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High-spin donor-acceptor conjugated polymers are extensively studied for their potential applications
in magnetic and spintronic devices. Inter-chain charge transfer among these high-spin polymers
mainly depends on the nature of the local structure of the thin film and π-stacking between the
polymer chains. However, the microscopic structural details of high-spin polymeric materials are rarely
studied with an atomistic force field, and the molecular-level local structure in the liquid phase remains
ambiguous. Here, we have examined the effects of oligomer chain length, side chain, and processing
temperature on the organization of the high-spin cyclopentadithiophene-benzobisthiadiazole donor-
acceptor conjugated polymer in chloroform solvent. We have found that the oligomers display a
range of ordered aggregation depending on their chain length, with an average π-stacking distance
of 3.38±0.03 Å (at T = 298 K), showing good agreement with the experiment. Also, the oligomers
with longer alkyl side chains show better solvation and shorter π-stacking distance. Furthermore, the
clusters grow faster at the higher temperature with more ordered aggregation between the oligomer
chains.

1 Introduction
Organic semiconductors (OSCs) with a high-spin (total spin
quantum number, S ≥ 1) ground-state are technologically rele-
vant in the emerging optoelectronic, magnetic, and spintronic
applications.1–5 Open-shell donor-acceptor conjugated polymers
(DACPs) with a high-spin ground-state show distinct optical, elec-
tronic, and magnetic properties than their counterpart low-spin
closed-shell polymers6–10. The unique optical and magnetic prop-
erties of the high-spin polymers make them suitable for potential
applications in organic magnetic, spintronic, medical imaging,
memory, and charge storage devices. Even though a significant
effort is underway in designing and characterizing high-spin con-
jugated polymers,3,7–11 their molecular-level details and dynam-
ics in the liquid solutions are not well understood.

The local structure of a polymer chain aggregates in solution is
governed by its molecular weight, side chain positions, bulkiness,
and the planarity and curvature of the conjugated backbone.12,13
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Polymers of different lengths can adopt different conformations
and dynamics that can significantly affect the aggregate forma-
tion and local structure.14,15 Due to the low solubility of DACPs
in solvents, side chains are incorporated to improve the solubility
and crystallinity of the polymers. However, the device perfor-
mance is dependent on the position16, type,17 and length18 of
the side chain added to the conjugated backbone of the polymers.
Also, a more planar chain backbone ensures a closer π-stacking
distance and better charge transfer.19 Therefore, a deeper un-
derstanding of these parameters on the aggregation behavior of
high-spin polymers can provide the pathway to control crystal-
lization behavior, even optoelectronic properties.20 Furthermore,
the polymer film morphology and photoelectric device perfor-
mance21 are also dependent on the polymer chain conformation
and dynamics22,23, solvent and inter-chain interaction,24 and
processing conditions (temperature, concentration, density, ag-
ing, etc.)13,25,26 Such as a more planar backbone and ordered ag-
gregation in the active layer of thin-film improves charge transfer
ability.27,28 The aggregates formed in the precursor solution sig-
nificantly impact thin-film structure as the same planar structure
and intermolecular stacking arrangement remain preserved in the
film following the solution processing and annealing.29–31 How-
ever, the molecular-level information remains unclear or even un-
available because of the complex interactions32 between the poly-
mer chain and the different factors affecting device performance.
Therefore, a better understanding of the local solvation details,
such as aggregation, entanglement, and local structural order of
large polymeric materials, can shed light on their thin-film mor-
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phology and charge transport mechanism.33,34

Polymer chains interact through “weak" non-covalent interac-
tions often classified as the π–π-interaction, van der Waals inter-
actions, or dipole-dipole forces, leading to an aggregation or self-
assembly in the solution.35,36 Nano- and mesoscale self-assembly
of conjugated polymers control the charge transfer through the
active layer. The self-assembled polymer chains have a two-
dimensional charge transport path.37 The charge transport along
the molecular framework occurs through the π-conjugated back-
bone and the inter-chain charge hoping occurs towards the π-
stacking directions as shown in Fig. 1 (A).12,38 In addition to the
π-conjugation and π-stacking orientation with respect to a sub-
strate surface determines which polymer is suitable for a specific
device. For example, the polymer that shows an edge-on orien-
tation, where the aromatic plane remains perpendicular to the
substrate surface, and the charge transport occurs parallel to the
substrate surface (see Fig. 1B), are better suited for transistor ap-
plication. On the other hand, polymers with a face-on orientation
are better suited for photovoltaic devices.12,39,40 Therefore, if we
can determine the specific orientation of a particular polymeric
material aggregates, we can design optoelectronic devices with
optimal performance.

Here, we systematically examined the aggregation behavior of
the high-spin cyclopentadithiophene-benzobisthiadiazole (CPDT-
BBT) donor-acceptor conjugated polymer (Fig. 2) along with the
local chain conformation and dynamic evolution in the chloro-
form solvent with molecular dynamics (MD) simulation. Chlo-
roform is a common solvent used in the synthesis of conjugated
polymers.41 The CPDT-BBT polymer has a very high open-shell
diradical character due to the recovery of aromatic stabilization
energy in the thiadiazole units of the BBT acceptor and the thio-
phene rings of the CPDT donor (demonstrated in our previous
work).8 A significant open-shell character inherent to the CPDT-
BBT polymer localizes the unpaired spins at the two opposite
ends of the polymer backbone, reducing electron-electron repul-
sion and stabilizing a high-spin triplet ground-state at the neu-
tral form.8,10 We have investigated the effects of the oligomer
chain length (for n= 2,4,8,16), linear alkyl side chains (SC4, SC8,
SC12, and SC16), branching positions at alkyl side chains (BC2
and BC8), and temperature (T = 298 and 323 K) on the aggrega-
tion behavior of the CPDT-BBT polymer. The higher temperature
speeds up the system dynamics; however, we are somewhat con-
strained in how high a temperature we can simulate as chloro-
form, used as the solvent, has 334.5 K as the boiling point.

2 Computational Methodologies
We have utilized the transferable potentials for phase equilibria
(TraPPE)42–46 force field parameters to capture the non-bond in-
teractions in our model. The bonded parameters, on the other
hand, were determined either using density functional theory
(DFT) calculations or taken from the optimized potentials for liq-
uid simulations (OPLS)47 force field. We opted for the long-range
corrected functional, ωB97XD48, to address the electron self-
interaction error commonly observed in traditional DFT function-
als.49 These functionals help to mitigate the overdelocalization
of electron density, particularly in conjugated molecules, which

tends to overestimate the torsion potential and stabilize the pla-
nar conformation with extended π-conjugation.50–53 As a result,
they have emerged as the preferred choice for accurately model-
ing complex conjugated systems like DACPs.

The quantum mechanical calculations were performed us-
ing the Gaussian1654 package. We optimized the geometry of
CPDT-BBT and chloroform using the ωB97XD theory and the 6-
311G(d,p) basis set. The equilibrium bond lengths and angles
were taken from the optimized structure. The angle and dihe-
dral force constants were taken from the OPLS-AA47 force field,
while a few specific dihedrals were parameterized using DFT
calculations. To accomplish this, we performed a dihedral po-
tential surface scan with 10◦ steps using a monomer fragment,
which helped reduce the computational costs. The resulting po-
tential was fitted to the Ryckaert-Bellemans model, as shown in
Fig. S1. We have also assessed the impact of considering the
whole molecule by comparing the scanned dihedral angles with
the ethyl side chain (Fig. S1(C)) or with the acceptor unit (Fig.
S1(D)) to the parameters derived from the fragmented structure
(Fig. S1(A)). The results demonstrated no significant effect of
considering the entire molecule. In our system, the monomers
were connected in the trans position, corresponding to the con-
formation with lower energy. The energy plot in Fig. S2 confirms
that the trans configuration (180◦) has lower energy compared to
the cis configuration (0◦). The improper dihedral parameters for
our system were generated using the LigParGen.55

Due to the diffuse and delocalized nature of charge density
in aromatic compounds, the partial charges for the atoms in the
aromatic ring are not transferable. Therefore, using the TraPPE
force field approach, we calculated the partial atomic charges us-
ing the CM556 charge model with 1-octanol as the implicit sol-
vent.45 The charge calculations for longer oligomers showed that
the partial charges associated with the donor and acceptor moi-
eties at the chain ends remained similar to those of the dimer at
the edges. However, the partial atomic charges associated with
the core moieties were sensitive to the oligomer size but con-
verged to an asymptotic value at the tetramer stage. Addition-
ally, we performed partial charge calculations using alternative
implicit solvents, specifically chlorobenzene and chloroform. The
results obtained with these solvents showed no significant differ-
ences compared to the 1-octanol solvent model. The maximum
observed difference in partial charges was 0.005 |e|, indicating
consistency up to two decimal places, as presented in Table S1.

2.1 Molecular Dynamics Simulation

The initial system, consisting of CPDT-BBT oligomers solvated
in chloroform solvent, was generated using the PACKMOL pack-
age57 (see Fig. S3). In this approach, we randomly placed the
CPDT-BBT oligomers and chloroform solvent molecules within the
simulation box. The radial distribution of the aromatic ring cen-
ters within the oligomers is presented in Fig. S3(B), demonstrat-
ing that the oligomers are distributed randomly, without any ev-
ident pre-stacking arrangement (as visualized in Fig. S3(C) and
S3(D)). This absence of pre-stacking organization is further sup-
ported by the density distribution, depicted as a heat map, show-
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Fig. 1 A schematic illustrating different stacking orientations in thin films. (A) The π-conjugation direction and π-π stacking of conjugated polymers.
(B) The π-stacking orientations of edge-on (left) and face-on (right) in the out-of-plane and in-plane directions, respectively.

Fig. 2 Chemical structure of the CPDT-BBT polymer with the nomen-
clature for the linear side chains (SC) and branched side chains (BC).

ing the angle between aromatic ring planes as a function of the
distance between ring centers, as seen in Fig. S3(E) and S3(F).
The initial conformation of the oligomer chain was adopted from
the optimized geometry obtained from the DFT calculations. This
optimized structure represents a planar and extended confor-
mation of the oligomer. The initial end-to-end distance of the
oligomer chain is illustrated in Fig. 3, denoted as the length of
an isolated single chain. The simulation box takes on a cubic
shape, and periodic boundary conditions are applied to the sys-
tem. The simulation box’s length is approximately twice the cor-
relation length, determined from the oligomers’ radius of gyration
(Rg) to minimize the system size effects. The correlation length
(ξ ) is closely related to the Rg of the polymers in a solution.53 For
dilute solutions, Rg =

√
3ξ , and in semi-dilute solutions, polymer

chains tend to contract, causing Rg to become smaller.58,59 There-
fore, the initial system box length is considered to be roughly
twice the oligomer end-to-end distance, and during the produc-
tion run, we ensure that the box length remains larger than twice
the correlation length, as indicated in Table S2. As the chain

length of the oligomers increases from n = 2 to n = 16, the box
lengths are adjusted accordingly, ranging from 11 to 40 nm. The
initial configuration of the oligomer chains is based on the opti-
mized geometry of CPDT-BBT obtained from quantum mechani-
cal (QM) calculations. Typically, conjugated polymer thin films
are prepared by spin-coating a dilute solution (∼ 5 mg/ml) on a
quartz substrate.7,10 During the spin coating, the solvent evap-
orates, and a thin polymer film is achieved. In our simulations,
the concentration is approximately 50 mg/ml, representing an in-
termediate concentration between dilute solution and thin film.
Thus, for each monomer of CPDT-BBT, we introduce 100 chloro-
form molecules to create the initial system. The system comprises
50 CPDT-BBT oligomers and the corresponding number of chlo-
roform molecules. Notably, the chloroform force field (TraPPE)
used in the simulation can reproduce the experimental density
with a slight deviation (2.1% lower).60–62

The initial system configuration was subjected to energy min-
imization (emtol = 1.0 [kJ mol-1nm-1]) lasting 1 ns, utilizing a
time step of 1 fs. The system was further equilibrated through
a constant volume and temperature (NVT, or canonical ensem-
ble) simulation, spanning 25 ns with a time step of 2 fs. Dur-
ing this phase, the velocity-rescale63 thermostat was employed to
maintain the system at the desired temperature. Following the
NVT simulation, a constant pressure and temperature (NPT, or
isothermal-isobaric ensemble) simulation was conducted for an
additional 25 ns, utilizing a time step of 2 fs. In the NPT en-
semble, the pressure was set to 1 bar, regulated by the Berend-
sen barostat,64 while the temperature was maintained via the
velocity-rescale thermostat. Subsequently, the production run
under the NPT ensemble conditions was carried out, spanning
700 ns with a time step of 2 fs. During this phase, the Nosé–
Hoover thermostat65,66 and Parinello–Rahman barostat67 were
employed to control temperature and pressure, respectively. All
molecular dynamics simulations were conducted using the Gro-
macs68 package (version 2020.3). Short-range van der Waals and
Coulombic interactions were truncated at a distance of 1.4 nm.
Long-range Coulombic interactions were treated using particle-
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Fig. 3 The end-to-end distance of CPDT-BBT oligomers in the chlo-
roform solvent as a function of chain length. The isolated single-chain
elongated lengths are indicated by horizontal dashed lines and their re-
spective values. Dotted bars represent data at T = 298 K, while crossed
bars represent data at T = 323 K.

mesh Ewald (PME) summation, employing a cutoff distance of
1.4 nm and specific settings (PME order of 4 and Fourier spacing
of 0.16 nm). Leapfrog time integration and LINCS bond con-
straints were applied to generate trajectories. All the properties
are analyzed over the last 200 ns of trajectories unless explicitly
stated in the Results and Discussion section.

3 Results and Discussion

3.1 Conformation Evolution
The end-to-end (E2E) distance, denoted as lee, serves as a struc-
tural parameter to understand the conformation flexibility (or the
rigidity) of the polymer chains. It is the distance between the
two termini of the oligomer chain. The extended conformation
of the isolated CPDT-BBT oligomer chains serves as a useful ref-
erence. By contrasting the lee value with that of a fully extended
chain length, we can discern the conformational flexibility behav-
ior of the oligomers. Upon analyzing the E2E distance, it becomes
apparent that the average lee and the spread of the lee distribu-
tion (ρ(lee) increase with the oligomer chain length, as evident in
Fig. 3 and Fig. S4, respectively. Specifically, the shorter oligomers
exhibit more extended structures, whereas longer ones display
greater curvature along the chain backbone. The influence of
temperature remains less pronounced for shorter oligomers (up to
n = 8). However, the hexadecamer (n = 16) demonstrates a mod-
erately extended structure at the higher temperature (T = 323 K).
Accompanying this, the distribution ρ(lee appears broader, lead-
ing to a decrease in the peak height at T = 323 K, a trend illus-
trated in Fig. S4.

We examine the backbone twist to better understand the devi-
ation in the E2E compared to the isolated chain extended con-

figuration. Analyzing the distribution ρ(φ) of the dihedral an-
gle for the bond connecting the donor-acceptor moieties (high-
lighted by the red-colored bonds in Fig. 4) reveals a prominent
peak around φ = ±20◦. This signifies that the backbone retains
an almost planar configuration while maintaining the initial trans
conformation (as illustrated in Fig. S2). Interestingly, with in-
creasing temperature, the peak height of ρ(φ) experiences a slight
increase, particularly at φ = 0◦, except for the octamer, where dis-
tributions remain nearly identical. This phenomenon leads to a
narrower distribution as the chains adopt a more planar arrange-
ment. During the progression from n = 2 to 16, denoting the in-
crease in oligomer chain length, the population of chains with
a dihedral angle of zero degrees diminishes. At the same time,
the distribution of end-to-end (E2E) distances becomes broader.
The potential energy surface scan (refer to Fig. S1(H)) indicates
that the dihedral minimum in energy is at approximately φ =
5◦. This suggests that the oligomers exhibit increased twisting
along the backbone due to intricate solvent and polymer and
polymer-polymer interactions. The planar and elongated struc-
ture of CPDT-BBT plays a pivotal role in the stacking behavior
of the oligomer chains, which will be discussed in detail in the
subsequent section.

3.2 Aggregation in Solution
The planar and extended structure of CPDT-BBT is linked to the
degree of aggregation of oligomer chains. The radial distribu-
tion function (RDF, g(r)) of the aromatic ring centers provides in-
sights into this phenomenon, as depicted in Fig. 5. For shorter
oligomers, a higher degree of ordered aggregation is evident.
However, as the chain length increases, the packing and stack-
ing become more disordered. Notably, the sections of oligomer
chains that are π −π stacked tend to be in closer proximity (in-
dicated by the shift of the first RDF peak towards smaller dis-
tances). Furthermore, the chain ends of the backbones exhibit
greater disorder and tend to stack with neighboring oligomers,
facilitating the extension of aggregates along the polymer back-
bone. As can be seen in Fig. 6, the polymer ends (highlighted by
pink circles) appear less ordered, while the stacked regions ex-
hibit a more planar arrangement. Some oligomer chains act as
bridges between distinct ordered aggregated regions, contribut-
ing to increased twisting of the oligomer backbones. Consistent

Fig. 4 The distribution (ρ(φ)) of the torsion angle (φ) along the bond
connecting the donor and acceptor, highlighted in red (left). The solid
line corresponds to the distribution at T = 298 K, while the dashed line
represents T = 323 K.
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Fig. 5 Inter-chain RDFs (g(r)) for the aromatic ring-center along the
CPDT-BBT backbone. The solid and dashed lines represent the distri-
bution at T = 298 and 323 K, respectively.

Fig. 6 Snapshot of polymer chain aggregate in chloroform for n = 16. A
more significant chain disorder is observed near the chain ends (circled
in pink).

with prior conformational analyses, the oligomers exhibit slightly
enhanced stacking and ordered aggregation at the higher temper-
ature.

To understand the dynamic evolution of CPDT-BBT aggregates
in chloroform, we analyzed the cluster growth over the course of
the simulation. Fig. 7 shows the number of clusters (N) and the
size (specifically the largest cluster size, denoted as S) of the clus-
ters over simulation time (t). The size of the largest cluster is de-
fined as the number of oligomers (chains) within the largest clus-
ter, with a maximum value of 50, given that each system contains
50 oligomers. A cutoff distance of 4 Å, slightly larger than the
first peak in the aromatic ring-center RDFs, is used to determine
interchain connections within a cluster. In the initial stages of the
simulation, longer oligomers (n = 8 and 16) quickly aggregate to
form a large cluster. In contrast, slower cluster growth is observed
for n = 2 and 4 as the simulation progresses. As cluster size in-
creases, the total number of clusters decreases. Notably, cluster
growth is more rapid at the higher temperature (T = 323 K) due
to the increased dynamics of the system, allowing oligomers to
diffuse more rapidly.

Upon closer examination of CPDT-BBT aggregates, a distinct
affinity for π-π stacking becomes evident. CPDT-BBT polymers
exhibit a parallel displaced π-π stacking pattern with an average
π-stacking distance (λ) of 3.38 ± 0.03 Å, similar to the experi-
mentally determined value of 3.41 Å.10 The average π-stacking
distance shows variation with oligomer chain length, increasing
from 3.34 Å to 3.40 Å as the chain length increases from dimer to
octamer (n = 2 to 8), regardless of temperature (T = 298 K and
323 K), as depicted in Fig. 8. However, an intriguing exception
is observed with the hexadecamer (n = 16), where the average
π-stacking distance decreases to 3.35 Å instead of increasing at
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Fig. 7 The growth of clusters in terms of number of clusters (N) and size
of the largest cluster (S), as a function of the oligomer size, are plotted
as the simulation time (t). The left column for T = 298 K and the right
column for T = 323 K.

Fig. 8 The π-π stacking distribution of CPDT-BBT oligomers in chlo-
roform. The solid and dashed lines represent the distribution at T = 298
and 323 K, respectively. A constant offset is applied on the y-axis to data
for different oligomers.

both temperatures. At the lower temperature (T = 298 K), the
dimer and tetramer exhibit broader π-stacking distribution peaks,
while the octamer and hexadecamer display sharper peaks (see
Fig. S5). Interestingly, at the higher temperature (T = 323 K),
all oligomers, except the octamer, exhibit similar peak heights in
their π-stacking distribution. This suggests that λ becomes more
uniform with respect to oligomer length at the higher tempera-
ture compared to the lower temperature.

To better understand the molecular packing, we determine the
displacement between neighboring CPDT-BBT oligomers, given
their propensity for π-π stacking with parallel displacement. This
displacement occurs in two primary directions: along the chain
backbone or π-conjugation length (referred to as long displace-
ment), and perpendicular to the chain backbone (referred to as
short displacement), as illustrated in Fig. S6. At the lower tem-
perature, the average long displacement (blong) increases from
1.8 to 2.1 Å as the oligomer chain length grows (shown in Table
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Fig. 9 The distribution of parallel displacement along the long-axis (left)
and the short-axis (right). The solid and dashed lines represent the
distribution at T = 298 K and 323 K, respectively. A constant offset is
applied on the y-axis to data for different oligomers.

Fig. 10 The angle (θ) between the stacked aromatic rings (planes) is
plotted as a function of the distance (d) between the ring centers. This
result is for dimer (n = 2) at T = 298 K (left) and T = 323 K (right).

S3). They display a similar trend for displacement distance as
we have observed for π-π staking. The displacement distance in-
creases from dimer to octamer, while for hexadecamer, it reduces.
However, all the oligomers exhibit a consistent average blong of
approximately 1.8 Å at the higher temperature. Furthermore, the
distribution of short displacement (ρ(bshort)) ranges between 1.0
– 1.2 Å for all the oligomers, except the octamer, as shown in
Fig. 9, at both temperatures.

Fig. 10 illustrates the relationship between the angle formed by
stacked aromatic rings (planes) and the distance separating the
centers of these stacked rings. The density, represented as a heat
map in Fig. 10, is highest at shorter distances (d) since the ma-
jority of oligomers stack with at least one neighboring oligomer.
Conversely, there is a greater likelihood of finding stacked aro-
matic rings with an angle falling within the range of 5◦ to 15◦. It
suggests that the stacking between oligomers occurs with a near-
parallel orientation. The angle (θ) between stacked ring centers
increases with the distance (d) between them, a trend observed
at both temperatures for all oligomers. Notably, there is a steep
increase in angle with distance for longer oligomers, as depicted
in Fig. S7. It can be attributed to the reduced order in stacked
oligomers and diminished planarity observed between neighbor-
ing stacked chains in longer oligomers.

In the discussions thus far, we have only considered the regio-
regular arrangement of the aromatic side group, where the side

groups are oriented towards the acceptor unit of the respective
monomer. It naturally begs the question of how regio-regularity
affects the aggregation behavior. To quantify the role of regio-
regularity, we carried out additional simulations for the regio-
irregular structure of tetramer where the aromatic side groups
orientated towards and away from the acceptor moiety (see
Fig. S8). Interestingly, the regio-regularity does not affect the
end-to-end distance (Fig. S8). The average π-π stacking and dis-
placement (both long and short) also show behavior similar to
the regio-regular conformation, as depicted in Fig. S9 and S10,
respectively. The distribution of the dihedral angle of the donor-
acceptor adjoining angle in Fig. 11 (A) also suggests that regio-
irregularity has negligible impact. The introduction of regio-
irregularity, however, does lead to increased backbone twisting in
a specific direction due to steric repulsion effects. This twisting is
primarily caused by the lateral groups being oriented towards the
same acceptor. In contrast, when the lateral groups point away
from the nearby acceptor, they contribute to enhanced flexibility
and help maintain a planar backbone structure, as indicated in
Fig. 11 (B). These findings underscore the intricate interplay be-
tween lateral group orientation, steric effects, and overall molec-
ular conformation of the polymer.

The solvent quality and interactions with solvent molecules in-
fluence the conformation of polymer chains in a solution. In the
case of CPDT-BBT oligomers, chloroform (the solvent) molecules
exhibit distinct interactions. Fig. 12 illustrates the radial distribu-
tion function (RDF), g(r), of solvent molecules around the sulfur
(S) and nitrogen (N) atoms of the polymer. Notably, the solvent
density near the S atoms surpasses that near the N atoms of CPDT-
BBT. This behavior is consistently observed, as demonstrated by
the regio-irregular conformation of the CPDT-BBT tetramer in Fig.
S11. The position of the lateral groups primarily affects solvent
density near S-BBT, while the density near N-BBT remains rela-
tively constant, regardless of the lateral group’s orientation. Con-
currently, the first solvation shell exhibits a higher peak for the

Fig. 11 The distribution (ρ(φ)) represents the frequency of occurrence of
the torsion angle (φ) along the bond that connects the donor and acceptor
moieties. (A) The torsion angle distribution for both regio-regular and
regio-irregular conformations of the CPDT-BBT tetramer is shown. (B)
The distribution of the dihedral angle is shown when the lateral group
points towards the same acceptor (purple) and when it points towards
the opposite acceptor (brown). These dihedral angles are depicted on
the top image of the CPDT-BBT tetramer.
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S atoms of BBT (acceptor) moieties (S-BBT) compared to the S
atoms of CPDT (donor) moieties (S-CPDT). This suggests a pref-
erence for solvent molecules to be in close proximity to S-BBT
than S-CPDT, driven by distinct Coulomb interactions between
the S atoms of donor and acceptor moieties. Notably, the first sol-
vation shell peaks for S-CPDT and N-BBT are approximately 4.0
Å, whereas that for S-BBT extends to around 4.5 Å. At the higher
temperature, indicated by the dashed lines in Fig. 12, the height
of the first solvation peak undergoes a slight reduction, signify-
ing a moderate decrease in solvent structure around the polymer
chain at the higher temperature.

3.3 Effect of the Side Chain on the Aggregation Behavior
To observe the effect of the side chain on the aggregation behav-
ior, we considered only the octamer system. From the E2E dis-
tance analysis, it is evident that the side chains help to increase
the polymer chain distortion as the distribution of lee or ρ(lee) be-
comes broader and the height of the peak of ρ(lee) decreases as
shown in Fig. S12. With the increase of side chain length from
SC4 (C4) to SC16 (C16), the average E2E distance increases from
9.1 nm to 9.4 nm (see Fig. S12 (left)). But the height of the peak
of ρ(lee) becomes smaller, which confirms that the longer alkyl
side chains increase the backbone distortion. To examine the im-
pact of branching position in alkyl side chains, a fixed length of
the alkyl chain of C16 is considered with a branching point at C2

(BC2) or C8 (BC8). The branching position effect on E2E distance
is compared with the linear side chain of the length of C16 (SC16)
and with the octamer of CPDT-BBT (no side chain) as shown in
Fig. S12 (right). It reveals that the CPDT-BBT with branched
chains (BC) shows fewer distortions and lower average E2E dis-
tance than CPDT-BBT with linear chains (SC). CPDT-BBT exhibits

0.5 1.0 1.5 2.0

r [nm]
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N-BBT

Fig. 12 Radial distribution function (RDF), g(r), of solvent (chloroform)
molecules around the CPDT-BBT oligomers. The RDF is plotted as a
function of distance (r) between C-atoms (carbon) of chloroform and S-
atoms in CPDT moieties (orange), C-atoms of chloroform and S-atoms in
BBT moieties (maroon), and C-atoms of chloroform and N-atoms in BBT
moieties (blue). The solid and dashed lines represent the distribution at
T = 298 and 323 K, respectively.

Fig. 13 The π-π stacking distribution of octamer with linear alkyl side
chains (left) and branched alkyl side chains (right) in chloroform solvent.
The linear side chain length varies as C4 (SC4), C8 (SC8), C12 (SC12),
C16 (SC16) (left). The branching position (at C2 (BC2) and C8 (BC8))
effect is compared with the same length of linear side chain C16 (SC16)
and the octamer with no side chains (right). The solid and dashed lines
represent the distribution at T = 298 and 323 K, respectively. A constant
offset is applied on the y-axis to data for different side chains.

Fig. 14 The distribution of displacement along the long-axis (left) and
short-axis (right) of CPDT-BBT with different alkyl side chains. Linear
side chains are represented as SC, while the number represents the length
of the alkyl chains. Branched side chains are represented as BC, while
the number represents the branching positions. The solid and dashed
lines represent the distribution at T = 298 K and 323 K, respectively. A
constant offset is applied on the y-axis to data for different side chains.

a more extended structure as the branching position moves away
from the backbone (BC2 to BC8). CPDT-BBT with different side
chains displays a slightly more extended structure at the lower
temperature, while their degree of distortion remains the same
at both temperatures. The D-A dihedral distribution (Fig. S13)
reveals no significant effect of linear alkyl side chains on CPDT-
BBT backbone twisting, which is true for both temperatures. The
CPDT-BBT with a closer branching point (BC2) exhibits slightly
more twist than the farther (BC8) one.

The length and branching positions of alkyl side chains have
a notable impact on the average π-π stacking distance (λ). As
depicted in Fig. 13 (left), increasing the linear alkyl side chain
length leads to a reduction in λ . This occurs because longer alkyl
side chains promote better solvation of the oligomers and encour-
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Fig. 15 The radial distribution function of solvent (chloroform) molecules around the CPDT-BBT oligomers. The RDF is plotted as a function of
distance (r) between C-atoms (carbon) of chloroform and S-atoms in CPDT moieties. Linear side chains are represented as SC, while the number
represents the length of the alkyl chains (left). Branched side chains are represented as BC, while the number represents the branching positions
(right). The solid and dashed lines represent the distribution at T = 298 and 323 K, respectively.

age stronger face-to-face interactions, resulting in a smaller π-
stacking distance. Furthermore, the position of branching on the
side chains plays a role. Oligomers with a closer branching point
(BC2) exhibit moderately higher λ compared to those with a far-
ther branching point (BC8), primarily due to steric repulsion (as
seen in Fig. 13, right). It’s worth noting that oligomers with side
chains (BC8 and SC16) have a smaller average π-π stacking dis-
tance (λ) than the octamer without side chains. This is because
side chains enhance solvation in the chloroform solvent. Addi-
tionally, at the higher temperature, oligomers with side chains
display a shorter average π-π stacking distance compared to the
lower temperature.

At the elevated temperature (T = 323 K), the displacement
along the long axis of CPDT-BBT increases from 1.8 Å to 2.4 Å
as the alkyl side chains lengthen, as depicted in Fig. 14. Con-
versely, at the lower temperature (T = 298 K), the long-axis dis-
placement ranges from 2.3 Å to 2.7 Å, showing variation with
the side chain length. In contrast, the short-axis displacement ex-
hibits a similar range for both temperatures, fluctuating between
1.1 Å to 1.5 Å as shown in Table S4. CPDT-BBT with the branch-
ing side chain BC2 does not exhibit complete stacking within the
simulation time frame necessary to measure displacement. Fur-
thermore, CPDT-BBT with side chains shows a reduced number
of π-π stacking interactions, further decreasing with increasing
alkyl side chain length, as shown in Fig. S14. This reduction
in stacking interactions is attributed to steric hindrance. CPDT-
BBT, with a closer branching position (BC2) near the backbone,
exhibits fewer π-π stacking interactions with neighboring CPDT-
BBT molecules. Oligomers with shorter side chains aggregate
more rapidly and form long-range aggregates. Therefore, the in-
creased flexibility observed in CPDT-BBT with longer side chains
is due to the limited π-π stacking interactions among neighboring
oligomers. Cluster formation occurs more rapidly at the higher
temperature (T = 323 K) for CPDT-BBT in chloroform solvent, as
depicted in Fig. S15. However, the presence of branched alkyl
side chains results in a delay in cluster formation.

The solvent structure near CPDT-BBT increases slightly with the
increasing alkyl side chain length, as depicted in Fig. 15 (left).

The alkyl side chains enhance the solvation of CPDT-BBT in chlo-
roform solvent. Fig. 15 (right) reveals that CPDT-BBT with a
closer (BC2) branched alkyl chain experiences better solvation in
chloroform solvent than CPDT-BBT with a farther (BC8) branched
chain. Moreover, the branching of alkyl side chains contributes to
improved solvation of CPDT-BBT in chloroform solvent. Notably,
CPDT-BBT exhibits superior solvation in chloroform solvent at a
lower temperature (T = 298 K) compared to a higher temperature
(T = 323 K).

4 Conclusions

Our extensive molecular dynamics simulations elucidate the ag-
gregation behavior of high-spin organic conjugated polymers in
chloroform. We investigated the effect of chain length, side chain,
regioregularity, and temperature on polymer aggregation and
conformation. Our findings indicate that CPDT-BBT oligomers
strongly favor π-π stacking, a pivotal factor in their aggregation
behavior. Chain length, side chain length, and branching posi-
tions influence the average π-π stacking distance, with shorter
chains exhibiting more ordered aggregation. Side chain length
and branching position significantly affect backbone twist, with
longer linear side chains promoting smaller stacking distances.
When the branching point in the side chain is closer to the poly-
mer backbone, it results in slightly higher stacking distances due
to steric effects, emphasizing the importance of side chain design.
Regioregularity mainly impacts the backbone twisting rather than
the overall assembly. Regio-irregularity induces steric repulsion,
increasing twisting, while groups facing away from nearby ac-
ceptors promote planarity. Temperature influences aggregation
behavior, with the higher temperature leading to faster aggrega-
tion kinetics. However, over the small temperature range con-
sidered here, temperature has only a very minor impact on the
organization and structure of aggregates. Solvent density distri-
bution reveals a preference for sulfur (S) atoms over nitrogen (N)
atoms in CPDT-BBT, consistent across regio-irregular conforma-
tions. Our study underscores the interplay of polymer structure,
solvent interactions, and environmental factors control aggrega-
tion of conjugated polymers in the liquid phase.
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