local relaxation of the polymer
chains®2€0.  When these procedures were triggered, the clos-
est neighbor was chosen from the list of neighbors satisfying
the conditions. With probability pcreate the new dynamic bond
was formed (equilibrium bond length /; = 0.50, bond strength
K; = 50k,T /o2, same as for regular bond). The new bond angles
were added to take into account the high sensitivity of z-7 bonds
to the mutual position and orientation of the chains. These angles
between the new dynamic bond and existing dynamic bonds are
marked as yin Fig.[Ik and e, and are characterized by equilibrium
angle ¥ = 180° and angle strength Ky = 5k,T /rad’>. These an-
gles, together with the steric interactions of neighbour particles,
control the planar orientation of the stacks formed by multiple
chains, see Fig. 1(f).

For dynamic non-covalent bond breaking, each existing dy-
namic bond were deleted with probability pprear, and the bond
angles including this bond were also removed from the system.
The bond breaking procedure was executed right after bond for-
mation procedure, thus setting ppea = 1 led to the absence of
dynamic bonds. The lower the value pyeax, the more dynamic
bonds were formed. The ratio pcreate/Phreak has been varied from
1 to 10.

2.3 Simulations protocol and structural analysis
All simulations were performed using in-house DPD package pre-
viously used in many works, including®®4, Starting conforma-
tions were generated by randomly placing polymer chains in sim-
ulations box. Each system was equilibrated for 2 x 108As steps
(2 x 10%¢ DPD time units). Then the structural properties were
estimated during productive run of 0.5 x 103As steps.
Static structure factor was calculated as

n
S(q) = <’11 Y exp (iqu)> ,
J=1 |71=q

where n is the total number of particles, and averaging is per-
formed over the wave vector set gy, qy,q, =27k /Ly, 2nm/l,,2np/1,
where k, m, p are integers from 1 to 32, and over a sequence of
independent system conformations. Conformations at frequency
of 10° steps were taken for the averaging.

3 Results and discussion

The primary results of our simulations are the equilibrated phases
of model melt of thiophene oligomers at various conditions. Even
at the fixed architecture of model polymer, there are several
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Fig. 2 Phase diagram of equilibrated systems at various angle stiffness
K4 and incompatibility parameter for the main and side chains Yag.
Dynamic non-covalent bonds are switched off (no #-7 stacking). The
value of yag = 3 corresponds to the case of P3HT (see ESI).

model parameters that affect the resulting morphology of the sys-
tem. Here, we focus on discussion of the effect of such parameters
as the rigidity of main chains (which is governed by K, ), the mis-
cibility between main and side chains (yag), and the ratio of the
formation and breaking of dynamic bonds (pcreate/Pbreak)- Sup-
posedly, the exact values of these parameters can be extracted
from quantum mechanical simulations for any certain thiophene
polymer. At the same time, these values vary with tempera-
ture, sidechain structure, and additional compounds. Therefore,
we were interested in exploring the regimes and morphologies,
which the model allows to obtain, rather than in limiting the sim-
ulations to a single compound. For this purpose, we first stud-
ied the impact of each parameter independently. In the subsec-
tions below, we first report the behavior of the model without z-7
interaction between thiophene particles. Second, we report the
phase diagram of the system with 7-7 interaction (by allowing
formation of various amounts of dynamic bonds) and chemical
incompatibility between thiophene and side chains. Additionally,
structural analysis of each obtained phase is shown. Finally, we
present the mutual effect of dynamic bonding and main chain
stiffness in the absence of chemical incompatibility between the
system components to explore the limits of the model.

3.1 System behavior without dynamic bonding

First of all, we equilibrated the melt without dynamic non-
covalent bonds. The chemical incompatibility between thiophene
chains and side chains was simulated by the difference in DPD
repulsion potential Aa = apg — aaa. According to Ref. 28, we used
the linear relation between Aa and Flory-Huggins parameter, viz.,
XaB ~ 0.3Aa. We varied yap from O to 12 (corresponding to Aa
from 0 to 40). Angle stiffness of main chains K, varied from
3kyT /rad® (soft chains) to 24k,T/rad? (rigid chains). The re-
sulting phase diagram is shown in Fig.[2] At yap = 0, the sys-
tem remained disordered after equilibration at all values of Kj4
(black squares in Fig.[2). Introduction of chemical incompatibil-
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ity (xap > 0) leaded to the microphase separation and formation
of hexagonal packed cylinders phase (red circles in Fig.[2) at high
enough K4 or yag. In contrast to the predictions of coarse-grained
molecular dynamics model®?, soft DPD potential leads to the ab-
sence of lamellar morphology in reasonable range of parameters.
Thus, the introduction of n-7 stacking is required to obtain the
morphological features of P3HT.

3.2 Effect of component incompatibility in system with dy-
namic bonding

To obtain morphologies with higher ordering we introduced dy-
namic bonding between neighbor thiophene chains. The bal-
ance between bond formation and breaking can be expressed by
the dynamic bonding rate pcreate/Ppreak> Which effectively regu-
lates the amount of dynamic bonds in the system. We varied
Dereate/ Phreak from 1 to 10. Dynamic bonding rate pereate/ Phreak =
1 leads to the absence of dynamic bonds in the system, i.e., no
m-n stacking. Low dynamic bonding rate pcreate/Phreak = 2 re-
sults in 6%-30% of maximum possible number of dynamic bonds
depending on incompatibility and thus corresponds to weak 7-
7 interaction. High dynamic bonding rate pcreate/Pbreak = 10
leads to 60%-80% of the maximum possible number of dynamic
bonds, which can interpreted as strong m-7 interaction. The
Flory-Huggins parameter yap varied from O to 12. The main chain
stiffness was fixed at K4 = 12k,T /rad® in this section.

Fig. 3(a) presents the phase diagram in xap versus
Dereate/ Phreak COOrdinates, along with the simulation snapshots
for each obtained type of morphology: disordered (black
squares), cylinders (red circles), lamellae (full blue triangles)
and distorted lamellae (empty blue triangles). The same mor-
phologies are shown in more details in ESI, Figs. S1, S2, S4 and
S5. First of all, systems with low yag and weak n-7 stacking
exhibit no particular order. Similar to Fig.[2] increasing incom-
patibility between thiophene and side chains up to yap ~ 4.5
leads to the formation of hexagonal packed cylinder phase. In-
termediate m-m stacking also stabilizes this phase at yagp = 0
(Fig.3()). In this phase, the core of the cylindrical aggregate
is formed by the thiophene chains interconnected by rare dy-
namic bonds (see details in ESI, Fig. S3). All side chains are
pushed out into the space between the aggregates. The same
morphology was previously obtained by Marsh®% in mesoscopic
model of thiophene-based oligomers with side chains arranged
on one side of the backbone. Thus, the presence of the HEX
phase is the consequence of the absence of a torsion potential
in our model. On one hand, the fibrillar phase in P3HT has differ-
ent structure®®, On the other hand, the obtained results may
illustrate self-assembly in terthiophene-thieno[3,4-c]pyrrole-4,6-
dione based conjugated polymers (P3TTPD) with different side
chain orientation. P3TTPD is a comb-like polymer with two side
chains on the thieno[3,4-c]pyrrole-4,6-dione (TPD) unit. Since
P3TTPD and P3HT are similar in chemical composition (but with
different chain structure), these polymers correspond to the same
value of the parameter yap and, as a result, the same horizontal
line in the phase diagram (Fig.[3). Moreover, due to the differ-
ent mutual orientation of the side chains in P3TTPD, “from each

View Article Online
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Fig. 3 (a) Phase diagram of equilibrated systems at various dynamic
bonding rate pcreate/Pbreak and Flory-Huggins parameter yag of the main
and side chains. Dash lines show the approximate positions of boundaries
between phases. Snapshots of obtained morphologies: (b) disordered, (c)
cylinders, (d) lamellae, and (e) distorted lamellae. The snapshots show
only thiophene chains (blue) and dynamic non-covalent bonds between
them (red), while side chains were not shown. The angle stiffness of the
main chains K4 = 12k,T /rad®. The value of yag =3 corresponds to the
case of P3HT (see ESI).
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Fig. 4 Organisation of thiophene chains in a lamella. (a) The simulation box with the selected lamella. (b) Snapshot of the selected lamella (blue -
thiophene chains, red - dynamic non-covalent bonds). (c) The same lamella after the empirical reconstruction of possible 7-7 bonds.

other” and “towards each other” (outward and inward), differ-
ent P3TTPD series have different degrees of co-planarity. The
outward series of P3TTPD has a higher co-planarity of the thio-
phene rings than the inward series. A high degree of co-planarity
of the thiophene rings leads to the formation of more -7 bonds
between polymer chains and vice versa, which corresponds to dif-
ferent regions of the phase diagram. Indeed, due to this structural
feature, lamellar morphology is formed in the samples of the out-
ward series of P3TTPD (as in the case of P3HT), and cylindrical
morphology is formed in the inward series®®, which our model
illustrates well.

At higher dynamic bonding rates, the system switches to lamel-
lar morphology (see Fig.[3[(d)). In this state the thiophene chains
form large stacks within each lamella (see Fig.d). Side chains
fill the gaps between these planes (detailed structures are shown
in ESI, Fig.S4). On average, these stacks contain 10-20 thio-
phene chains, and exhibit moderate longitudinal alignment to-
gether with high transverse directional order. Different stacks in-
side one lamella are not well aligned to each other, as well as
stacks from different lamellas. Presumably, larger stacks may
be formed in our model as well as stacks in one lamella may
align in a single direction. However, simulation time required
for re-alignment of stacks may be enormous, and an arbitrary box
size may be incompatible with such alignment. Also, stacks from
neighbour lamellae do not form larger aggregates in our model
due to the softness of the side chains together with its random ori-
entation towards the lamellae. The inclusion of torsion potentials
presumably will lead to the interdigitation of side chains, which
in turn may lead to the mutual alignment of stacks in neighbor
lamellae.

Unexpectedly, the further increase of dynamic bonding rate
does not improve the lamellar structure. Instead, it leads to the
formation of distorted lamellar morphology, in which the general
lamellar structure remains, but the stacks tend to bend, and a
significant amount of stacks participate in more than one lamella
at a time (Fig.e)). As a result, there is no particular lamellar
plane direction, and the system loses long-range order. At the
same time, the average interlayer distance remains the same as
in regular lamellar phase (detailed structures are shown in ESI,
Fig.S5).

6| Journal Name, [year], [vol.], 1~E|

We computed static structure factors S(g) for the observed mor-
phologies in order to characterize its characteristic spatial scales
more precisely. Fig. shows S(gq) separately for thiophene and
side chains in the range of ¢/2x between 1/306~! and 167!, ac-
cording to the box size. In the disordered system (Fig.a)), the
single smooth peak at g/2w ~ 0.356~! (wavelength A ~ 2.865 ~
16.3A) corresponds to the mean distance between thiophene
chains. The same peaks were found in other phases, which corre-
sponds to the mean distance between fibrils in the cylinder phase
(Fig.b)) and to the mean interlamellar distance in lamellar
phases (Fig.c) and (d)). In the latter case, it is the same peak
as the (100) peak in SAXS measurements.Z., Fig.b—d) shows
secondary peaks with positions relating to the primary peak ¢*
as g*: 3]/2q* S41 2 g1 2 (Fig.b)), q*:2q* : 3q* (Fig.c)),
which is typical for hexagonal packed cylinders and lamellae, cor-
respondinglym@.

Additional analysis of chain ordering is shown in ESI, Section
S4.

The investigation of the effect of main chain length on the
phase diagram shown the same results for chain lengths 20 and
40 (see ESI, Section S5 for details).

3.3 Effect of dynamic bonding in chemically homogeneous
systems
Finally, we investigated in details the ability of the model to repre-
sent self-assembly in the systems without chemical incompatibil-
ity between main and side chains (yag = 0). For this purpose, we
equilibrated systems with various main chain rigidities K, and dy-
namic bonding rates pereate/Pbreak- Phase diagram for this setup
contains disordered, cylindric, and distorted lamellar phases, as
shown in Fig.[f] Aswell as in the case before, the formation of dy-
namic non-covalent bonds results in the self-assembly of the main
chains into cylinders and, at higher pcreate/Ppreak, into lamellae.
The larger the persistent length of the main chains, the lower
amount of dynamic bonds required for the predominance of or-
dered phases. Comparing the effect of the formation of dynamic
bonds with the effect of chemical incompatibility, we could note
the following two differences. On the large scale, the forma-
tion of dynamic bonds gives both cylindrical and lamellar phases.
The latter one was not obtained without dynamic bonds at any


https://doi.org/10.1039/d0me00034e

Published on 09 June 2020. Downloaded by Uppsala University on 6/13/2020 1:36:52 PM.

Molecular Systems Design & Engineering Page 8 of 12
View Article Online
DOI: 10.1039/DOMEO0034E

10 g
25+ : :
= 14 | | | [ ] ! A A
= ! 1
w ! !
/ | o
014 '/_‘, 20 4 ; n Dlsprdered
? I Bkt . ! ® Cylinders
£ = - Backbone N | :
* . B s 0 : | A Distorted lamellae
0.01 E 154 ! |
T T T r T r » [ |
(a) 0.0 0.2 0.4 0.6 0.8 1.0 o [ ! P ' A A
qi2m, ? : :
G 104 S :
@ E:
_*. )
; E = [ B .. A
% 5+ R
10+ .
| | ] | ]
—_ 1 0 T T T T T
= 0 2 4 6 8 10
@
0.1+
- = - Backbone
« - Side chains
0.01 4 ol
b 0.0 02 04 06 08 10
( ) qi2m o'
17
10
— 14
=
]
= WoossEEET TR WY
0.1+ s
; Distorted lamellae
] = -Backbone o i ,’/’
- - Side chains g /
0.01 ,//
(c) %0 oz o0&  os 08 10
g/2n, ¢
10
_— 13
oo
) Fig. 6 (a) Phase diagram of equilibrated systems at various dynamic
i bonding rate pcreate/Pbreak and angle stiffness K4 of the main chains.
' " Dash lines show the approximate positions of boundaries between phases.
.l';.‘- - Backbone Snapshots of obtained morphologies: (b) disordered, Ky =3k, T /rad?, (c)
o - * =loe chalns disordered, Ky = 24k,T /rad®, (d) cylinders, and (e) distorted lamellae.
. . y ; d . The snapshots show only main chains (blue) and dynamic non-covalent
(d) 00 02 0.4 o6 08 10 bonds between them (red), while side chains were not shown.

gi2n,
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reasonable yag. On the small scale, the formation of dynamic
bonds results in additional ordering of the chains in single lamella
into stacks, which is impossible to observe in systems with solely
chemical incompatibility.

4 Conclusions and outlook

In this paper, we propose a mesoscale model of conjugated poly-
mer matrix with dynamic bonding, reproducing #-7 stacking.
This model allows thiophene rings to form stacks, whose exis-
tence was previously shown experimentally. In turn, thiophene
stacking leads to the ordering of the system into cylindrical,
lamellar or distorted lamellar phases, depending on the main
chain persistence length, chemical incompatibility of the poly-
mer components, and non-covalent bond strength. Disordered
phase occurs at low persistence length and low incompatibility.
At higher persistence lengths, intrinsic to P3HT polymer, both dy-
namic bonding and incompatibility of polymer components allow
the formation of hexagonal cylinder and lamellar phases. Un-
like previous models without n-7 stacking, our model leads to
self-assembly of the polymer chains into large stacks with strong
alignment due to dynamic bonding. In turn, these stacks form
lamellae, which is in good agreement with the known experimen-
tal data.

Summarizing, we believe that the inclusion of 7-7 stacking into
DPD method via dynamic bonding mechanism in our model is
the next step towards realistic large scale simulations of polythio-
phene composites. As shown above, dynamic bonding allows to
simulate the 7-7 stacking driven self-assembly of polythiophene-
like polymers, which seems to be the initial phase of the crystal-
lization process of such compounds. The model can be tuned to
reproduce the morphology features of individual material via dy-
namic bonding parameters. Currently, our model does not include
the potentials required for chain regioregularity, which is ob-
tained in other models®%34, Regioregularity is one of the possible
mechanisms of mutual alignment of chains pertaining to neigh-
boring lamellae. Thereby the corresponding future expansion of
the model will supposedly allow to simulate self-assembly of poly-
crystalline structure in P3HT melts more realistically. This is im-
portant for constructing large full-atomic material models (using
the reverse mapping procedure®2°4) based on equilibrated meso-
scopic models of conjugated polymers matrices. At the same time,
our model is not limited to P3HT compounds. In principle, any
compound of the common nature can be translated into meso-
scopic representation compatible with our approach. It opens up
the possibilities to investigate the influence of non-covalent bond-
ing in the self-assembly of a wide range of n-conjugated polymers.
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