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Abstract

Polymer semiconductors have become important materials in modern electronic applications because
they combine semiconducting behavior with mechanical flexibility, low-cost processing, and tunable
molecular structure. Their growing use in organic field-effect transistors, organic photovoltaics,
organic light-emitting diodes, and flexible sensing devices has increased the need for accurate
computational approaches that can predict material properties and device performance before
experimental fabrication. This paper reviews the major computational modeling techniques used for
polymer semiconductors and explains their role in understanding structure-property relationships.
Density functional theory is useful for estimating frontier orbital energies, band gaps, charge-transfer
parameters, and optical transitions. Molecular dynamics simulation helps in examining chain
conformation, intermolecular packing, and thin-film morphology, all of which strongly influence
charge transport. Kinetic Monte Carlo methods and related transport models are important for
predicting carrier mobility and transport pathways in disordered and semicrystalline systems. In
addition, machine learning methods are increasingly applied for rapid screening of candidate materials
and for accelerating polymer design. The study highlights that no single computational method is
sufficient to explain the full electronic behavior of polymer semiconductors. Instead, meaningful
prediction requires an integrated multiscale framework that connects molecular-level electronic
structure with morphology and device-level charge transport. Overall, computational modeling has
become an essential tool for the rational design of efficient, stable, and application-oriented polymer
semiconductor materials.
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INTRODUCTION

Polymer semiconductors have emerged as one of
the most important classes of materials for next-
generation flexible and lightweight electronic
systems. In contrast to conventional inorganic
semiconductors such as silicon, conjugated
polymers provide several practical and functional
advantages, including solution-based fabrication,
mechanical flexibility, low-temperature
processing, large-area deposition, and extensive
molecular tunability [1]. Because of these features,
polymer semiconductors have gained strong
attention in the design and development of organic
field-effect  transistors  (OFETs),  organic
photovoltaics (OPVs), organic light-emitting
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diodes (OLEDs), bioelectronic interfaces, and wearable sensing devices [2]. Their compatibility with
printable and flexible substrates has further strengthened their role in the advancement of portable,
stretchable, and low-cost electronic technologies [3].

Despite these advantages, the performance of polymer semiconductor devices cannot be understood
only from their chemical identity. Their functional behavior arises from a complex interaction among
molecular structure, supramolecular arrangement, and device-scale architecture. Parameters such as
backbone planarity, conjugation length, donor-acceptor interaction, side-chain engineering,
intermolecular n-n stacking, energetic disorder, dielectric environment, and charge-carrier coupling
with lattice motion all play important roles in determining final device performance [4]. Even small
structural variations can significantly alter orbital energies, charge mobility, optical absorption, and film
morphology. Therefore, the relationship between polymer structure and electronic behavior is
inherently multivariable and highly sensitive to both intrinsic and extrinsic factors [2,4].

Another major challenge in polymer electronics is that the relevant physical processes operate across
multiple length and time scales. At the molecular scale, electronic properties are controlled by frontier
orbital distribution, torsional conformation, and local reorganization energy. At the mesoscale, chain
aggregation, domain formation, crystallinity, and phase segregation become important [5]. At the device
scale, interfacial energetics, film continuity, charge injection, and transport pathways govern practical
performance. Because these scales are strongly interconnected, experimental characterization alone
often cannot provide a complete explanation of device behavior. For this reason, computational
modeling has become indispensable for understanding, predicting, and optimizing polymer
semiconductors for electronic applications [6].

Modern computational studies increasingly rely on an integrated framework that combines quantum
chemical calculations, molecular simulations, transport formalisms, and data-driven screening
strategies. Quantum chemical methods are used to determine orbital energies, band-gap trends, and
charge-transfer parameters. Molecular dynamics simulations help describe chain packing, structural
disorder, and morphology evolution. Transport models are then applied to connect molecular
arrangement with carrier mobility and conduction pathways. In addition, machine-learning-assisted
screening is emerging as a powerful route for accelerating materials discovery and narrowing down
promising candidates before synthesis [5]. These approaches reduce experimental trial-and-error,
clarify structure-property relationships, and support rational design of materials with targeted electronic
characteristics.

In this context, the present paper develops a camera-ready review article on computational modeling
of polymer semiconductors for electronic applications. The discussion begins with the physical basis of
semiconducting polymer behavior and then examines the major computational methodologies used to
study these materials. It further explains how multiscale workflows are constructed to bridge molecular-
level information with device-level performance. Representative applications in OFETs, OPVs,
OLEDs, and flexible sensing technologies are also discussed in order to show the broad relevance of
computational tools in modern organic electronics [1,3,6]. As illustrated in Fig. 1, the overall modeling
strategy follows a multiscale pathway in which molecular design, electronic-structure analysis,
morphology simulation, and transport prediction are linked in a sequential and complementary manner.
This multilevel approach is especially important because no single computational technique is sufficient
to explain the full behavior of polymer semiconductor systems. Thus, computational modeling is no
longer only a supporting tool in polymer electronics; it has become a central component of materials
innovation. By linking molecular chemistry with packing behavior, electronic response, and device
function, modeling enables deeper scientific understanding as well as more efficient materials
development. The importance of this role continues to increase as the field moves toward high-
performance, flexible, and application-specific organic electronic materials [5,6].
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Multiscale Computational Workflow for Polymer Semiconductors

Chemical Design Quantum Modeling Morphology Trans port Modeling
*  Monomer choice * DFT/TD-DFT Simulation « KMC/
* Backbone * HOMO-LUMO * Molecular dynamics nonadiabatic
planarity > levels |+ Packing and pi- > Hopping transport
* Side-chain * Reorganization stacking *  Mobility
tuning energy * Disorder analysis prediction

A\

Device -Relevant Qutputs
* Charge-carrier mobility
* Energy-level alignment
*  Optical absorption window
* Thermal and morphological stability
* Screening for OFET, OPV, OLED, and sensor applications

Figure 1. Original schematic of a multiscale computational workflow for polymer semiconductor
design.

MATERIALS AND METHODS

The present paper was prepared as a review-based computational study focusing on the modeling of
polymer semiconductors for electronic applications. Since the objective of the paper is to explain the
role of computational approaches rather than to report a single experimental synthesis or device
fabrication process, the methodology was designed around the critical analysis of established
computational techniques, structure-property relationships, and application-oriented modeling
workflows. The study considers polymer semiconductors as multiscale materials in which electronic
behavior is influenced by molecular structure, chain conformation, morphology, energetic disorder, and
device-level transport processes [1] [2].

Research Design

This study follows a descriptive and analytical review design. The review design was selected
because computational modeling of polymer semiconductors involves several interconnected methods,
including quantum chemical calculations, molecular dynamics simulations, charge transport models,
and machine-learning-assisted screening. A single computational method cannot fully explain polymer
semiconductor behavior because different physical processes occur at different length and time scales.
Therefore, the paper uses a multiscale analytical approach to organize the discussion from molecular-
level electronic structure to thin-film morphology and device-level charge transport [5] [6].

The research design was based on three main levels of analysis. First, molecular-level electronic
behavior was examined through methods such as density functional theory and time-dependent density
functional theory. Second, morphology and packing behavior were considered through molecular
dynamics and related simulation methods. Third, transport and application performance were discussed
through hopping models, kinetic Monte Carlo methods, transient localization concepts, and machine-
learning-based prediction frameworks [2] [4] [6].

Selection of Literature and Conceptual Sources

The paper used peer-reviewed scientific literature related to organic semiconductors, conjugated
polymers, charge transport, polymer thin-film morphology, and computational materials design. The
selected references include foundational studies on organic field-effect transistors and charge transport,
review papers on organic semiconductor modeling, and recent studies on computational and machine-
learning approaches for predicting electronic properties [1] [2] [3] [6] [12].
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The literature was selected according to its relevance to the following themes:

Physical origin of semiconducting behavior in conjugated polymers.

Role of HOMO-LUMO levels, band-gap control, and donor-acceptor design.

Importance of morphology, n-r stacking, torsional disorder, and chain packing.

Use of DFT and TD-DFT for electronic and optical property prediction.

Use of molecular dynamics for morphology and disorder analysis.

Use of Marcus-type hopping, kinetic Monte Carlo, and transient localization models for charge

transport.

Application of machine learning for virtual screening and accelerated polymer design.

8. This selection approach helped maintain the focus of the paper on computational modeling rather
than on general polymer chemistry or device fabrication alone.

ogakrwnE

~

Analytical Framework

The analytical framework of the paper was developed around the structure-property-performance
relationship of polymer semiconductors. In this framework, molecular structure acts as the starting point
because the chemical composition of the polymer backbone, donor-acceptor arrangement, side-chain
architecture, and conjugation length determine the basic electronic structure of the material [2] [3].
These molecular features influence frontier orbital energies, optical band gap, reorganization energy,
and charge-transfer parameters.

The second level of the framework considers the solid-state organization of polymer chains. Chain
packing, crystallinity, torsional disorder, domain connectivity, and n-m stacking strongly influence the
real transport pathways available in a thin film. This level is important because a polymer with favorable
electronic structure may still show weak device performance if the film morphology is disordered or
poorly connected [5] [6].

The third level connects morphology with device-level electronic behavior. Transport models are
required to understand whether charges move through localized hopping, transient delocalization, or
morphology-dependent percolation pathways. This final level is essential for explaining device
performance in OFETs, OPVs, OLEDs, and flexible sensors [1] [3] [4].

Computational Method Categories Considered
The computational methods included in the paper were grouped into four major categories.

First, density functional theory and time-dependent density functional theory were considered for
molecular electronic-structure analysis. These methods are useful for calculating HOMO and LUMO
energies, band gaps, ionization potentials, electron affinities, reorganization energies, and optical
transitions. They are especially important for understanding how chemical modification affects charge
injection, optical absorption, and electronic stability [2] [6].

Second, molecular dynamics simulation was considered for morphology and packing analysis. MD
simulation helps examine chain conformation, n-stacking distance, side-chain segregation, local density
variation, and nanoscale disorder. These factors are important because polymer semiconductor
performance depends strongly on thin-film morphology and the connectivity of ordered domains [5]

[8].

Third, charge transport formalisms were reviewed to explain how electronic and structural
information can be converted into mobility prediction. Marcus-type hopping theory, kinetic Monte
Carlo simulation, transient localization theory, and related nonadiabatic approaches were considered
because they address different transport regimes in disordered, semicrystalline, and dynamically
fluctuating organic semiconductor systems [4] [7] [10] [11].
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Fourth, machine-learning-based approaches were included because they are increasingly used for
high-throughput screening and rapid property prediction. ML methods can learn relationships between
molecular descriptors and target properties, allowing researchers to prioritize promising polymer
structures before expensive calculations or experiments are performed [6] [12].

Synthesis of Tables and Figures

The tables and figures in the paper were developed as conceptual summaries to support the review
discussion. Table 1 summarizes the main computational methods, their typical outputs, strengths, and
limitations. Table 2 compares representative polymer families according to their design focus, device
relevance, and modeling priority. Table 3 summarizes major challenges and practical directions for
future computational polymer semiconductor research.

The figures were designed to visually explain the multiscale modeling logic of the paper. Fig. 1
presents the overall computational workflow from molecular design to device-level prediction. Fig. 2
compares computational methods according to qualitative scale, cost, and interpretability. Fig. 3
presents representative design priorities across major polymer semiconductor families. Fig. 4 links
computationally optimized polymer semiconductors with major electronic applications.

Methodological Limitations

The methodology has certain limitations. First, the paper is review-based and does not report original
DFT, MD, KMC, or machine-learning calculations. Therefore, the conclusions are based on critical
synthesis of existing computational knowledge rather than on newly generated numerical datasets.
Second, computational results reported in the literature can differ according to model selection,
functional choice, basis set, force-field quality, morphology assumptions, and transport formalism [6].
Third, polymer semiconductors are highly sensitive to processing conditions, molecular weight
distribution, film formation history, and interfacial effects, which are difficult to fully capture in
simplified computational models [5] [8].

Despite these limitations, the methodology is appropriate for the purpose of this paper because it
provides a structured understanding of how different computational approaches contribute to polymer
semiconductor design. The method also supports the central argument that reliable prediction requires
an integrated multiscale framework rather than dependence on a single computational technique.

REUSLTS
Physical Basis of Polymer Semiconductor Behavior
Conjugation, Frontier Orbitals, and Band-gap Control

Semiconducting polymers derive their electronic functionality from conjugated backbones in which
alternating single and double bonds permit the delocalization of m-electrons along the polymer chain.
This delocalized electronic structure is the fundamental basis of semiconducting behavior in organic
materials because it allows charge carriers to move more effectively across the molecular framework
than in non-conjugated polymers [1]. The degree of conjugation strongly influences the electronic
structure of the material, particularly the positions of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), which together determine the optical gap, redox
behavior, charge injection barriers, and overall suitability of the polymer for electronic applications
[2,3]. A smaller and well-controlled band gap generally improves light absorption and facilitates charge
transport, whereas poorly aligned frontier orbitals can limit device efficiency even when the polymer is
otherwise structurally promising.

The extent of delocalization depends not only on the chemical composition of the repeating units but
also on the geometric arrangement of the polymer backbone. Planar and rigid backbones usually
promote stronger orbital overlap, improved conjugation length, and more efficient electronic
communication along the chain. For this reason, backbone rigidification is frequently used as a
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molecular design strategy to improve semiconducting performance [7]. Donor-acceptor
copolymerization is another widely adopted route because it allows systematic tuning of frontier orbital
energies by combining electron-rich donor units with electron-deficient acceptor units in the same
backbone. Through this strategy, researchers can reduce the band gap, adjust HOMO-LUMO alignment,
broaden optical absorption, and tailor the electronic response of the polymer for particular applications
such as transistors, solar cells, and light-emitting devices [2,3].

However, the isolated-chain picture is never sufficient to explain the actual behavior of polymer
semiconductors in devices. In realistic thin films, torsional disorder, side-chain sterics, molecular
weight, crystallinity, and solvent-processing history alter chain conformation and intermolecular
organization. These factors influence how closely polymer chains pack, how effectively n-w interactions
develop, and how much structural disorder is introduced into the film [5]. As a result, the same polymer
can display different electronic properties depending on how it is processed and assembled in the solid
state. Therefore, charge transport is governed not only by intrachain delocalization along the backbone
but also by interchain electronic coupling between neighboring chains or ordered domains. This dual
dependence explains why two polymers with similar molecular orbital energies can still show very
different mobilities in devices. In other words, frontier orbital design is essential, but it must be
understood together with the solid-state packing environment that controls the actual transport pathways

[4].

Morphology and Transport

Charge transport in organic semiconductors is strongly coupled to molecular motion and solid-state
morphology. Unlike highly ordered inorganic crystals, polymer semiconductor films often contain a
mixture of ordered and disordered regions, varying chain orientations, different packing densities, and
local energetic disorder. These structural features have a direct effect on how efficiently charges can
move through the material. In high-mobility systems, thermal fluctuations can modulate transfer
integrals and generate transient localization, while in more disordered systems carriers often move by
thermally activated hopping between localized sites [6]. This means that charge transport in polymer
semiconductors is not controlled by electronic structure alone, but also by the dynamic and spatial
arrangement of the polymer chains.

Morphology therefore becomes a first-order design parameter rather than a secondary processing
detail. The presence of well-connected ordered domains can support continuous transport pathways,
whereas amorphous regions, grain boundaries, and poorly packed segments can interrupt charge flow
and create trap states. Factors such as annealing conditions, solvent evaporation rate, side-chain
architecture, and chain aggregation behavior all contribute to the final film morphology and,
consequently, to the electrical performance of the device [5]. In OFETs, for example, mobility is highly
sensitive to molecular orientation and w-stacking near the dielectric interface. In OPVs, morphology
determines phase separation, exciton dissociation efficiency, and charge collection. Thus, computational
modeling is most powerful when it captures both the electronic structure of the polymer and the
morphology-dependent transport pathways that emerge in realistic thin films. This integrated
understanding is essential for the rational design of polymer semiconductors with improved device
performance [7].

Computational Methodologies
Density Functional Theory and Excited-state Calculations

Density functional theory (DFT) is the most common starting point for polymer-semiconductor
modeling because it provides detailed molecular-level insight into the electronic structure of conjugated
systems. It is widely used to optimize molecular geometries, estimate HOMO-LUMO energies, evaluate
ionization potentials and electron affinities, and compute reorganization energies that influence charge-
transfer processes [2,5]. These outputs are especially important because they help predict how a given
polymer may behave in terms of charge injection, oxidation-reduction stability, and compatibility with
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electrodes or acceptor materials. DFT also allows researchers to examine how backbone planarity,
substituent effects, donor-acceptor arrangement, and conjugation length influence electronic properties
before synthesis is attempted.

Another important advantage of DFT is its ability to support rational molecular design. By comparing
calculated frontier orbital energies across related structures, researchers can identify how specific
structural modifications alter the band gap and electronic distribution. In donor-acceptor copolymers,
for instance, DFT helps determine how electron-rich and electron-deficient units interact to redistribute
charge density and lower the effective optical gap. It can also reveal whether a structural modification
enhances delocalization or introduces torsional distortion that weakens orbital overlap. Such insights
are valuable because they connect chemical design directly with targeted device functionality [2,5].
Time-dependent density functional theory (TD-DFT) extends this framework to excited states and
optical transitions, making it highly relevant for applications in organic photovoltaics and organic light-
emitting diodes. Through TD-DFT, researchers can predict absorption spectra, excitation energies,
oscillator strengths, and the nature of electronic transitions. This is particularly useful in systems where
light absorption, exciton generation, and emission behavior are central to device performance. For
donor-acceptor polymers, DFT and TD-DFT together help identify how acceptor strength, conjugation
length, and torsional planarity shift the band gap and redistribute frontier orbitals. These calculations
are therefore essential not only for understanding ground-state properties but also for designing
polymers with desired optoelectronic response.

Despite its usefulness, DFT has important limitations. The accuracy of results can depend strongly
on the selected functional, basis set, and molecular model. Long polymer chains often need to be
approximated by oligomers, which may not fully reproduce solid-state behavior. In addition, DFT alone
cannot directly describe large-scale morphology, processing-induced disorder, or long-range transport
pathways. For these reasons, as indicated in Table 1, DFT provides strong chemical insight but must be
complemented by other approaches when the objective is to understand realistic thin-film and device-
level performance.

Molecular Dynamics and Morphology Simulation

Molecular dynamics (MD) simulations provide atomistic information about chain packing, m-
stacking distances, side-chain segregation, conformational flexibility, and nanoscale disorder. These
simulations are especially important in polymer films because the performance of OFET and OPV
devices depends not only on intrinsic molecular properties but also on the connectivity of ordered
domains and the persistence of favorable packing motifs. While DFT can explain how a single chain or
short oligomer behaves electronically, MD helps explain how many such chains organize collectively
in the solid state. This makes MD a key method for connecting molecular structure with film
morphology and ultimately with charge transport behavior.

In realistic polymer systems, morphology develops under the influence of solvent evaporation,
thermal annealing, side-chain interactions, molecular weight, and nonequilibrium processing
conditions. MD simulations allow researchers to study these structural changes by tracking how
polymer chains move, aggregate, and relax over time. Through such simulations, one can estimate
intermolecular distances, orientational order, local density variation, domain formation, and the extent
of structural disorder across the material. These outputs are especially valuable because transport in
polymer semiconductors is highly morphology dependent. A material with favorable orbital energies
may still perform poorly if its packing is loose, disordered, or disconnected. Thus, morphology
simulation is essential for understanding why some polymers translate molecular design into high
device performance while others do not. In practice, MD is often used after DFT-based
parameterization. Electronic structure calculations define force-field parameters or coarse-grained
descriptors, after which MD explores morphology evolution during casting, annealing, or thermal
relaxation. The resulting structural configurations can then be passed to transport models for mobility
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prediction or energetic analysis. MD is also useful in identifying the influence of side chains and
processing history on structural order. Side chains are often introduced to improve solubility and
processability, but they also affect backbone spacing, aggregation tendency, and crystalline
organization. MD can clarify whether a side-chain modification improves or disrupts packing, and
whether it promotes phase separation or enhances domain connectivity. This is highly relevant in
polymer electronics because structural details that appear minor at the chemical level can have major
effects on the final transport network. Therefore, MD serves as a bridge between synthetic design and
practical material performance [8].

Charge Transport Formalisms

Charge transport in polymer semiconductors is commonly modeled using Marcus-type hopping
theory, kinetic Monte Carlo (KMC), transient localization concepts, or nonadiabatic dynamics. These
formalisms are needed because transport in organic semiconductors does not usually follow the same
simple band-transport picture that applies to highly ordered inorganic crystals. Instead, transport
behavior depends on localization, disorder, intermolecular coupling, thermal fluctuations, and electron-
phonon interaction. Therefore, the choice of transport model depends strongly on the degree of order in
the material and the physical regime being studied. [8-9]

Hopping approaches are appropriate when charge carriers are localized and transport occurs between
weakly coupled sites. In such systems, site-to-site transfer rates are calculated from quantities such as
reorganization energy, transfer integral, and energetic difference between states. Marcus-type theory is
particularly useful in disordered or weakly coupled systems where thermally activated hopping
dominates charge migration. Kinetic Monte Carlo then extends this framework by simulating large
numbers of hopping events over complex morphologies, thereby enabling estimation of mobility,
anisotropy, percolation pathways, and field-dependent transport behavior. Because KMC can
incorporate site-energy distributions and morphology-derived connectivity maps, it provides an
important way to connect microscopic structural disorder with macroscopic transport properties [10].

More delocalized systems require models that treat dynamic disorder and electron-phonon coupling
more explicitly [4,6]. In semicrystalline or relatively ordered polymer semiconductors, the
intermolecular electronic coupling may be sufficiently strong that charges are not fully localized to a
single molecular site. However, thermal motion continuously modulates transfer integrals and local
energies, meaning that transport occurs in a fluctuating environment. Transient localization theory has
become important in explaining this intermediate transport regime, where carriers are temporarily
delocalized but repeatedly scattered by molecular vibrations [4,6]. Nonadiabatic dynamics and related
advanced approaches are also useful for describing situations in which electronic and nuclear motion
are strongly coupled and cannot be treated independently. Recent computational work has shown that
charge mobility prediction improves when the vibrational spectrum is partitioned into slow modes,
which generate quasi-static disorder, and fast modes, which contribute polaronic band narrowing [6].
This distinction is especially important in polymer-derived crystalline and semicrystalline
semiconductors, where dynamic disorder is a major factor controlling mobility. Slow structural
fluctuations can act as a source of energetic disorder, whereas fast intramolecular vibrations influence
carrier coherence and effective bandwidth. Recognizing these different vibrational roles has improved
theoretical understanding of why charge mobility can vary greatly even among chemically similar
systems.

Machine Learning and Virtual Screening

Machine learning (ML) is increasingly used to accelerate materials discovery in organic electronics.
Traditional computational methods such as DFT and MD provide deep physical insight, but they can be
time-consuming when large molecular libraries must be explored. ML addresses this problem by
learning relationships between molecular descriptors and target properties from existing datasets.
Descriptor-based, fingerprint-based, and graph-based models can predict frontier orbital energies,
transfer integrals, mobility proxies, crystallization tendencies, and even morphology-related behavior
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using training sets derived from experiments or higher-level calculations [5,7]. As a result, ML has
become an attractive strategy for rapid pre-screening of candidate polymer semiconductors before more
expensive simulation or experimental work is undertaken [12].

The main advantage of ML is speed at scale. Once trained, a model can screen hundreds or thousands
of hypothetical structures much faster than direct quantum chemical calculations. This makes it
particularly useful in materials discovery programs where many potential monomer combinations, side-
chain substitutions, or donor-acceptor architectures are being considered. ML can help identify
promising structural regions of chemical space and prioritize candidates for deeper computational
analysis. In this way, it does not replace first-principles modeling, but rather complements it by reducing
the search space and improving design efficiency.

Another emerging strength of ML lies in its ability to integrate heterogeneous information. Models
can be trained not only on molecular descriptors but also on graph representations, image-based
structural data, or combined simulation-experiment datasets. This opens the possibility of learning
complex structure-property patterns that may not be obvious from conventional single-parameter
analysis. In polymer semiconductors, where performance is often determined by coupled effects
involving electronic structure, packing tendency, and dynamic disorder, such integrative capability is
highly valuable [11].

However, the main limitation of ML is transferability. Models are only as reliable as their training
domain, feature representation, and data quality. A model trained on one class of polymers may not
perform well when applied to chemically different systems. Small or biased datasets can also produce
misleading predictions. Furthermore, some high-performing ML models may offer limited
interpretability, making it difficult to understand why a particular prediction was made. Therefore, as
noted in Table 1, ML is scalable and rapid, but it requires robust training data and careful validation
before its predictions can be trusted in materials design. The conceptual place of ML relative to the
other computational techniques is also highlighted in Fig. 2, where it is associated with fast screening
ability, broad scale applicability, and variable interpretability depending on model design.

Integrative Perspective on Computational Methods

Taken together, the methodologies discussed above demonstrate that polymer-semiconductor
modeling is fundamentally multiscale and multidisciplinary. DFT and TD-DFT provide chemically
detailed information about electronic structure and optical behavior. MD captures morphology, packing,
and structural disorder in realistic films. Transport models convert those structural and energetic inputs
into predictions of charge mobility and conduction pathways. ML extends the entire workflow toward
rapid exploration of large chemical spaces. No single method is sufficient by itself. Instead, the strongest
predictive framework emerges when these tools are used in a coordinated manner [12]. This integrative
perspective is clearly reflected in Table 1, which summarizes the typical output, key strength, and main
limitation of each computational approach. Likewise, Fig. 2 helps visualize why these methods
complement one another rather than compete directly: some operate at small scale with high chemical
detail, while others function at broader scale with greater screening speed or morphology relevance.
Therefore, the most effective strategy in polymer semiconductor research is not to choose one method
exclusively, but to connect multiple methods in a rational and validated workflow that links molecular
design to electronic application.

Structure-Property Relationships in Representative Polymer Families

Representative polymer families provide a useful framework for understanding how molecular
structure governs electronic performance in organic semiconductors. Polythiophene derivatives remain
benchmark materials because they clearly show how regioregularity, backbone planarity, and side-chain
packing influence charge mobility and solid-state ordering. In these systems, improved regioregularity
generally promotes closer chain packing and stronger intermolecular interactions, which support more
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efficient charge transport in devices such as OFETs and sensors [5]. At the same time, side-chain
architecture affects not only solubility and processability but also crystalline order, n-stacking distance,
and film morphology, all of which determine whether the intrinsic electronic advantages of the polymer
can be translated into practical device performance.

Table 1. Summary of computational methods commonly used for polymer semiconductors.

Method Typical output Strength Main limitation
DFT HOMO/LUMO, band gap, Strong chemical insight Sensitive to functional
reorganization energy choice and system size
TD-DFT Excited states, optical absorption Useful for emissive and Costly for long chains and
photovoltaic design aggregates
Molecular dynamics | Packing, disorder, domain Captures morphology Depends on force-field
evolution quality
Kinetic Monte Carlo | Mobility and hopping pathways Links morphology to Requires site energies and
transport transfer rates
Machine learning Fast property prediction and Scalable and rapid Needs robust training data
screening

Schematic Comparison of Common Computational Methods

High < L

Qualitative level

~8— Length/Time Scale
Relative Cost
Low 7 —&

DFT TD-DFT MD KMC ML
Method

Figure 2. Schematic graph comparing common computational methods by qualitative scale, cost, and
interpretability.

Diketopyrrolopyrrole (DPP)-based copolymers and naphthalene diimide (NDI)-containing polymers
further demonstrate the importance of donor-acceptor engineering in polymer semiconductor design.
DPP-based systems are widely studied because their rigid and planar backbones often support strong
intermolecular coupling and high mobility, making them attractive for both transistors and photovoltaic
devices. NDI-based polymers, in contrast, are especially valuable for n-type transport because they
provide low-lying LUMO levels, greater electron affinity, and improved air stability [6]. In both classes,
relatively small changes in comonomer selection, conjugation length, or substituent design can shift
orbital energies, alter dielectric response, and change the extent of crystallinity. This sensitivity explains
why structurally related polymers may show very different electrical and optoelectronic behavior.
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Computational screening is particularly useful in this context because it reveals which properties can
be tuned independently and which remain strongly coupled. For example, lowering the band gap may
improve absorption but also affect energy-level alignment and material stability [8]. Likewise,
increasing backbone rigidity may enhance transport while reducing solubility and processing ease.
These trade-offs are summarized across major polymer classes in Table 2, while Fig. 3 illustrates the
differing design priorities that guide optimization among these representative families.

Representative Polymer Families: Schematic Design Priorities
6 B Computational screenability

Packing sensitivity

B Application breadth
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o
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Polythiophenes DPP copolymers NDI polymers Donor-Acceptor
Figure 3. Original schematic bar chart showing representative design priorities across major polymer-

semiconductor families.

Table 2. Representative polymer families and application relevance.

Polymer family

Key design focus

Typical devices

Modeling priority

Polythiophenes

Regioregularity and chain
ordering

OFETs, sensors

Packing and torsional
disorder

DPP copolymers

Backbone planarity and
donor-acceptor balance

OFETs, OPVs

Electronic coupling and
dynamic disorder

NDI polymers

Electron affinity and n-type

Complementary logic,

LUMO stabilization and

sensors
OPVs, photodetectors

stability morphology

Excited states and blend
morphology

Broad donor-acceptor
polymers

Band-gap tuning and
absorption control

Electronic Applications
Organic field-effect Transistors

Organic field-effect transistors represent one of the most important application areas for polymer
semiconductors because they directly reflect how molecular design, solid-state packing, and interfacial
properties combine to determine charge-carrier mobility. For OFETs, the key computational targets are
transfer integrals, reorganization energies, energetic disorder, interface alignment, and orientation-
dependent mobility. These parameters help explain how efficiently holes or electrons can move through
the semiconducting layer under an applied electric field. High-performing transistor polymers typically
combine relatively rigid backbones with morphology that supports contiguous transport pathways,
reduced torsional disorder, and favorable molecular orientation near the dielectric interface. In many
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cases, even when the intrinsic electronic structure of a polymer appears promising, poor packing or
unfavorable interfacial ordering can substantially reduce device performance. Computational modeling
is therefore especially valuable because it helps separate the contributions of chemistry, microstructure,
and interface physics to the final transistor response [1,3].

In OFET research, DFT is commonly used to estimate molecular orbital energies, charge-transfer
parameters, and reorganization energies, while molecular dynamics and morphology simulations help
evaluate m-stacking, chain orientation, and packing continuity in thin films. These structural outputs are
then linked with transport formalisms to predict mobility trends and identify probable bottlenecks in
charge conduction. Such modeling is important because charge transport in OFETs is often anisotropic
and strongly dependent on the organization of polymer chains close to the active interface. A polymer
that performs well in bulk morphology may still show limited transistor behavior if the interfacial region
lacks order or if transport pathways are interrupted. Thus, computational modeling helps identify where
poor device performance originates and provides guidance for molecular redesign, processing
optimization, and interface engineering [1,3].

Organic Photovoltaics

Organic photovoltaics present a more complex modeling challenge because successful device
operation depends on a sequence of coupled photophysical and charge-transport processes rather than
on transport alone. In OPVs, modeling must address both intramolecular and intermolecular
phenomena. DFT and TD-DFT guide donor-acceptor energetics, frontier orbital alignment, exciton
generation, and optical absorption, whereas MD and mesoscale simulations reveal phase separation,
blend morphology, and domain connectivity. Charge separation, carrier transport, and recombination
are then assessed using transport or kinetic models. This multistage pipeline is essential because power
conversion efficiency depends on balancing absorption, exciton diffusion, charge generation, charge
extraction, and the suppression of recombination losses [12]. For polymer-based OPVs, computational
studies are particularly useful in predicting how structural modifications alter not only band gaps and
absorption windows but also compatibility with acceptor materials and the morphology of bulk
heterojunction blends. For example, a polymer with excellent absorption characteristics may still
perform poorly if it forms oversized domains that hinder exciton dissociation, or if energetic offsets are
insufficient for charge separation. Similarly, strong donor-acceptor interactions may improve optical
performance while creating trade-offs in morphology or stability. Computational approaches therefore
help clarify these competing effects before extensive experimental fabrication is undertaken. This
predictive ability is highly valuable in photovoltaic materials discovery, where the relationship between
molecular design and device efficiency is governed by multiple coupled variables rather than by a single
optimized property [5].

Oleds, Sensors, and Emerging Flexible Electronics

In OLEDs, polymer semiconductors are studied not only for charge transport but also for their
excited-state and emissive behavior. For these devices, excited-state energetics, singlet-triplet splitting,
emission wavelength, and charge balance are central design concerns. Computational tools such as TD-
DFT are useful for evaluating optical transitions, excited-state configuration, and energy alignment
between emissive and transport layers. These predictions support the design of polymers with improved
emission efficiency, color control, and charge-injection balance. Because emissive performance
depends on subtle changes in molecular structure and local environment, modeling plays an important
role in guiding the development of polymers for display and lighting technologies [2]. For flexible
sensors and wearable electronics, the modeling space expands further to include strain tolerance, mixed
ionic-electronic conduction, environmental stability, and mechanical adaptability. Polymer
semiconductors are particularly attractive in these systems because they combine electronic response
with softness, light weight, and compatibility with flexible substrates. In such applications,
computational design can optimize not only electronic characteristics but also mechanical compliance,
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enabling materials to maintain function under bending, stretching, or repeated deformation. Similarly,
in emerging soft electronics and biointegrated devices, simulation can help predict how molecular
packing, environmental exposure, or mechanical stress may affect long-term performance. As illustrated
in Fig. 4, computationally optimized polymer semiconductors now support a broad application spectrum
extending from OFETs and OPVs to OLEDs, flexible sensors, and other advanced electronic platforms.

Hectronic Applications Enabled by Computationally
Optimized Polymer Semiconductors

OFETS
High mobility Low
trap density

OPVS
Band-gap tuning
Exciton control

OLEDS Sensors
Excited -state Flexible response
engineering Signal stability

Figure 4. Original application map linking computationally optimized polymer semiconductors to
OFET, OPV, OLED, and sensor technologies.

Challenges and Research Gaps

A major challenge in computational polymer electronics is scale bridging. Quantum calculations are
accurate but limited to short oligomers or small aggregates, while device-level behavior depends on
mesoscale morphology and processing history. Another challenge is the representation of disorder: real
polymer films contain defects, polydispersity, nonequilibrium microstructures, and interfaces that are
difficult to model from first principles.

Methodological uncertainty also remains important. DFT outcomes depend on the chosen functional
and basis, MD depends on force-field quality, and transport models depend on how localization and
electron-phonon coupling are treated. Consequently, benchmarking against experiment remains
essential. A robust computational workflow is therefore not just a sequence of methods, but a calibrated
sequence of methods.

Table 3. Key challenges and practical directions for improvement.

Challenge Why it matters Promising response
Scale mismatch Electronic and device scales differ strongly | Use multiscale workflows and coarse
graining

Morphological disorder | Mobility is highly morphology dependent Couple MD with transport simulations

Method sensitivity Predictions vary with model choices Benchmark against experiment and
reference sets

Data scarcity for ML Weak generalization outside training domain | Curate shared datasets and uncertainty
metrics

© STM Journals 2026. All Rights Reserved 144



Computational Modeling of Polymer Semiconductors for Electronic Applications Sharma et al.

DISCUSSION

The review shows that computational modeling is essential for understanding polymer
semiconductors because their performance is controlled by both molecular electronic structure and
solid-state organization. DFT and TD-DFT are useful for estimating HOMO-LUMO levels, band gaps,
reorganization energies, and optical transitions, but these calculations alone cannot explain real device
behavior because polymer films contain torsional disorder, chain aggregation, packing variation, and
morphology-dependent transport pathways [2] [6]. Therefore, molecular-level predictions must be
connected with morphology simulation and transport modeling to understand how chemical structure
becomes functional electronic performance.

Morphology remains one of the most important factors affecting polymer semiconductor
applications. In OFETs, charge mobility depends on molecular orientation, m-n stacking, energetic
disorder, and interface ordering, while in OPVs, device efficiency depends on absorption, phase
separation, exciton dissociation, charge transport, and recombination control [1] [3] [5]. Molecular
dynamics simulations help explain chain packing and domain formation, whereas Marcus-type hopping,
kinetic Monte Carlo, and transient localization models help convert structural and energetic information
into mobility predictions [4] [7] [10]. This confirms that no single method is sufficient for polymer
semiconductor research.

Machine learning has added a new direction to polymer semiconductor modeling by enabling rapid
screening of large chemical spaces and helping identify promising structures before detailed simulations
or synthesis [6] [12]. However, ML predictions depend strongly on training data quality, descriptor
selection, and validation, so they should be used with physics-based methods rather than as a
replacement for them. The major research gap is still the difficulty of connecting quantum calculations,
morphology simulations, transport models, processing conditions, and experimental validation in one
reliable workflow. Future progress will depend on stronger multiscale modeling, better datasets,
uncertainty-aware ML, and closer integration between computation and experiment.

CONCLUSIONS

Computational modeling now occupies a central position in the design of polymer semiconductors
for electronic applications. DFT and TD-DFT clarify the electronic consequences of molecular
structure; molecular dynamics explains packing and disorder; transport formalisms connect
morphology to mobility; and machine learning extends screening to large chemical spaces. The key
conclusion of this paper is that polymer-semiconductor design is fundamentally multiscale. High-
performance materials emerge not from a single optimized descriptor, but from a coherent balance
among orbital energies, structural order, dynamic disorder, processability, and device architecture.
Multiscale computational workflows therefore offer the most rational route to faster and more reliable
discovery of next-generation polymer electronic materials.

The field is moving toward integrated digital materials discovery in which quantum calculations,
molecular simulation, transport modeling, and machine learning operate as a single loop. Such
workflows can identify candidate polymers, predict whether they are likely to pack favorably, estimate
charge mobility, and rank them for synthesis.

Future progress will depend on more reliable data infrastructure, uncertainty-aware ML, better
coarse-grained models, and closer coupling between simulation and high-throughput experiment. These
developments are expected to improve polymer semiconductors for low-power logic, printable
photovoltaics, soft biointerfaces, and large-area sensors.
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