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ABSTRACT 

Easy processability, tunable mechanical and optoelectronic properties, and the endless 

possibilities of molecular modifications enable conjugated polymers (CPs) to be used in a wide 

range of lightweight, low-cost, and flexible organic electronic devices. However, despite the 

tremendous efforts in molecular engineering and improved electronic properties, the 

thermomechanical-structure-property relationship of these semiconducting materials is still less 

investigated. Predicting the thermal, mechanical, and photovoltaics (PV) properties of CPs is 

challenging due to heterogeneous chain architectures and diverse chemical building blocks. To 

address this critical issue, this dissertation aims to employ novel multiscale modeling and data-

driven approaches to characterize the thermomechanical and optoelectronic properties of CPs. In 

particular, we utilize machine learning (ML) and scale-bridging molecular modeling techniques 

scaled from quantum mechanics simulations to force field all atomistic molecular dynamics (AA-

MD) and coarse-grained (CG)-MD simulations to explore the multifunctional behavior of CPs. 

Validated by experimental measurements, our AA-MD and CG-MD simulations can capture glass 

transition temperature (𝑇𝑔), elastic modulus, and strain-induced deformation mechanism of the 

CPs with varied side-chain lengths and backbone moieties. Furthermore, through the integration 

of ML, AA-MD simulations, and experiments, we propose a simplified but accurate predictive 

framework to quantify 𝑇𝑔 directly from the geometry of the CPs’ repeat unit. Next, first-principle 

calculations developed upon density functional theory (DFT) are utilized to quantify electronic 

configuration changes of CPs due to the charge injection. Finally, created upon ab initio excited 

state dynamics, we report a computational methodology to explore the PV performance of donor-

acceptor organic bulk heterojunctions (BHJ). This computational framework facilitates screening 

of the best donor-acceptor molecules and narrows down the list of potential candidates to be used 
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in BHJ. We believe data-driven and multiscale modeling approaches established in this dissertation 

are important milestones for the design and structure-property prediction of CPs and organic BHJ, 

paving the way for developing the next generation of organic electronics.   
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1. INTRODUCTION 

1.1. Overview 

Over the past decades, noticeable progress in performance-enhanced organic electronic 

devices such as organic photovoltaics (OPVs) and organic field-effect transistors (OFETs),1–4 has 

been observed, rooted in the rapid development of conjugated polymers (CPs), especially recently 

emerged D-A type CPs.5–8 CPs have drawn attention because of solution processability, structural 

tunability, good electrical performance, and mechanical compliance9–15 compared to their 

inorganic counterparts (e.g., silicon). These semiconducting materials have shown great potential 

in developing next-generation electronics through molecular modification, for instance, soft and 

deformable CPs for wearable and biomedical devices10,13 or thermal-stable CPs for automotive 

and aerospace industries.16,17 However, a rational design of application-driven CPs requires the 

new fundamental knowledge of structure-property-morphology relationships to predict, control, 

and manipulate thermomechanics and optoelectronic properties of CPs. Due to the endless 

possibilities of molecular modifications, experimental measurement of the physical properties of 

any newly designed system is time-consuming, if not impossible.  

To address this critical issue, multiscale modeling and data-driven approaches can be vital 

in developing material-by-design frameworks for CPs. To simulate the molecular structure of 

materials (e.g., polymer systems), two approaches can be utilized: classical Newtonian physical 

theories and quantum physics. The classical methods (e.g., force field molecular dynamics (FF-

MD)) can simulate the polymer system at larger scales than quantum mechanics simulations. 

Indeed, the simpler physics theories used to describe these models and fewer degrees of freedom 

make them computationally efficient. These models are ideal for calculating polymers' 

thermomechanical and morphological properties.18,19 However, classical physics models have no 



2 

 

understanding of the electronic structure of the materials and cannot simulate chemical reactions 

and any excited states. To address this and probe optoelectronic properties at the fundamental 

atomic level, first-principle calculations (i.e., quantum mechanics models) can play a vital role. 

These models are developed based on quantum physics principles and can provide an accurate and 

unbiased system representation. First-principle calculations provide beneficial insights into the 

fundamental electronic properties and PV performance of CPs.20,21 However, developing first-

principle methods requires enormous computational resources and can only be utilized to simulate 

small molecules.  

Exploring the multifunctional behavior of complex chemical systems at different scales 

based on classical and quantum physics allows for acquiring the “best of both worlds,” and can be 

a milestone in material discovery. The material community appreciates the importance of this 

computational methodology and awarded "The Nobel Prize in Chemistry 2013" to Martin Karplus, 

Michael Levitt, and Arieh Warshel for developing multiscale models of complex chemical 

systems.22 Thus, this dissertation aims to utilize the aforementioned methods to explore the 

thermal, mechanical, dynamical, and optoelectronic properties of CPs. In the rest of this chapter, 

we will briefly review the utilization of multiscale modeling approaches in polymer discovery.  

1.2. Force Field Molecular Dynamics  

The past decade witnessed considerable computational efforts developed upon FF-MD that 

have been made to explore the fundamental roles of various molecular parameters in the complex 

behaviors of glassy polymers.23–33 Generally, generic coarse-grained (CG)-MD models have been 

broadly utilized to probe structure-property relationships of polymers with different segmental 

structures qualitatively. Dudowicz and coworkers24 explored the influence of the side chain length 

on the glass-transition behaviors of the branched polymers and found that increasing side-chain 
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length decreases glass transition temperature (𝑇𝑔) of the polymer when a flexible side chain is 

grafted to a relatively stiff backbone. In a similar work, Chremos and Douglas28 showed that the 

topological architecture has a significant impact on the self-diffusion coefficients of the polymer 

chains by comparing linear-chain and branched polymers having star, rings, and bottlebrush 

architectures. Moreover, several recent studies used CG-MD and have showed that the chain 

stiffness plays a significant role in influencing Young's modulus, relaxation dynamics, and glass-

transition of polymers in which polymers with a higher backbone chain stiffness tend to exhibit 

lower dynamics and a higher 𝑇𝑔.23,29 Similar trends in these properties were also observed for 

polymers with the same backbone chain but having different stiffness of the side chain at both bulk 

and nanoconfined states (e.g., thin films).31,34–36  

However, despite those tremendous computational efforts on glassy polymers, effective 

CP-focused modeling approaches to predict the thermomechanical properties of these 

semiconducting materials have not yet been fully established. In the case of property calculations, 

all atomistic (AA)-MD simulations need to be developed. McMahon and coworkers37 used AA-

MD simulations to track and save the trajectory of the chain structures and then efficiently 

employed those conformations as input of first principle calculations to probe electronic structure, 

and study the effect of dynamic disorder on crystalline poly 3-hexylthiophene (P3HT). DuBay et 

al.38 reparametrized OPLS force field for AA-MD simulations and showed an improved model to 

explore dihedral angle distributions, persistence lengths, and conjugation length distributions of 

poly[2-methoxy-5-(2′-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) and P3HT systems. 

Another study was conducted by Lipomi group where AA-MD simulations were implemented to 

predict the nanoscale morphology and thermomechanical behavior of low-bandgap CPs and their 

blends with [6,6]-phenyl C71 butyric acid methyl ester (PCBM).39 They calculated 𝜋-stacking 
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distances, 𝑇𝑔, and elastic modulus where the comparison to experimental measurements highlights 

the strength of MD simulations in determinization the role of molecular structure in morphology 

and mechanical properties of bulk heterojunction films. Despite these efforts on the studying 

multifunctional behavior of CPs, exploring segmental dynamics and thermomechanical behavior 

of the systems having different segmental structures still remains challenging, which is one of the 

main goals of this dissertation to be addressed.  

1.3. Quantum Mechanics Simulations 

For developing new functional materials, quantum mechanics is a powerful technique at 

the start point for targeted applications.40 The physical laws employed in quantum simulations to 

describe the behavior of the materials are encapsulated in the Schrödinger equation.41 However, a 

direct analytical solution to this equation is almost impossible for realistic materials due to the 

computing cost. To address this, density functional theory (DFT) was proposed by Hohenberg, 

Kohn, and Sham42,43 which formulates the ground state solutions to the Schrödinger equation 

described as a problem of the charge density that must be minimized in energy. DFT models have 

provided accurate optoelectronic predictions in many classes of complex materials.40 

DFT model have been broadly utilized to study the electronic configuration of diverse 

semiconducting polymers.44–54 Yang and coworkers55 showed that the DFT approach could 

properly estimate the band gap of the CPs having different molecular structures, where the hybrid 

functional indicated higher accuracy in predicting the energy gap. Zhang et al.52 explored the band 

gap of different CPs, where the calculated theoretical band gaps show a good agreement with 

experimental data. Using time-dependent DFT (TD-DFT) models, the simulation successfully 

predicted the excitation energies and the maximal absorption wavelength of fluorene-based CPs,56 

in good agreement with experimental measurements. DFT and TD-DFT approaches with hybrid 
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functionals were also implemented to explore the doping process of the polypyrrole,57 in which 

the computational results successfully predicted the experimental results. These recent studies 

confirm the applicability and strength of the DFT approach as a reliable computational approach 

to explore the design next generation of CPs. In this study, first-principle calculations developed 

upon DFT methods will be utilized to investigate the fundamental optoelectronic properties of 

newly designed CPs and the photovoltaic performance of organic bulk heterojunctions.  

1.4. Machine Learning Methods 

Developing high-performance materials using traditional trial-and-error methods relies on 

repetitive experimental and theoretical characterization approaches, which are often time-

consuming and inefficient. To address this, a data-driven approach based on machine learning 

(ML) methods can be an efficient alternative.58–60 Built upon molecular features obtained from 

first-principles calculations and experimental measurements, Tran and coworkers developed 

"Polymer Genome" as a web-based ML platform to provide near-instantaneous predictions of 

various polymer properties.61 Although the model does not support network polymers, polymer 

blends, and copolymers yet, it opened up a pathway to approximate the properties of new polymers. 

In another work from the Ramprasad group,62 ML methods based on genetic algorithm were 

employed to design polymers with targeted properties (i.e., high 𝑇𝑔 and large bandgap). In CPs 

discovery, Nagasawa and coworkers conducted screening of conjugated molecules for organic 

photovoltaic (OPV) applications based on artificial neural network and random forest, where the 

model showed an improved accuracy for the power conversion efficiency classification.63 Those 

successful implementation of ML models in the polymer discovery, mostly non-conjugated 

polymers, provokes the idea to develop predictive models for structure-properties relationship in 
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CPs. Thus, in this dissertation, we will propose a model which is supposed to predict 𝑇𝑔 of CPs 

directly from chemical structure of building block.  

1.5. Outlines 

This dissertation aims to employ three different computational frameworks to investigate 

the thermomechanical and optoelectronic properties of CPs. AA-MD and CG-MD models are 

utilized to explore 𝑇𝑔, elastic modulus, deformation mechanism, and segmental dynamics. Then, 

based on a 𝑇𝑔 dataset collected from experimental and computational measurements, a simplified 

ML model is developed to predict 𝑇𝑔 directly from the chemical structure of the building block. 

Eventually, the DFT approach and ab initio dynamics are utilized to predict fundamental 

optoelectronic properties of CPs and characterize the photovoltaic performance of organic bulk 

heterojunctions. The rest of the dissertation is arranged as follows: 

In Chapter 2, we review the multiscale molecular modeling methods used in this study. 

First, the basics of the FF-MD approach and details of utilized AA-MD and CG-MD simulations 

are reported. Then, the DFT approach and relevant computational details of first-principle 

simulations are reviewed. Chapter 3 aims to understand the glass-transition behavior of CPs based 

on experimental techniques and CG-MD simulations. In particular, we show how side chains and 

grafting density of the polymer chain influence 𝑇𝑔. In that chapter, using CG-MD simulations, the 

mobility of the polymer chains is studied to reveal further the origin of the role of the chain's 

chemical structure on 𝑇𝑔. In Chapter 4, we propose a simplified ML model to predict 𝑇𝑔 directly 

from the chemical structure of the repeat unit. A diverse data set is utilized for training an ML 

model, collected from previously published literature, our collaborators' experimental 

measurements, and our AA-MD simulation calculations. Then, we use MD simulations to provide 

a physical interpretation of ML model outcomes. In the end, the predictive performance of the ML 
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model is examined by comparing the predicted values to our experimental and computational 𝑇𝑔 

measurements of novel high-performance CPs and acceptor units. In Chapter 5, we explore the 

mechanical properties and deformation mechanism of CPs. We utilize CG-MD simulations to 

examine the role of side chains in the mechanical performance (i.e., elastic modulus) of CPs and 

discuss our results in close comparison with experimental measurements. Then, we investigate 

how tensile deformation influences the chain alignment in polymer samples. Chapter 6 explores 

optoelectronic properties of diketopyrrolopyrrole (DPP)-based CPs via the DFT approach. First, 

fundamental electronic properties such as bandgap and absorption spectrum are calculated. Then, 

the influence of charge injection on the electronic configuration of the polymer system is studied. 

Finally, in Chapter 7, we report a computational framework to characterize photo-induced charge 

transfer of organic bulk heterojunctions via ab initio excited state dynamics. To this end, blends 

of DPP-based CP with non-fullerene (i.e., ITIC) and fullerene (i.e., PCBM) acceptor units are 

studied. That chapter aims to explore the possibility of having a computational framework to rank 

the photovoltaic performance of organic bulk heterojunctions to narrow down the list of potential 

donor-acceptor candidates. In Chapter 8, we summarize this study's key findings and present the 

dissertation's conclusion. Finally, we will further discuss promising paths in the areas mentioned 

above of research in the field of CPs and their multifunctional applications. 
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2. MULTISCALE MOLECULAR MODELING FOR CONJUGATED POLYMERS 

2.1. Introduction 

The speed of technological innovations and demands for new materials is currently a 

tremendous challenge for the material engineering community due to the number of experimental 

procedures required to develop and examine any newly designed system. To address this critical 

issue, computer-aided molecular simulations can play a key role in boosting the materials' design 

process, particularly polymers. The emergence of high-speed computers facilities the utilization 

of molecular modeling approaches in different time and length scales based on physics and 

chemistry principles.1 At the highest level of accuracy, first-principle ab initio calculations built 

upon theoretical principles and Schrodinger’s equation can provide insight into the physical 

properties of materials at the fundamental electronic level.2 However, these ab initio calculations 

are computationally expensive and are mainly aimed to explore fundamental optoelectronic 

properties at a limited time and length scale.3  

One scale larger, all atomistic (AA) force field molecular dynamics (MD) simulations 

which are developed based on classical physics theories can increase computational efficiency by 

providing dramatically larger simulations length while preserving an acceptable level of accuracy.4 

These AA-MD models are wonderful choices to provide a quantitative investigation of the 

thermomechanical, morphological, and dynamical properties of polymer materials.5 One step 

further, to improve the computational efficiency of AA-MD models and explore the systems at the 

larger time and length scales, simplified coarse-grained (CG) models are often required. CG 

models reduce the number of degrees of freedom by removing unessential structural features, 

while preserving the most essential atomic or molecular descriptors, such as segmental structure, 

shape and topology, and chemical interaction.6–8 Thus, CG-MD approaches can play a vital role in 
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molecular modeling and simulations for the material science and engineering community. These 

largely simplified models are particularly appropriate to qualitatively explore the influence of 

different molecular parameters, such as cohesive energy or chain rigidity, on the physical behavior 

of polymers.7,9–12  

This dissertation aims to employ scale-bridging computational approaches based on all the 

techniques mentioned above to understand the multifunctional behavior of conjugated polymers. 

First, we will use CG-MD and AA-MD force field simulations to probe the glass transition 

temperature, mechanical properties, and segmental dynamics of conjugated polymers. Then, at the 

fundamental electronic level, first-principle methods based on density functional theory (DFT) and 

ab initio excited-state dynamics will be implemented to investigate the optoelectronic properties 

and photovoltaic performance of these semiconducting materials. In the following sections, we 

will review the computational details of both force field and first-principle simulations.  

2.2. Basics of Fore Field Molecular Dynamics Simulations 

MD approaches are computer-aided simulation techniques to numerically solve the 

classical equations of motion, Newton’s law, which for an atomic system is as follows: 

𝑚𝑖

𝑑2𝑟𝑖 

𝑑𝑡2
= 𝑓𝑖      &     𝑓𝑖 = −

𝜕

𝜕𝑟𝑖
𝑈(𝑟𝑁)         𝑖 = 1, … , 𝑁  (1) 

Here, 𝑓
𝑖
 stands for the forces acting on the atoms, 𝑚𝑖 is the atom mass, 𝑟𝑖 is the position vector of 

atom 𝑖, and 𝑁 is the number of atoms. 𝑈(𝑟𝑁) indicates the potential energy and depends on the 

position of the atoms in the system. Potential energy plays an essential role in MD simulations 

since forces are derived from the 𝑈(𝑟𝑁) as shown in equation (1). Determining the potential energy 

is the key difference between different force field methods. Then, one can solve the equation of 

motion by discretizing the equations in time. Many integration schemes are used in molecular 

dynamics for this purpose. The velocity Verlet Algorithm is one the most common methods which 
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have been performed to integrate Newton's equations of motion.13 Through the Velocity Verlet 

algorithm, positions are updated as follows: 

𝑟𝑖(𝑡 + ∆𝑡) = 𝑟𝑖(𝑡) + 𝑣𝑖(𝑡)∆𝑡 +
1

2
𝑎𝑖(𝑡)∆𝑡2  (2) 

where 

𝑣𝑖(𝑡 + ∆𝑡) = 𝑣𝑖(𝑡) +
1

2
(𝑎𝑖(𝑡) + 𝑎𝑖(𝑡 + ∆𝑡))∆𝑡 (3) 

This approach advances the coordinates and momenta over a timestep ∆𝑡. 

2.2.1. All Atomistic Molecular Dynamics 

For AA-MD simulations, we use the general Amber force field (GAFF), which is mainly 

developed and parametrized for organic molecules composed of H, C, N, O, S, P, and halogens 

atoms.14 Utilizing GAFF, particular atom types are defined to describe specific chemical 

environments accurately, such as conjugated single and double bonds, which is critically important 

in the simulation of conjugated polymers. GAFF determines the total potential energy in the 

following Hamiltonian: 

𝐸total = ∑ 𝑘𝑏(𝑟 − 𝑟0)
2

bonds

+ ∑ 𝑘𝜃(𝜃 − 𝜃0)
2

angles

+ 

∑ 𝑉𝑛[1 + cos(𝑛𝜙 − 𝛾)]

dihedrals

+ ∑[(4휀𝑖𝑗 (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

) +
1

4𝜋휀0

𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
]

𝑁

𝑖>𝑗

 

 (4) 

Here, 𝑘𝑏 is force constant and 𝑟0 stands for equilibrium bond length. Angle bending terms are then 

parameterized by force constant 𝑘𝜃 in and an equilibrium angle value 𝜃0. The third term is the 

usual Fourier-series expansion for torsional terms where 𝑉𝑛 is the torsion barrier term, 𝛾 is the 

phase angle, 𝑛 is periodicity, and 𝜙 is the torsion angle. 𝜎𝑖𝑗 and 휀𝑖𝑗 are the Lennard-Jones 

parameters and 𝑞𝑖 and 𝑞𝑗 are partial electronic charges. The Antechamber software from 

AmberTools2014 is used to perform GAFF atom typing, with the point charges derived through 
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the “gas” method. Then, a Matlab script converts GAFF topologies and coordinate files into the 

LAMMPS readable format. 

2.2.1.1. All Atomistic Simulations Details 

AA-MD simulations in this dissertation are carried out using the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) software package.15 The conjugated 

polymer models are initially built using Materials Studio software, followed by geometry 

optimization. Then, the Antechamber module of the AmberTools20 package14 is employed for the 

atom typing and calculating atomic charges. To equilibrate the bulk systems, the total potential 

energy is first minimized using an iterative conjugate gradient algorithm,16 followed by the 

equilibration of the bulk system under the isothermal-isobaric (NPT) ensemble at the melt state 

and then cooling down to the target temperature. An integration time step of 𝛥𝑡 = 1 ns is 

implemented in all AA-MD simulations.  

2.2.2. Generic Coarse-grained Molecular Dynamics 

Generic CG-MD models can be effectively used for the simulation of polymers where the 

chemical structures of the molecules are simplified and represented by connecting a sequence of 

beads with springs.17 In the case of conjugated polymers, generic CG-MD models can facilitate a 

parametric study on the influence of different molecular parameters, such as chain rigidity, grafting 

density, and cohesive energy, on the property of interest of conjugated polymers. 

The force field components of the CG models are defined based on the contributions of the 

bonded and nonbonded interactions. To capture the nonbonded interactions, the standard 12-6 

Lennard-Jones (LJ) potential function is utilized: 

𝑈nonbonded = 4휀 [(
𝜎

𝑟
)
12

− (
𝜎

𝑟
)
6

]   𝑟 < 𝑟𝑐  (5) 
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where 𝜎 and 휀 represent the units of energy and length, and the cutoff distance is 𝑟𝑐 = 2.5𝜎. The 

cohesive interaction between CG beads is controlled via 휀 parameter, where for each pair of the 

CG beads in the backbones 휀 = 1.0, and the pairs of chain branching sites and pairs of the side-

chains 휀 = 0.5. All quantities in CG modeling are expressed in reduced (or LJ) units. The potential 

energy of the bond stretching is defined through a harmonic bonding potential 𝑈bond(𝑟) =

𝑘𝑏(𝑟 − 𝑟0)
2 where 𝑟0 = 0.99 𝜎 is the equilibrium bond length and 𝑘 = 2500 휀 𝜎2⁄  is the stiffness 

constant, which is consistent with previously investigated branched polymers.18 The angular 

potential function, which controls the stiffness of the backbone and side chain, is defined via the 

cosine function 𝑈angle(𝜃) = 𝑘𝜃[1 + 𝑐𝑜𝑠(𝜃)] where 𝐾θ is the angular stiffness constant. For the 

angles in the backbone, the angular stiffness constant is 𝑘θ = 1.0 휀, for the angles between chain 

branching sites and backbone beads 𝑘θ = 0.5 휀 and for the angles in the side-chains 𝐾𝑘θ = 0.2 휀. 

All CG-MD simulations of the bulk polymer are performed using LAMMPS. The bulk systems of 

all models with different grafting densities consist of 100 chains, where the backbone of each chain 

is composed of 20 CG beads. All beads of the polymer chain are assumed to have the same mass 

m. Periodic boundary conditions (PBC) are applied in all three directions. An integration time step 

𝛥𝑡 = 0.005𝜏 where 𝜏 =  𝜎(𝑚/휀)1/2 is implemented in all the simulations. To equilibrate the 

system, the total potential energy is first minimized using an iterative conjugate gradient 

algorithm.16 Then, the equilibration of the bulk system is continued at the melt state at a high-

temperature 𝑇 = 2.0 under isothermal-isobaric (NPT) ensemble for the 106 time steps with the 

pressure ramp from the initial 10 to the final 5 in reduced units. Later, the system is further cooled 

down to the desired temperature with zero pressure for 1.5 × 106 time steps via the NPT ensemble 

before running for any property calculations. 
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For the sake of convenience, in the generic CG models, all quantities are often reported in 

reduced LJ units. For this reduced style, fundamental quantities mass (m), 휀, 𝜎, and Boltzmann 

constant 𝑘𝐵 are set to the unit. The masses, distances, and energies are multiples of these 

fundamental values. Temperature is defined in units of 휀/𝑘𝐵, and time has the unit of (
𝑚𝜎2

𝜀
)
1/2

. It 

should be noted that these reduced units can be transformed into laboratory measurements on units 

relevant to real materials.19 

2.3. First-principle Simulations 

The application of first-principle approaches, particularly DFT calculations, is rapidly 

growing for diverse materials modeling problems in materials science and engineering.20 DFT has 

become a successful and efficient numerical approach for solving the Schrödinger equation that 

describes the quantum behavior of atoms and molecules. In this dissertation, the atomic models of 

quantum simulations are defined by the initial positions of each ion, �⃗� 𝐼. The electronic structure is 

calculated through the solution of self-consistent equation of DFT21 via Vienna Ab initio 

Simulation Package (VASP).22 This approach is developed based on a fictitious one-electron 

Kohn-Sham (KS) equation: 

(−
ℏ2

2𝑚
(𝛻 − �⃗� )2 + 1/[𝑟 − �⃗� 𝐼] + 𝑣[𝑟,⃗⃗  𝜌(𝑟 )])𝜑

𝑖,�⃗� 
KS(𝑟 ) = 휀𝑖,�⃗�  𝜑𝑖,�⃗� 

KS(𝑟 ) (6) 

where 𝜌(𝑟 ) stands for electronic charge distribution, and φ
𝑖,�⃗� 
KS(r ) are electronic states. The 

solutions of the Kohn-Sham equations are single-electron KS orbitals that depend on three spatial 

variables 𝜑
𝑖,�⃗� 
KS(𝑟 ). It should be noted that �⃗�  indicates momentum sampling for those models that 

sampling is performed. Then, the solution of equation (6) is a set of one-electron momentum-

dependent orbitals: 
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𝜑
𝑖,�⃗� 
𝐾𝑆(𝑟 ) = 𝑒𝑖𝑘.⃗⃗  ⃗𝑟 ∑ 𝐶𝐺 ,𝑖,�⃗� 

|𝐺 |≤𝐺 cut

𝑒𝑖𝐺 .𝑟  (7) 

where G⃗⃗  is reciprocal lattice vectors and G⃗⃗ cut stands for a cutoff sphere in reciprocal space. The 

total density of electrons has calculated the combination of the orbitals and the orbital occupation 

function 𝑓𝑖,�⃗�  . 

𝜌(𝑟 ) = ∑ 𝜌
𝑖,𝑗,�⃗� ,𝑘′⃗⃗⃗⃗ 
𝑒𝑞

𝑖,𝑗,�⃗� ,𝑘′⃗⃗⃗⃗ 

𝜑
𝑖,�⃗� 
KS∗

(𝑟 )𝜑
𝑗,�⃗� ′
KS (𝑟 ) (8) 

𝜌
𝑖,𝑗,�⃗� ,𝑘′⃗⃗⃗⃗ 
𝑒𝑞

= 𝛿𝑘𝑘′𝛿𝑖𝑗𝑓𝑖,�⃗�  (9) 

  𝑓𝑖,�⃗� = {
1     𝑖 ≤ 𝐻𝑂𝑀𝑂(�⃗� )

0     𝑖 ≥ 𝐿𝑈𝑀𝑂(�⃗� )
 (10) 

where HOMO and LUMO stand for highest occupied molecular orbital and lowest unoccupied 

molecular orbital, respectively. Then, the total density provides the potential: 

𝑣[𝑟 , 𝜌] = 𝛿
𝛿𝜌⁄ (𝐸𝑜

tot[𝜌] − 𝑇[𝜌]) (11) 

The potential is described as a functional derivative of total energy to the variation of total density, 

which includes interactions of electrons with ions as well as three electron interactions as 

Coulomb, correlation, and exchange. In the case of hybrid functionals, The HSE functional 

benefits from the fraction of Fock exchange, a, at zero electron separation and a length scale, 1/𝜔, 

where the short-range Fock exchange is calculated as follows: 

𝐸XC
HSE = 𝑎𝐸XC

HF,SR(𝜔) + (1 − 𝑎)𝐸𝑋
PBE,SR(𝜔) + 𝐸𝑋

PBE,LR(𝜔) + 𝐸𝑋
PBE (12) 

The short-range Fock exchange is then computed via the spinful Kohn-Sham density matrix 

𝜌𝜎,𝜎′(𝑟, 𝑟′):23 

𝐸XC
HF,SR(𝜔) = −

1

2
∑ ∫𝑑𝑟𝑑𝑟′

erfc(𝜔|𝑟 − 𝑟′|)

|𝑟 − 𝑟′|
× |𝜌𝜎,𝜎′(𝑟, 𝑟′)|

2

𝜎,𝜎′

 (13) 

while the long-range and remaining short-range exchange are determined from the exchange-hole 

formulation of PBE functionals.24 
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2.3.1. Ground State Observables 

Momentum dispersion is presented as 휀𝑖(�⃗� ) which is considered in z-direction of polymer 

model. The partial density of states for a given momentum �⃗�  is computed as follow: 

𝐷�⃗�  (휀) = ∑𝛿

𝑖

(휀 − 휀𝑖,�⃗� ) (14) 

where 휀𝑖,�⃗�  represent the energy of a given orbital, and the index 𝑖 runs overall calculated bands. 

The Dirac delta function δ(휀 − 휀𝑖,�⃗� ) is modeled using a Lorentzian 𝛿(𝑥) =
1

𝜋

𝜎

𝜎2+𝑥2
.  

In the case of spin polarization (SP) DFT calculations, in addition to summations over 

bands, additional summations over spin up α and spin down β alignment should be considered.  

𝐷𝑆P (휀) = ∑𝛿

𝑖,𝜎

(휀 − 휀𝑖,𝜎
𝑆𝑃) (15) 

The Dirac delta function is approximated as a Gaussian distribution to capture the thermal 

broadening. 

The calculation of the absorption spectrum is based on the independent orbital 

approximation IOA, in which the optical property of the model is defined by matrix elements of 

electron-to-electron interaction on the basis of auxiliary Kohn-Sham orbitals.25,26 Lowest energy 

peak of the computed absorption spectrum is an appropriate quantitative measure of the 

conductivity since they include the matrix element of the momentum.27 The absorption spectrum 

of the current polymer model is calculated based on the consideration of momentum conservation 

∆�⃗� = 0 via the following equation: 

𝛼(𝜔) = ∑𝛼�⃗� 
(𝜔) 

�⃗� 

 (16) 

which were formulated as the summation of partial spectra at a given value of momentum k. 

𝛼�⃗� 
(𝜔) = ∑𝑓𝑖𝑗,�⃗� 

𝑖𝑗

𝛿(ℏ𝜔 − |휀𝑖,�⃗� − 휀𝑗,�⃗� |) (17) 
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where 𝑓𝑖𝑗,�⃗�  is the oscillator strength between state i and j; 

𝑓𝑖𝑗,�⃗� =
4𝜋𝑚𝑒𝜔𝑖𝑗,�⃗�  

3ℎ𝑒2
 |�⃗⃗� 𝑖𝑗,�⃗� |

2 (18) 

and for a given value of �⃗�  vector, < �⃗⃗� 𝑖𝑗,�⃗� > stands for the transition dipole moment. 

< �⃗⃗� 𝑖𝑗,𝑘 > = ∫𝜑
𝑖,�⃗� 
𝐾𝑆𝑟  𝜑

𝑗,�⃗� 
𝐾𝑆𝑑𝑟  (19) 

The probability of electronic transition between states 𝑖 and 𝑗, corresponding to the angular 

frequency 𝜔 of the incident light, implies the oscillator strength. The transition dipole correlates 

the spatial overlap between the pair of electronic states 𝑖 and 𝑗 and provides the matrix elements 

of the position operator. The delta function in equation (17) is approximated as a Lorentzian 

distribution to account for thermal fluctuations. 
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3. UNDERSTANDING THE GLASS-TRANSITION BEHAVIOR OF CONJUGATED 

POLYMERS 

Semiconducting donor-acceptor (D-A) conjugated polymers (CPs) have attracted 

considerable attention in organic electronic and optoelectronic devices. However, a rational design 

rule for making CPs with desired physical behavior is currently lacking, which greatly limits the 

development of new polymers for advanced applications. A fundamental property that determines 

applications of CPs is glass transition temperature (𝑇𝑔) which is still unknown for many newly 

designed CPs. Despite the obvious importance of glass-transition behavior, it is generally not well 

understood. In this chapter, with the help of our experimental collaborators, we first systematically 

design polydiketopyrrolopyrrole (PDPP)-based D-A polymers with varied alkyl side-chain lengths 

and backbone moieties. Then, experimental and computational measurements are developed to 

explore the influence of the side-chain length and grafting density on 𝑇𝑔 of CPs.1  

3.1. Introduction 

Past decades have witnessed remarkable progress for performance-enhanced organic 

electronic devices like organic photovoltaics (OPVs) and organic field-effect transistors 

(OFETs),2–5 owing to the rapid development of conjugated polymers (CPs), especially recently 

emerged D-A type CPs.6–9 When compared with their inorganic counterparts (e.g., silicon), CPs 

exhibit solution processability, structural tunability, good electrical performance and mechanical 

compliance.10–16 Thus, these semiconducting systems have shown great promise in next-generation 

electronics through molecular-level engineering, i.e., soft and deformable CPs for wearable and 

biomedical devices;11,14 thermal-stable CPs for automotive and aerospace industries.17,18 A rational 

design of application-driven CPs requires the new fundamental knowledge to predict, control and 

manipulate thermomechanical properties of D-A CPs. 
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Glass transition temperature, or 𝑇𝑔, is an important parameter that characterizes the onset 

of polymer chain motions. The determination of 𝑇𝑔 for a polymer is vital for understanding and 

controlling its thermal and mechanical responses. However, the 𝑇𝑔 for D-A CPs is hard to detect 

due to two main reasons. First, only a limited amount of samples (~ 100 mg) is available for a 

single batch of polymer because of synthetic challenges, making a bulk test difficult to perform 

using oscillatory shear rheometry,19–21, and dynamic mechanical analysis (DMA).22,23 Typically, a 

modified DMA test is applied where drop-casting polymer solutions prepare the sample onto a 

glass fiber mesh. Secondly, the semicrystalline nature and rigid polymer backbone of D-A CPs 

lead to negligible changes in specific heat capacity (∆Cp) during glass transition, and thus a normal 

differential scanning calorimetry (DSC) test can hardly detect the backbone 𝑇𝑔.24,25 To overcome 

this issue, alternating current (AC)-chip calorimetry19,20 and fast-scanning DSC26,27 are applied to 

determine the 𝑇𝑔 of a thin film sample through high-frequency scan and heating/cooling rate, 

respectively.  

Past efforts on the backbone/side-chain engineering of CPs have demonstrated a qualitative 

relationship between the polymer structure and the thermal/mechanical properties of CP thin films: 

stiffer backbones and shorter alkyl side-chains increase both the elastic modulus and 𝑇𝑔 of 

polymers.10,28–30 With the increased number of isolated thiophene units in the backbone of PDPP-

based polymers, i.e., from PDPP-T to PDPP-T2 and PDPP-T3, a constant increase in the elastic 

modulus from 173 to 281 and 319 MPa has been observed from pseudo-free standing tensile test. 

Their corresponding 𝑇𝑔 also rises from -3.96 to 11.95 and 18.98 C, as tested by DMA.28 For side-

chain engineered isoindigo-based polymers, a steady decrease of elastic modulus from 550 to 250 

MPa with increasing alkyl side-chain lengths from C6 to C10 is determined by AFM 

measurement.29 Similarly, polyalkylthiophenes (P3ATs) with increasing alkyl side-chain lengths 
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have shown lower elastic modulus and 𝑇𝑔, as measured by buckling metrology and DSC, 

respectively.30 Such a trend is also demonstrated by a modified coarse-grained model through 

comparing P3NT (poly(3-nonylthiophene-2,5-diyl))and P3DDT (poly(3-dodecylthiophene-2,5-

diyl)), where a reduction in the predicted elastic modulus value from 990 to 780 MPa, and 𝑇𝑔 value 

from 7 C to -15 C is shown.31 Most recent work by Xie et.al. shows a simple linear predictive 

model by connecting the ratio of mobility between conjugated and non-conjugated atoms to CPs’ 

𝑇𝑔, while the effect of side-chain length on the polymer backbone 𝑇𝑔 is not clearly captured.21 

Thus, a quantitative model is in need to predict the thermal and mechanical performances for D-A 

CPs with various side-chain structures. 

Herein, we build a general relationship between the side-chain length, chain flexibility, and 

𝑇𝑔 to serve for the rational design of new D-A CPs and predict their glass-transition behavior. The 

PDPP-based D-A CP is utilized for demonstration due to its high charge mobility.32 In addition, 

coarse-grained molecular dynamics simulations (CG-MD) are utilized to explore further the 

influence of the segmental structure of D-A CPs on the 𝑇𝑔 at the fundamental molecular level. In 

particular, coarse-graining provides much improved computational efficiency to study influences 

of fundamental molecular parameters on the thermomechanical properties of polymers by 

removing unessential atomistic features of all-atomistic (AA) structures.33–35 

Both experimental and computational results show a two-stage reduction 𝑇𝑔 with 

increasing side-chain length: a rapid near-linear reduction followed by a slowly plateaued region. 

Next, an empirical mass-per-flexible bond model is proposed to connect the side-chain length to 

the flexibility of the entire polymer chain, where a linear 𝑇𝑔 evolution with increasing chain 

flexibility is observed. Moreover, a backbone-engineered PDPP-based polymer is designed to 

elevate the backbone 𝑇𝑔, which verifies the observed side-chain length effect and the generality of 
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this model. Furthermore, the grafting density effect on 𝑇𝑔 is investigated to shed light on the 

importance of side-chain weight fraction on polymer 𝑇𝑔. This work demonstrates the efficacy of 

the new model in precisely controlling the 𝑇𝑔 and of PDPP polymers, and provides a rational way 

to tailor the performance of CPs for their desired applications. 

3.2. Methods 

3.2.1. Overview of CG-MD Simulations 

The simulation details of CG-MD models are reported in Chapter 2, in which all 

simulations are performed via the LAMMPS software package.36 The bulk systems of all models 

with different grafting densities consist of 100 chains, with the backbone of each chain composed 

of 20 CG beads. All beads of the polymer chain are assumed to have the same mass m. Periodic 

boundary conditions (PBC) are applied in all three directions. To measure the 𝑇𝑔 of the polymer 

bulk, the simulation is run further under NPT ensemble with zero pressure for a wide range of the 

temperature. Then, the density of the bulk model is plotted versus the temperature, which exhibits 

two linear regimes, and the intersection point of these two lines marks the 𝑇𝑔. 

3.2.2. Dynamic Mechanical Analysis (DMA) 

A TA Q800 DMA is used to perform DMA measurements by a modified DMA method. 

Polymer solutions (5 mg/ml) are made and then drop-casted on top of a glass fiber mesh to prepare 

the samples.22 The temperature corresponding to the peak of tan δ is determined as the backbone 

𝑇𝑔. In strain-controlled mode, temperature ramp experiments are performed at a temperature range 

of −110 to 150 °C and a heating rate of 3 °C/min with a fixed frequency of 1 Hz. The strain imposed 

is in the linear regime. 
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3.2.3. Grazing Incidence Wide-angle X-Ray Scattering (GIWAXS) 

GIWAXS experiments are performed on beamline 11–3 at the Stanford Synchrotron 

Radiation Lightsource. Data are collected under helium environment with an incident beam energy 

at 12.7 keV and an incidence angle of 0.12°. The sample to detector distance is about 300 mm. 

Diffraction data analysis is performed using the Nika software package for Wavemetrics Igor, in 

combination with WAXStools.37,38 

3.3. Results and Discussions 

3.3.1. Molecular Design 

In this study, we first aim to achieve fine-tuned thermal performance for D-A CPs through 

side-chain engineering. Four diketopyrrolopyrrole (PDPP)-based polymers are synthesized with 

systematically increased side-chain lengths from C2C6C8 (2-hexyl decyl) to C2C8C10 (2-octyl 

dodecyl), C2C10C12 (2-decyl tetradecyl) to C2C12C14 (2-dodecyl hexadecyl) on the DPP core 

(Figure 3.1A). Next, the side-chain effect on their thermal and performance is carefully 

investigated experimentally. To verify the experimental results and gain more insights, CG-MD 

simulation is employed to probe how side-chain length (M) and grafting density (𝑓) influence 𝑇𝑔. 

Informed from the experiment, a generic bead-spring CG model is employed to preserve the 

essential structural features of the D-A CPs. Specifically, the CG model of each CP consists of 

three main components, a linear backbone chain (grey beads), a side-chain branching site (purple 

beads), and two side chains connecting the branching site to represent alkyl groups (cyan beads) 

per grafting (Figure 3.1B). Specifically, the side-chain length M is represented by the number of 

cyan beads, and grafting density 𝑓 is determined by the following equation: 

𝑓 = number of grafted backbone beads / total number of backbone beads (20) 
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Figure 3.1B and C show the snapshots of the polymer chain and the simulation box of the CG 

polymer model, respectively. 

 

Figure 3.1. Molecular structure and computational molecular model of PDPPT-based polymers. 

(A) Chemicals structures of PDPPT-based conjugated polymers. R represents the side-chain 

groups attached to the DPP core. (B) The geometrical configuration of simulated polymers with 

and without branched side chains. The backbone of all chains is composed of 20 beads (shown in 

gray). M represents the number of simulated branched side-chain lengths (shown in blue). f 

represents the grafting density (the branching position is shown in red). (C) A snapshot of a coarse-

grained model of the bulk polymer system. 

 

3.3.2. Thermal Measurements 

Firstly, a differential scanning calorimetry (DSC) is utilized to detect the difference in their 

thermal responses, where the 𝑇𝑔 is not evident due to their rigid polymer backbones and insufficient 

cooling rate, while the melting temperature (𝑇𝑚) shows a reduction with increasing side-chain 

length.24 Such a trend is expected due to the increased weight fraction of low-𝑇𝑔 side chains in the 

polymer. Next, a substrate-supported DMA method is utilized to measure polymer 𝑇𝑔 followed by 

previously reported procedures.22,28,39 The glass transition information is extracted from a tan δ 

curve, where the main peak close to 0 C corresponds to backbone relaxation and the peak shoulder 
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at around -40 C represents side-chain 𝑇𝑔 (Figure 3.2A).22,28 It is observed that the backbone 𝑇𝑔 

decreases with increasing side-chain length, from 1.88 C (PDPPT-C2C6C8), to -6.53 C (PDPPT-

C2C8C10), -10.31 C (PDPPT-C2C10C12), and -13.26 C (PDPPT-C2C12C14). Furthermore, an 

alternating current (AC)-chip calorimetry is applied to measure thin film (around 80 nm) 𝑇𝑔, where 

the same trend is observed despite different 𝑇𝑔 values. This can be attributed to the technique 

difference and potential confinement effect on 𝑇𝑔 measurement between different approaches.19,40 

 

Figure 3.2. Experimental and simulation results of the thermal and mechanical properties based on 

PDPP-T polymers with various side-chain lengths. (A) Tan δ versus temperature curves extracted 

from DMA. (B) Simulated 𝑇𝑔 versus side-chain length M. Coarse-grained molecular dynamics 

(CG-MD) simulation results are expressed using the reduced or (LJ) unit. 

 

3.3.3. Molecular Dynamics Simulations 

Next, we utilize CG-MD simulation to study systematically 𝑇𝑔 of D-A CPs. As discussed 

from experimental results, side-chain groups are found to affect the thermal behaviors of polymers 

considerably. To gain more insights, CG-MD simulations are carried out to investigate the PDPPT 

models having a grafting density 𝑓 of 0.5 and side-chain length varying from M = 1 to 6 (Figure 

3.1B). Figure 3.2B indicates that the growth of the side-chain length M leads to a sharp decrease 
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in 𝑇𝑔 of the bulk polymers. For polymer models with a side-chain length M > 3, 𝑇𝑔 of the bulk 

model tends to reach a plateau – in other words, the reduction rate of 𝑇𝑔 decreases with increasing 

M. These results obtained from CG-MD verify the experimental findings, demonstrating that the 

larger side-chain length leads to a more significant reduction in 𝑇𝑔. 

Previous studies have explored the influence of segmental structure and side-chain groups 

on the glass formation of the polymers, such as mechanical properties, relaxation time, fragility 

and 𝑇𝑔.35,41–49 Using the generalized entropy theory (GET), Dudowicz and coworkers45 have 

predicted that the stiffnesses of side-chain groups and chain backbone can strongly impact the 𝑇𝑔  

as well as other characteristic temperatures associated with glass formation of the polymer. For 

polymers with a flexible backbone and stiff side-chain, the growth of side-chain length is found to 

increase 𝑇𝑔. However, when flexible side-chains are grafted to relatively stiffer backbones, 

increasing side-chain length leads to a reduction in 𝑇𝑔. This is largely consistent with the findings 

of the current study, as the backbone chain of the investigated model system has a relatively higher 

stiffness compared to the branched side chains. Similar observations have also been reported in 

the recent CG-MD study of the star polymers by Fan et al.,50 who showed that increasing the arm 

length leads to a reduction in 𝑇𝑔 as the number of arms exceeding a critical value. 

3.3.4. Chain Flexibility Modeling 

To quantify the influence of side-chain length on the 𝑇𝑔 of D-A CPs, it is vital to understand 

the interplay between the side-chain length and the polymer chain flexibility. Thus, an empirical 

mass-per-flexible bond model, first introduced by Di Marzio and Schnider for the prediction of 

polymer 𝑇𝑔 based on the number of mass-per-flexible bonds in the repeating unit is employed here, 

as shown by the following equation: 



35 

 

𝑇𝑔 = 𝐴(
𝑀

𝑏
) + 𝐶 (21) 

where 𝑀 is the molecular weight of one repeat unit, 𝑏 is the number of flexible bonds, 𝐴 and 𝐶 are 

the specific constants representing the steric hindrance and intermolecular interactions.51–53 Here, 

the number of “flexible bond” 𝑏, ranging from 0 to 1 will be assigned to each covalent bond in the 

repeating unit, where 0 represents for an absolutely restricted bond without any rotational or 

conformational entropy, and 1 stands for a freely rotated bond. 

We first apply the model to the polythiophene polymers with varied side-chain lengths, 

where the 𝑇𝑔 value is obtained from previous literature.54 Figure 3.3A demonstrates the assignment 

of 𝑏 to different bonds of poly(3-butylthiophene-2,5-diyl) (P3BT). For simplicity, the thiophene 

ring is given a 𝑏 value of 0.5 due to its limited rotational entropy, so does the single bond connected 

to the ring structure, while the non-restricted C-C bond on the side-chain has a 𝑏 value of 1. Thus, 

by plotting 𝑇𝑔  with 
𝑀

𝑏
 , the influence of chain flexibility on the chain relaxation behavior is 

obtained, where a linear correlation is shown for polythiophenes (Figure 3.3B). To correlate chain 

flexibility with side-chain length, Figure 3.3C plots 𝑇𝑔 versus the weight percent of the side chain 

(wt %), where a two-stage reduction is shown as the side chain takes up more of the polymer mass 

and gets closer to unity: a quick 𝑇𝑔 drop at a lower side-chain weight fraction followed by a plateau 

region. This observation is in agreement with the CG-MD simulations above. Using this model, 

the 𝑇𝑔 of PDPPT-based polymers with different side-chain lengths are also plotted versus mass-

per-flexible bond in Figure 3.3D and E, where a similar linear fit is obtained. In Figure 3.3D, the 

𝑏 value for each individual bond was marked for the backbone while a sum of 𝑏 was marked for 

the side chain. Next, we aim to apply the model to 𝑇𝑔 prediction for new PDPPT-based polymers. 

Two new polymers with a side-chain length of C2C6C10 (2-hexyl dodecyl) and C2C10C10 (2-

decyl dodecyl) are separately synthesized and tested. As shown in Figure 3.3E, the 𝑇𝑔 of both 
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polymers agree with the linear trend. Figure 3.3F shows a steep reduction of 𝑇𝑔 with increasing 

side-chain fraction without obvious saturation, which may suggest that the 𝑇𝑔 of PDPPT-based 

polymers can be further lowered through increasing side-chain length. 

 

Figure 3.3. Applying mass-per-flexible bond model to conjugated polymers. (A-C) 

Polythiophenes. (D-F) PDPPT-based polymers. (A, D) Assignment of number of flexible bonds to 

polymers. (B, E) 𝑇𝑔 over mass-per-flexible bond for polymers with different side-chain lengths. 

(C, F) 𝑇𝑔 over side-chain weight fraction for polymers with different side-chain lengths. 

 

3.3.5. Backbone Engineering 

Besides side-chain engineering, the backbone of CPs is critical for controlling backbone 

dynamics. Upon introducing an additional high-𝑇𝑔 thiophene unit to the PDPPT backbone, 

PDPPT2 is purposely engineered for the validation of the proposed model; and to provide a 

designing method for high-𝑇𝑔 CPs. PDPPT2 with four different side-chain lengths are 

experimentally tested and computationally simulated using the same method mentioned above 

(Figure 3.4A). As shown in Figure 3.4C, the obtained 𝑇𝑔 range expands broadly from 64.69 C 
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(PDPPT2-C2C6C8) to 25.09 C (PDPPT2-C2C8C10), 17.22 C (PDPPT2-C2C10C12) and 1.38 

C (PDPPT2-C2C12C14). This trend closely follows the MD simulation result, where the 𝑇𝑔 drops 

with increasing M (Figure 3.4D). Importantly, the linear 𝑇𝑔-chain flexibility relationship is once 

again captured by the mass-per-flexible bond model (Figure 3.4E). The capability of this model in 

describing the structure-𝑇𝑔 relationship for different structures of CPs manifests its potential in 𝑇𝑔 

prediction for other CPs. It is also noticeable that the slope in Figure 3.4E differs for PDPPT and 

PDPPT2. Such a difference has been attributed to the intermolecular interactions and structural 

steric hindrance.53 However, due to the influence of side-chain length on both intermolecular 

interactions (π-π stacking distance) and backbone 𝑇𝑔, these contributions are hard to deconvolute. 

 

Figure 3.4. Experimental and simulation results of 𝑇𝑔 for PDPP-T2 polymer with various side-

chain lengths. (A) Chemical structure. (B) Geometrical configuration of simulated PDPPT2. (C) 

Tan δ versus temperature curves extracted from DMA. (D) Simulated 𝑇𝑔 versus side-chain length 

M. (E) 𝑇𝑔 over mass-per-flexible bond for polymers with different side-chain lengths. 

 

To better understand glass transition, the effect of side-chain grafting density along the 

polymer backbone is investigated through CG-MD simulations. Figure 3.5A shows the 
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representative topological configurations of simulated polymer models with varying grafting 

density f by adding more beads in between side-chain substituted backbone beads. Specifically, 

for 𝑓 = 0.2 model, two potential geometries can be simulated, and only one is shown here due to 

their similar results. While the trend of 𝑇𝑔 reduction with increasing side-chain length holds for all 

five models, the plateau region for 𝑓 = 0.15 model appears at 𝑀 = 3, but 𝑓 = 0.15 model does 

not show a clear plateau up to 𝑀 = 6 (Figure 3.5B). Similarly, the 𝑇𝑔 drops at different rates with 

increasing grafting density for various side-chain lengths, where the low-M systems clearly show 

a steeper reduction but high-M systems are less affected. We attribute these observations to 

different “saturation limits” of side-chain length fractions for varied systems. In other words, 

polymer models with larger f (or M) tend to reach the plateaued 𝑇𝑔 at smaller M (or f). 

 

Figure 3.5. Simulation results of the grafting density effect on the 𝑇𝑔 and dynamics of D-A CPs. 

(a) Topological configuration of simulated polymer chains with different grafting densities. (B) 𝑇𝑔 

versus side-chain length M for six polymers with different grafting densities f. (C) 𝑇𝑔 versus 

grafting density f for polymers with different side-chain lengths M. (D) Segmental mean-squared 

displacement (MSD) of the polymer model with f of 0.35 grafting density for different side-chain 

lengths M. (E) Debye-Waller factor ⟨𝑢2⟩ versus side-chain length M for polymers with different 

grafting densities f and side-chain lengths M. 
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To further explore the influence of the side-chain group on the glass transition nature of 

the current CG polymer model, we next calculate the Debye-Waller factor ⟨𝑢2⟩, a fast-dynamic 

property that can be considered as a measure of the local free volume.55,56 Experimentally, ⟨𝑢2⟩ 

can be measured via X-ray and neutron scattering techniques.57,58 Through MD simulations, ⟨𝑢2⟩ 

could be obtained from calculations of mean-squared displacement (MSD) 〈𝑟2(𝑡)〉 =

〈|𝑟𝑖(𝑡) − 𝑟𝑖(0)|
2〉 of the CG beads, where 𝑟𝑖(𝑡) is the position of the ith beads at time t and 〈𝑟2(𝑡)〉 

obtained from the average of all the CG beads. Here, ⟨𝑢2⟩ is defined as the value of MSD at a 

caging time around 4 for the current model. Figure 3.5D shows the MSD as a function of time for 

the models with grafting f of 0.35 and different side-chain length at a temperature of 0.2. As it is 

expected, larger side-chain length M exhibits higher MSD values due to the enhanced mobility of 

chains. Furthermore, Figure 3.5E shows ⟨𝑢2⟩ of the models with different grafting density and 

side-chain length. It is observed that as the fraction of side-chain beads in the bulk polymer model 

becomes larger, via increasing either M or f, ⟨𝑢2⟩ tends to increase – a higher magnitude of ⟨𝑢2⟩ 

indicates a greater local free volume associated with segmental mobility. This considerable 

influence of the grafting density and side-chain length on the 𝑇𝑔 can thus be attributed to the 

enhanced local free volume created by the flexible side chains according to the well-known free 

volume argument of Fox and Loshaek.59 However, this growth of the free volume with f and M 

can not be a universal trend for all glassy polymers. As evidenced previously,45 the relative 

flexibility of the backbones and side-chain groups governs the side-chain length influence on the 

free volume and 𝑇𝑔. Current simulation results indicate that the structure of side-chain groups could 

be interpreted as an important parameter to control the 𝑇𝑔 and mechanical properties of the D-A 

CPs, which inspires us to propose a physics-based empirical model to predict the 𝑇𝑔 of CPs as 

described next. 
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Here, the quantitative mass-per-flexible bond model demonstrates a linear relationship 

between chain flexibility and polymer 𝑇𝑔. In the meantime, the CG-MD simulation study shows a 

two-stage 𝑇𝑔 reduction with side-chain fraction until reaching a plateaued 𝑇𝑔. Moreover, as the 

side chain grafting density increases, the plateau 𝑇𝑔 reduces without a crossing-over point. It should 

be noted that for a polymer with a sufficiently long side-chain length, the linear relationship built 

by the mass-per-flexible bond model may no longer be valid. This is because as the side chain 

length exceeds a threshold, the side chain becomes stiff enough that the number of flexible bonds 

per CH2 moiety on the chain end slowly approaches 0. Similarly, we hypothesize that as the 

distance between the side-chain end and backbone reduces to a specific limit, the rigid backbone 

could restrict the side-chain flexibility and the backbone 𝑇𝑔 will be less influenced by side-chain 

length. Thus it is tricky to attribute the number of the flexible bond to short-side chains. 

While long and branched side chains are usually necessary for solubilization purposes, the 

proposed empirical model still provides theoretical limits and practical guidance to new polymer 

designs despite these limitations. For example, the 𝑇𝑔 for PDPPT polymer has a lower limit of -37 

C and a high limit of 284 C. Such understanding can help guide the selection of material 

applications from wearable electronics to thermal-stable OPVs. To build a new mass-per-flexible 

bond model for a different D-A CP system, it is required to experimentally measure the 𝑇𝑔 of 

polymers with several side-chain structures. In the meantime, for backbone-engineered polymers 

with various soft or stiff moieties, the number of flexible bonds for the specific moiety can be 

tuned to fit the linear model. Similar studies along this line can refer to the effective atomic 

mobility theory recently proposed by Xie et al.21 For the polymers reported here, although this 

theory captures the linear relationship between side-chain length and 𝑇𝑔, it does not provide a 

satisfactory prediction. 
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3.4. Conclusion 

In summary, we develop a new model for predicting 𝑇𝑔 of side-chain engineered D-A CPs. 

This model is tested and verified by using both P3ATs and PDPPT-based polymers, where the 𝑇𝑔 

of newly engineered PDPPT polymers can be predicted. CG-MD simulation further supports the 

experimental observations on the side-chain length dependence of polymer 𝑇𝑔, and provides 

insights into the influence of side-chain group and grafting density on chain mobility. Overall, this 

work presents multi-perspective 𝑇𝑔-controlling methods, and the polymers engineered here exhibit 

a wide 𝑇𝑔 span over 80 C. We expect these methods to guide the application-driven materials-by-

design for D-A CP via molecular engineering, i.e., high 𝑇𝑔 and stiff polymers, low 𝑇𝑔 and soft 

polymers; as well as shed light on the future development of newly engineered D-A CPs with 

tailored thermal performance. 
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4. AN INTEGRATED STUDY TO PREDICT GLASS TRANSITION TEMPERATURE OF 

CONJUGATED POLYMERS 

Glass transition temperature (𝑇𝑔) is a fundamental property that governs the chain 

dynamics and thermomechanical properties of the conjugated polymers (CPs). Despite its vital 

role in the applicability of the CPs, it remains notably challenging to predict 𝑇𝑔 of CPs due to the 

heterogeneous chain architectures and diverse chemical building blocks. Driven by this need, the 

chapter aims to present a predictive modeling framework to predict 𝑇𝑔 for a wide range of CPs 

through the integration of machine learning (ML), molecular dynamics simulations, and 

experiments.1 

4.1. Introduction  

Semiconducting CPs are attractive organic electronic materials for various applications due 

to their unique properties such as easy processability,2 tunable electrical performance, and 

mechanical flexibility with diverse chemistry.3–10 Through the engineering of molecular structure 

and chain architecture, these organic semiconductors have shown great promise in advanced 

stretchable/flexible electronic devices and wearable electronics.11–15 In particular, the mechanical 

behaviors of CPs are directly related to glass-transition temperature (𝑇𝑔) that governs the dynamics 

and thermal performance of polymer chains. Despite tremendous efforts, design and prediction of 

𝑇𝑔 remain notably challenging for CPs due to their complex chain architecture associated with 

diverse “donor-acceptor” (D-A) chemical building blocks. The highly rigid backbone and semi-

crystalline nature of CPs complicate tracking the heat flow and accurate assessment of glass 

transition.16 More importantly, due to the endless possibilities of CPs’ building blocks, 

experimental measurement of 𝑇𝑔 for new designs of CPs can be time-consuming if not impossible. 

So far, only a limited number of CPs have been tested and reported for their 𝑇𝑔’s through 
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experiments.17 Hence, a computational predictive framework to predict 𝑇𝑔 directly from the 

geometry of chemical building block, before any synthesis process, is profoundly advantageous 

for CPs in applications of the next-generation electronic devices. 

Many physical parameters are found to play a vital role in influencing 𝑇𝑔 of polymers, such 

as chain rigidity, intermolecular interactions, segmental structure, and chain topology.17–24 

Generally, 𝑇𝑔 would raise by increasing the chain stiffness of polymer backbone due to the higher 

hindrance for translational and rotational motion;18,25–27 consistently, for different CPs, 𝑇g is found 

to be correlated to persistence length and rotational volume.23,28,29 Alkyl side groups largely 

influence the chain mobility where increasing side-chain length causes 𝑇𝑔 to drop and is expected 

to occupy a larger volume fraction among the polymer backbones. This increase in the free volume 

could be quantified in terms of the Debye-Waller factor at a picosecond time scale.30 Our previous 

study has shown that an increase of the alkyl side-chain length of CPs leads to a higher Debye-

Waller factor and mobility compared to the backbone, unraveling the origin of their decreasing 

influence on the 𝑇𝑔.31 In addition, modifications in the topology of the polymer chain, e.g., 

changing the grafting density, have been found to considerably affect the 𝑇𝑔.17,18,31 The coupled 

influence of these many structural/physical features provokes the idea to quantify 𝑇𝑔 directly from 

the chemical building block and fingerprints by delineating the underlying “structure-property” 

relationship. 

To address this issue, the cheminformatics-based Quantitative Structure-Property 

Relationship (QSPR) modeling approach has been utilized as a predictive computational 

framework that links the physicochemical properties of compounds to their chemical structure.32 

The QSPR aims to find a mathematical relationship between the target variable and molecular 

descriptors extracted from the molecules' chemical structure. QSPR methods have been 
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successfully employed to predict 𝑇𝑔 of non-conjugated polymers with an appropriate level of 

confidence. Katritzky and coworkers33 developed a four-parameter QSPR model with a 𝑅2 of 

0.928 for prediction the 𝑇𝑔 values of 22 different linear-chain homopolymers and copolymers. On 

a larger dataset,34 they developed a five-descriptor QSPR model where the predictive model 

showed an a 𝑅2 of 0.946. However, despite the considerable performance of QSPR methodology, 

interpreting and quantifying a large number (i.e., over a few thousand) of molecular descriptors, 

e.g., molar refractivity, dipole moment, polarizability, and constitutional descriptors could be very 

challenging, limiting its practical usage for the community.  

In recent years, machine learning (ML) algorithms have been increasingly employed to 

develop simplified surrogate models with excellent predictive capability.35–37 By extracting 

molecular features directly from the geometry of the monomer, ML-based surrogate modeling 

could be advantageous over QSPR modeling by avoiding the aforementioned complexities of 

feature descriptors. If successful, such simplified models are much more desired for the 

experimental community to predict 𝑇𝑔 for newly designed CPs before any synthesis process. More 

recently, Xie and coworkers38 proposed a single-parameter-empirical model to predict 𝑇𝑔 based on 

the mobility parameter of different functional groups of the repeat unit. Their model showed an 

excellent 𝑇𝑔 prediction for 32 experimentally tested semi-flexible (mostly conjugated) polymers 

with alkyl side chains, where a root-mean-square error (RMSE) of 13 °C was observed. However, 

without any out-of-sample testing for validation, it is still questionable that such a simplified model 

is capable of 𝑇𝑔 prediction over diverse CPs with a much-enlarged dataset.  

Built upon recent efforts, in this study, we employ an integrated experimental-

computational approach to predict 𝑇𝑔 for a diverse set of over 94 polymers (mostly CPs) with a 

drastic differences in their chemical structures (i.e., backbones and side chains). As illustrated in 
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Figure 4.1, built upon the backward elimination technique and regression analysis, a surrogate ML 

model is proposed that takes the geometry of the chemical building blocks within a repeat unit as 

simplified molecular features to make the 𝑇𝑔 prediction. In addition to the existing 𝑇𝑔 data collected 

from the literature,17 we perform dynamic mechanical analysis (DMA), differential scanning 

calorimetry (DSC) experiments, as well as molecular dynamics simulations (MD) to improve the 

diversity of the dataset, which is further used to train the predictive model and perform external 

validation. The simplified ML results reveal that 𝑇𝑔 is strongly governed by the chemical structure 

of the key building block of the CPs. Furthermore, MD simulations allow us to gain valuable 

insights into the dynamic heterogeneity and chain dynamics at a fundamental molecular level, 

which is experimentally tested by performing quasielastic neutron scattering on CPs. Our study 

establishes an integrated predictive framework for 𝑇𝑔’s of diverse CPs, paving the way for 

materials-by-design for high-performance CPs and relevant materials via molecular engineering. 
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Figure 4.1. Flow chart of the current integrated machine learning framework, molecular dynamics 

simulations, and experimental techniques to predict glass transition temperature of conjugated 

polymers.  
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4.2. Results and Discussion  

4.2.1. Predicting 𝑻𝒈 From the Chemical Building Blocks 

This section will introduce an ML-based surrogate model by employing the ordinary least 

squares (OLS) multiple linear regression algorithm. Among 154 collected 𝑇𝑔 data points, 119 

values are from previously published literature,17,31,38 17 from our experimental measurements 

(i.e., DMA and DSC), and 18 are carried out via MD simulations. It should be noted that for some 

CPs, multiple 𝑇𝑔 values are reported from different groups and we consider all those data points in 

our ML model. Overall, we collect 𝑇𝑔 data points of over 94 diverse polymers and acceptor units. 

Then, we define around 30 structural/molecular features directly from the geometry of the 

chemical building blocks within a repeat unit. Informed by the QSPR modeling,18 these structural 

features can be categorized into four major groups, namely the side-chains, aromatic rings, 

different kinds of atoms, and double/triple bonds that are not part of aromatic rings. In particular, 

the aromatic rings features based on their chemical environment include isolated, fused, and 

bridged rings. After defining all features, a backward elimination39 technique is utilized to perform 

the significance level test (i.e., significance is used to determine whether the relationship between 

features and 𝑇𝑔 exists or not) and find the most important structural features that are closely 

correlated to 𝑇𝑔. In the end, six structural features are identified to develop the ML model for the 

prediction of 𝑇𝑔 of diverse CPs. Accordingly, 𝑇𝑔 is found primarily influenced by the side-chain 

fraction, number of isolated, fused, and bridged aromatic rings, number of halogenated atoms, such 

as “Fluorine” or “Chlorine”, and number of double/triple bonds which are not part of aromatic 

rings. It should be noted that all aforementioned features are normalized by the total number of 

heavy atoms in the repeat unit (i.e., excluding hydrogens). The multiple linear regression model 

based on structural features can be expressed as follows: 
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𝑇𝑔 = 𝛽0 + ∑𝛽𝑖𝑋𝑖 , 𝑋𝑖 = [𝑁𝑆𝐶,𝑁𝐹𝐶𝐿,𝑁𝐷𝑇𝐵,𝑁𝐼𝑅,𝑁𝐹𝑅,𝑁𝐵𝑅]/𝑁 
 

(22) 

where 𝛽0 is a constant value, and 𝛽𝑖 are contribution coefficients of each feature in the regression 

model. N is the total number of atoms in the repeat unit (excluding hydrogens). NSC stands for the 

number of Carbon atoms in the alkyl side chains; NFCL is the total number of “Fluorine” and 

“Chlorine” atoms in the monomer; NDTB is the number of double/triple bonds which are not part 

of aromatic rings; NIR is the number of free/isolated rings either in the backbone or side groups; 

NFR stands for the number of fused rings in which adjacent carbon atoms are shared; NBR is the 

number of bridged rings where adjacent rings are bridged via valence bonds. A list of these selected 

structural features, their descriptions, and example of relevant moieties is presented in Table 4.1.  
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Table 4.1. A list of selected structural features and their descriptions utilized in the machine 

learning model to predict the glass transition temperature of the conjugated polymer. 

Feature names Description Example of chemical structure 

NSC 
Number of Carbon atoms in the alkyl 

side chains 
 

NFCL 
Total number of “Fluorine” and 

“Chlorine” atoms in the repeat unit 

 

NDTB 
Number of double/triple bonds which 

are not part of aromatic rings 

 

NIR 
Number of isolated rings either in the 

backbone or side groups 
 

NFR 
Number of fused rings in which 

adjacent carbon atoms are shared 

 

NBR 

Number of bridged rings where 

adjacent rings are bridged via valence 

bonds  

 

Figure 4.2 shows a graphical illustration of different kinds of aromatic rings in 

representative CPs. To simplify the feature calculations consistently, four assumptions (or rules) 

have been made to count the number of aromatic rings, before training the ML model:  

• There is no difference between different kinds of rings, for example, thiophene, phenyl, 

and pyrrole compounds are treated in the same way.  
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• If a ring is fused on one side and bridged on the other side, that compound would be 

counted twice, one for fused rings (NFR) and one for bridged rings (NBR) since those 

kinds of hindrances significantly increase the chain stiffness and subsequently 𝑇𝑔 (see 

Y2 acceptor unit in Figure 4.2).  

• The pentagonal rings with grafted side chains on the tip which bridges two adjacent 

compounds at both sides are not counted as any features, such as fused nor bridged. 

The examples of these rings excluded from the features are highlighted with a purple 

“X” label in Figure 4.2.  

• The number of successive fused rings compounds is weighted differently before 

counting the overall NFR for each repeat unit. According to our collected data, when 

more than two rings are fused,  𝑇𝑔 of CPs exhibits an excessive tendency to increase. 

To address this phenomenon, the weighted number of successive fused rings is 

calculated as 2 + 𝑤𝑎(𝑛 − 2) where 𝑛 is the number of successive fused rings and 𝑤𝑎 

is a weighting factor, which needs to be determined. For example, for the PTB7-Th 

polymer in Figure 4.2, there are two fused rings groups: for those two fused thiophenes, 

the weighted number would be 2 + 𝑤𝑎(2 − 2) = 2, implying that no weighting is 

needed when just two rings are fused; however, that phenyl ring fused to two 

thiophenes at both sides forms three successive fused rings which need to be weighted 

as 2 + 𝑤𝑎(3 − 2) = 2 + 𝑤𝑎. Then, the weighted values of all fused groups will be 

summed to determine the value of NFR of that polymer. As another example for 

naphthalenediimide-based (NDI) polymers, four successive fused rings need to be 

weighted as 2 + 𝑤𝑎(4 − 2) = 2 + 2𝑤𝑎. Then, the optimum value of 𝑤𝑎 is determined 

by evaluating the coefficient of determination (𝑅2) and root-mean-square error (RMSE) 
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of the ML models as a function of 𝑤𝑎, where the highest 𝑅2 or lowest RMSE values 

lead to 𝑤𝑎 = 3.5 that will be used for training the ML model.  

 

 

Figure 4.2.  Graphical illustration of defining features related to the aromatic rings in the repeat 

unit of conjugated polymers. Features related to isolated rings (NIR), fused rings (NFR), and 

bridged rings (NBR) are shown in red, blue, and green fonts, respectively. Those rings with a 

purple “X” label are not counted as any features, such as fused nor bridged rings. 

 

Then, the contribution of each feature (𝛽𝑖) is determined by fitting the regression model to 

the training set, and the ML model for 𝑇𝑔 prediction can be described as follows: 
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𝑇𝑔(℃) = 115.3 +
−239.8 𝑁𝑆𝐶 − 598.3 𝑁𝐹𝐶𝐿 + 170 𝑁𝐷𝑇𝐵 + 456.6 𝑁𝐼𝑅 + 666.5 𝑁𝐹𝑅 + 1323.9 𝑁𝐵𝑅

𝑁
 

 

(23) 

A comparison between predicted 𝑇𝑔 and experimental/computational values is presented in 

Figure 4.3A for both training and test sets. Despite having a very diverse library of CPs and 

acceptor units with different chemical structures, assessment of the model shows excellent 

predictive performance as measured by 𝑅2 of 0.86 and RMSE of 22.4 °C for the training set. 

Furthermore, ML model prediction for the external validation of the test set yields 𝑅2of 0.83 and 

RMSE of 27.8 °C, showing a satisfactory performance based on an out-of-sample dataset. The 

evaluation of the results demonstrates that the trained ML model is capable of predicting 𝑇𝑔 from 

the “simplified” features based on the geometry of a few chemical building blocks. In particular, 

for those high-𝑇𝑔 CPs with complex D-A units, such as NDI-based polymers, poly[(2,6-(4,8-bis(5-

(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5-(1′,3′-di-2-

thienyl-5′,7′-bis(2ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione)] (PM6), poly[(2,6-(4,8-

bis(5-(2-ethylhexyl-3-chlore)thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5-(1′,3′-di-2-

thienyl-5′,7′-bis(2ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-dione)] (PM7), as well as 

several other polymers and acceptor units with aromatic rings, our ML model shows an excellent 

agreement between predicted and measured 𝑇𝑔.  
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Figure 4.3. (A) Comparison between glass transition temperature (𝑇𝑔) predicted by multiple 

regression model versus experimental and simulation values. 80% of the dataset is divided into the 

training set and 20% is preserved unknown from the model for out-of-sample testing. (B) 

Comparison between the 𝑇𝑔 predicted by Xie’s model versus experimental and simulation values 

of the whole dataset of conjugated polymers employed in this study. (C) The contribution of 

features in the regression model assessed by the value of the t-statistic. Large absolute values of t-

statistic mean more noticeable contribution. Side chains and aromatic rings are found to have the 

dominant role to determine 𝑇𝑔. The p-value of each feature is reported inside the figure. 

 



60 

 

We next compare our model with a semi-empirical model recently developed Colby and 

Gomez group (i.e., we call it “Xie’s model” here)38 for the 𝑇𝑔 predictions from the chemical 

structure. In Xie’s model, they proposed a single adjustable mobility parameter 𝜉, defined as 

summation of assigned atomic mobility to each functional group in the repeat unit, to establish a 

quantitative relationship between 𝑇𝑔 and chemical structures of about 30 CPs. To have a better 

comparison between these two models, we calculate Xie’s mobility parameter 𝜉 for the whole 

dataset utilized in this study and predicted 𝑇𝑔 values are reported in Figure 4.3B. As it is indicated, 

despite an acceptable performance of Xie’s model especially for lower 𝑇𝑔 CPs, such as thiophene- 

and polydiketopyrrolopyrrole (PDPP)-based systems, it doesn’t yield reliable prediction for the 

aforementioned high-𝑇𝑔 CPs as measured by a relatively low 𝑅2of 0.57 and large RMSE of 46.6 

°C. There are three main differences between Xie’s model and our ML approach: first, Xie and 

coworkers did not consider the influence of successive fused rings when more than two rings are 

fused, resulting in an underestimated prediction of 𝑇𝑔 for CPs with a larger number of fused rings, 

such as NDI-based polymers; second, their model does demonstrate the reducing influence of 

halogen atoms on 𝑇𝑔 of CPs; third, Xie’s model is tested for a limited set of 32 semi-flexible 

polymers and mobility value 𝜉 does not generalize to our diverse dataset, and as they discussed, 

modifications of 𝜉 values for specific chemical structures may be needed to improve the predictive 

performance.  

4.2.2. Relative Importance of Essential Structural Features 

Based on the current developed ML model, we next discuss the relative importance and 

contribution of each structural feature to 𝑇𝑔 prediction of diverse CPs and other complex polymers 

to better understand the physical roles of different chemical building blocks. For this purpose, the 

t-statistic parameter, defined as feature coefficient (𝛽𝑖) normalized by its standard error, is 
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calculated as a measurement of the feature contribution. A larger t-statistic parameter implies the 

statistically significant contribution of that feature in which positive and negative sign of t-statistic 

is related to enhancing and reducing influence on 𝑇𝑔, respectively.  

Side chains. As indicated in Figure 4.3C, the coefficient related to the side-chain fraction 

(NSC) shows the largest t-statistic that indicates its significant contribution where the negative 

value implies the reducing influence on 𝑇𝑔. To determine whether the current trend that we observe 

in our samples remains valid on the larger population, the p-value of each feature is calculated. 

The p-value assesses the null hypothesis if the feature does not correlate with the target variable 

(𝑇𝑔) in which a p-values less than the significance level (i.e., 0.05) provide enough evidence to 

reject the null hypothesis over the entire population. For the side-chain fraction (NSC), a p-value 

less than 0.001 is calculated much below the significance level proofing this feature is statistically 

considerable. Previous efforts have shown that increasing the side-chain length decrease the 𝑇𝑔 

due to an increase in free volume associated with higher segmental mobility and governs localized 

relaxations (𝛾).31,40,41 For instance, experimental results showed a reduction in the 𝑇𝑔 and elastic 

modulus of DPP-based polymer with increasing the length of alkyl side-chains.30 Consistent with 

experimental observations, this reducing influence of the alkyl side chains on 𝑇𝑔 is captured well 

by our ML model.  

Halogen atoms. Next feature that lowers 𝑇𝑔 is the number of Fluorine and Chlorine atoms 

(NFCL) in the repeat unit. These halogen atoms are highly electronegative, being widely utilized 

recently to control the energy bandgap, and improve the power conversion efficiency of organic 

solar cells.42 However, their influence on 𝑇𝑔 is still remains ambiguous. It has been shown that the 

C-F bond can form intermolecular interaction with other atoms (e.g., phenyl-erfluorophenyl, 

C…H, F…F, and C–F…𝜋𝐹),43,44 which inherently can influence the thermomechanical properties 
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of the polymer.21 Kroon and coworkers45 showed that incorporation of two Fluorine atoms on the 

acceptor in poly[6,7-difluoro-2,3-bis(3-(octyloxy)phenyl)qui-noxaline-alt-thiophene] (TQ-F) 

drops 𝑇𝑔 from 100 °C to 48 °C. For TQ-F, the incorporation of Fluorine atoms was found to slightly 

increase the torsion angle, which increases chain flexibility accompanied by backbone irregularity 

and thereby lowers 𝑇𝑔. Our MD simulations, also show a similar reducing trend of 𝑇𝑔 for Y5 

acceptor unit and its fluorinated and chlorinated versions (i.e., Y6 and Y7 units, respectively), 

where both Y6 and Y7 yield lower 𝑇𝑔 values comparing to Y5. However, 𝑇𝑔 of chlorinated version, 

Y7, is slightly larger than fluorinated Y6 unit. Similar trend for fluorinated PM6 and its chlorinated 

version (PM7) is also observed in our MD simulations – PM7 shows higher 𝑇𝑔 value compared 

with PM6. This could be because of higher steric hindrance of Chlorine atoms relative to Fluorine 

as it was experimentally reported for a series of halogenated CPs.42  

The current ML model is trained by the aforementioned available CPs data which include 

halogen atoms, and Figure 4.3C shows that their decreasing influence on 𝑇𝑔 is predicted. However, 

due to limited data points, this feature slightly falls beyond the significance level test with a p-

value of 0.089 larger than the threshold value. We decide to keep the current feature in the 

predictive model since it captures the 𝑇𝑔 trend for halogenated organic semiconducting materials. 

With the development of new CPs with halogen atoms, the model can be further improved by 

having more experimental data in the future to train our model. 

Double/triple bonds. The other feature that is found to noticeably contribute to the 

determination of 𝑇𝑔 is the number of double/triple bonds (NDTB) in the repeat unit, which 

considers the influence of weakly mobile atoms. Vinylene, carbonyl, and nitrile groups are counted 

as NDTB  in our ML model (see Y2 units in Figure 4.2 as an example). As the t-statistic parameter 
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shows in Figure 4.3C, the NDTB feature has a noticeably enhancing influence on 𝑇𝑔, where a small 

p-value of 0.028 indicates this feature passes the significance level test.  

Aromatic rings. The structural features of aromatic rings (i.e., NIR, NFR, and NBR) in our 

predictive model are found to have a significant enhancing influence on 𝑇𝑔 as they govern 

conformational rigidity of the CPs’ backbone. As shown in Figure 4.3C, the NIR feature for the 

isolated rings exhibits a considerable contribution in the model prediction and successfully passes 

the significance level test where a small p-value of 0.006 is calculated. Hence, incorporating any 

isolated aromatic rings into the polymer backbone is expected to increase 𝑇𝑔. This is consistent 

with experimental studies, where the addition of the thiophene rings to the DPP-based CPs ended 

in an increased 𝑇𝑔.31,46 The fused and bridged rings as labeled by NFR and NBR features, 

respectively, have the most significant positive contributions to 𝑇𝑔, where NFR  feature yields a 

slightly larger contribution parameter (t-statistic). Both features have a very small p-value (less 

than 0.001), indicating a passed significance level test. Previous experimental studies also confirm 

this finding that presence of fused and bridged rings in the backbone largely correlates to stiffer 

CPs with larger 𝑇𝑔 and modulus.46–49  

4.2.3. Dynamical Heterogeneity of Diverse Chemical Structures 

As the glass transition is primarily governed by the segmental relaxation dynamics and 

chain mobility, we next perform MD simulations, in conjunction with experiments, to better 

understand the fundamental roles of diverse chemical building blocks in the dynamics of CPs. 

Informed from the ML modeling and feature analyses, we focus on segmental dynamics of 

aromatic rings with different chemical configurations and side chains (i.e., the most influential 

structural features) of four representative CPs, (i.e., DPPT, poly[N-9′-heptadecanyl-2,7-carbazole-

alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT), isoindigo (IID-2T), NDI-T) 
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(see Figure 4.4). Specifically, we evaluate the local Debye-Waller Factor 〈𝑢2〉, a fast-dynamic 

physical property at a picosecond timescale,50 by calculating mean-squared displacement (MSD) 

of the center of mass of each chemical group in MD simulations. In particular, 〈𝑢2〉 can be 

experimentally measured via the quasi-elastic neutron scattering (QENS) technique, which is 

found to be closely related to the local free volume and mobility and be inversely related to the 

local molecular stiffness (1/〈𝑢2〉),30 we call it inversed local mobility here. Previously, QENS was 

broadly employed to study the dynamics of polycarbonate (PC) films,51 non-conjugated polymers 

with alkyl side chains in bulk samples,52,53 and polyalkylthiophenes CPs.54–57  
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Figure 4.4. (A) Chemical structure of DPP-based polymer with four different side-chain lengths. 

(B) Chemical structure of PCDTBT polymer. (C) Mean-squared displacement (MSD) of the DPP-

based polymers with varied alkyl side chains obtained by molecular dynamics (MD) simulations 

and (D) Quasielastic neutron scattering. (E) Normal distribution of inversed local mobility (1/〈𝑢2〉) 
of different functional groups of DPP-based polymers (C2C8C10) and (F) PCDTBT obtained by 

MD simulations. (G) Spatial distribution of 1/〈𝑢2〉 of different functional groups of PCDTBT 

polymer. Each point represents the center of mass of the relevant functional group in the bulk 

system. Yellowish color means higher 1/〈𝑢2〉  corresponding to lower mobility. The blueish color 

represents lower 1/〈𝑢2〉 related to higher mobility. (H) A representative snapshot bulk simulation 

box and single-chain snapshot of PCDTBT polymer obtained by MD simulations. A larger 

transparent sphere illustrates higher 1/〈𝑢2〉. To have more clear illustration, one repeat unit of the 

polymer chain is magnified. 
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Figure 4.4C shows the 〈𝑢2〉 (i.e., local mobility) results for DPPT with different side-chain 

lengths from both MD simulations and the QENS measurement (by directly probing the dynamics 

of the hydrogen atoms due to its large incoherent scattering section). Both simulation and 

experimental results show that 〈𝑢2〉 increases with temperature due to the enhanced segmental 

mobility upon heating; at a higher temperature above 𝑇𝑔 (around 300 K), 〈𝑢2〉 starts to deviate 

from a near-linear trend at a lower temperature. Another observation is that at a lower T, there is 

no significant difference of 〈𝑢2〉 values for different alkyl side-chain lengths; however, above 350 

K, the increase in side-chain length is found to increase 〈𝑢2〉 and thus the chain mobility. This is 

consistent with our QENS measurement (Figure 4.4D), demonstrating that our MD simulations 

can capture segmental dynamics of CPs to a good approximation. Knowing the applicability of 

our MD calculations, below we focus on the local dynamics of each functional group at an elevated 

𝑇 ≈ 1.5 𝑇𝑔 for different CPs.  

Figure 4.4E shows the probability distribution of 1/〈𝑢2〉, a measure of inversed local 

mobility, for four different building blocks of the DPPT polymers with C2C8C10 side chains, i.e., 

DPP core (labeled as M1 in blue), thiophene rings tied to DPP core (group M2 marked in green), 

isolated thiophene moiety that is not tied to DPP core (group M3 marked in red), and alkyl side 

chains (labeled as M4 in purple). Apparent Gaussian distribution of 1/〈𝑢2〉 is observed for all four 

functional groups. The fused DPP unit (M1) shows a larger mean of 1/〈𝑢2〉, implying that this 

compound indicates relatively lowest mobility among all functional groups in this polymer. In 

contrast, side chains (M4) exhibit the lowest mean of 1/〈𝑢2〉 with a smaller standard deviation due 

to higher mobility of side chains. The thiophene rings in the DPPT monomer exhibit different 

inversed local mobility based on their chemical environment - thiophenes directly tied to the DPP 

core (M2) show a slightly higher mean in the distribution compared to M3 thiophenes. The MD 
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simulation results of segmental dynamics of the DPPT are largely consistent with our feature 

analyses in the ML model, where the fused rings yield a steeper increase in the 𝑇𝑔 compared to the 

isolated rings. The observed lower inversed local mobility of the side chains is also in line with 

the negative contribution coefficient of the NSC feature in the ML model. 

Figure 4.4F shows the distribution of 1/〈𝑢2〉 of different chemical building blocks of 

PCDTBT having three different groups of aromatic rings. Similar to DPPT, it can be observed that 

CDT bridged unit (M1) show the highest mean value of 1/〈𝑢2〉 with a larger mean of the 

distribution, while the side chains (M4) show the lowest value. Furthermore, fused BT 

(Benzothiadiazole) unit (M3) exhibits a higher mean of 1/〈𝑢2〉 distribution compared with 

thiophene rings (M2), implying that M3 fused moiety has lower mobility than isolated rings (M2). 

This could be attributed to the fact that only the phenyl ring of the BT unit is tied to the backbone, 

and its current vertical orientation makes it easier for out-of-plane rotation, resulting in relatively 

higher mobility than isolated rings (M2). Our result again suggests that the local dynamics of the 

functional groups are largely dependent on the chemical environment.  

Figure 4.4G shows the spatial distributions of 1/〈𝑢2〉 of different functional groups of 

PCDTBT, confirms again that CDT bridged unit and side chains have the highest and lowest 

magnitude of inversed local mobility. Each point illustrates the center of mass of the relevant 

functional group in the bulk system with the color showing the magnitude of inversed local 

mobility1/〈𝑢2〉. Interestingly, the spatial distribution of 1/〈𝑢2〉 reveals a reduced level of 

dynamical heterogeneity is clearly observed from M1 to M4 as their mobility increases, which 

reflects their packing efficiency at a molecular level, i.e., a higher level dynamical heterogeneity 

corresponds to a more frustrated molecular packing. Such dynamical heterogeneity associated with 

different chemical groups of PCDTBT is further illustrated in Figure 4.4H, where larger 
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transparent spheres illustrate higher local 1/〈𝑢2〉. Similar dynamics behaviors are also observed 

for IID and NDI-based donor-acceptor CPs, where the fused rings (i.e., IID and NDI core) and 

side chains exhibit the highest and lowest magnitude of inversed local mobility, respectively. The 

MD simulation results of local dynamics corroborate findings of ML modeling that aromatic rings 

(i.e., NIR, NFR, and NBR features) and side chains (NSC) governs 𝑇𝑔 prediction of CPs.  

4.2.4. Application of ML Model for Predicting 𝑻𝒈 of Conjugated Polymers 

In this section, we test the ML model by applying it to predicting 𝑇𝑔’s of representative 

CPs particularly related to organic solar cell applications. Device stability is a challenge that 

severely limits organic solar cells from being widely adopted to replace silicon ones and their 

inorganic counterparts. Through decades of optimizing the optoelectronic properties of narrow 

bandgap CPs together with non-fullerene acceptors (NFAs), remarkable progress has been made 

in organic photovoltaics (OPV) technology with the power conversion efficiency (PCE) reaching 

over 18%.58–60 However, the long-term stability of OPV devices is one of the major hurdles that 

prevents this technology from being widely implemented, along with the lack of scalable 

manufacturing techniques to obtain ideal bulk heterojunction (BHJ) morphology. We expect our 

ML model developed here to potentially rationalize the stability issue and guide the development 

of the new CP materials.  

We apply the model to the leading optoelectronic polymers and non-fullerene acceptors 

(See Figure 4.5 for their chemical structure) that were recently reported in high-performance solar 

cells. For the PM6, PM7, and PTB7 polymers, 𝑇𝑔value of 123.2 °C, 123.2 °C, and 91.7 °C are 

predicted by the ML model, respectively. By the help of our experimental collaborators (Gu group 

at the university of southern Mississippi), we further experimentally measure 𝑇𝑔 for PM6 and 

PTB7 polymers and the results are shown in Figure 4.5 in which DMA and DSC techniques 
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indicate a  𝑇𝑔 of 138.6 °C and 114.7 °C, respectively, for PM6 and a 𝑇𝑔 of 73.8 °C for PTB7 

(obtained by DMA). Both conventional and fast scanning calorimeter were employed to detect 𝑇𝑔 

for PM6, where the 𝑇𝑔 values were consistent for both methods regarding the difference in cooling 

rates. In addition, MD simulations predict 𝑇𝑔 value of 145.6 °C for the PM7 polymer close enough 

to 𝑇𝑔 of 123.2 °C predicted by our ML framework. For the Y-Family NFAs, as indicated in Figure 

4.5, 𝑇𝑔 values predicted by ML model are found in a good agreement with those calculated by MD 

simulations. In addition, for other experimentally measured as well as simulated 𝑇𝑔 results for 

different CPs employed in this study, listed in Figure 4.5, a good agreement is observed with ML 

prediction, implying the reliability of our predictive framework.  
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Figure 4.5. Chemical structures and glass transition temperature (𝑇𝑔) of selected conjugated 

polymers and acceptor units with aromatic backbones and alkyl side chains. Results of 𝑇𝑔 are 

obtained from molecular dynamics (MD) simulations, machine learning (ML) prediction, and 

available experimental techniques (DMA and DSC).   

 

Based on our discovery here, all PM6, PM7, PTB7, and Y-family NFAs possess a relatively 

high 𝑇𝑔, as compared to other CPs with the operating temperature of the device at room 

temperature or up to 80 °C for most upper limit in inorganic cells. Although the 𝑇𝑔 values for 

measured components are slightly higher than the operation temperature, thus CPs are limited in 

chain dynamics within the experimental time scale for device degradation. The observed PCE drop 

over time below 𝑇𝑔 thus is highly likely due to changes in the interface property between the BHJ 

layer with electrodes, or due to the diffusion-limited cold-crystallization in either donor or 

acceptors. For the small molecules in Y-family NFAs, other researchers suggested this is possible. 
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In the case of tuning 𝑇𝑔, for example for the PM6, 𝑇𝑔 could be improved by lowering the side chain 

length from 2-ethylhexyl to 2-ethylbutyl in order to raise 𝑇𝑔 above 150 °C. Additional attention 

should also be paid to the role of cold crystallization with respect to 𝑇𝑔 of both donors and 

acceptors, which have been discussed in previous studies.61–64 In general, the practical usage of 

our ML model is to quantitatively estimate the unknown 𝑇𝑔 for advanced D-A CP polymers used 

in organic solar cell field since 𝑇𝑔 determines the dynamics of the possible cold crystallization 

occurred under operational conditions. Cold crystallization can form different polymorphs 

depending on the isothermal annealing temperature higher or lower than nominal 𝑇𝑔.64 The 

polymorph formed at higher temperature normally impairs the performance, whereas the 

polymorph formed at lower temperature could improve performance presumably due to the 

stronger light absorption from the continuous aromatic structures.63 However, the size of crystallite 

also influences the performance of organic solar cells that large size of crystallites tends to 

detrimental the performance and stability.62 Therefore, the observed PCE drop over time below 𝑇𝑔 

thus is highly likely due to changes in the interface property between the BHJ layer with electrodes, 

or due to the large size of crystallites formed via diffusion limited cold-crystallization in either 

donor or acceptors.   

4.3. Experimental and Computational Procedures 

Materials. The materials for 𝑇𝑔 measurements were purchased from Ossila Company, 

including F8BT, PTB7, PTB70Th, PM6, PCPDTBT, TFB, TQ1, NDI(2HD)T, NDI(2HD)2T, 

NDI(2OD)T, and NDI(2OD)2T.  

Quasi-elastic Neutron Scattering. QENS measurements were performed using the 

Backscattering Spectrometer (BASIS)65 at the Spallation Neutron Source (SNS) at Oak Ridge 

National Laboratory (ORNL). Time scales for BASIS range from 10 to1000 ps.57 Elastic scan 
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measurements were carried out under vacuum to protect the material from degradation at high 

temperatures between 50 K and 450 K. Scattering data were reduced utilizing the DAVE 

software66 to measure MSD. 

Dynamic Mechanical Analysis. DMA measurements were carried out with a TA Q800 

DMA by a modified DMA method.31,67 For sample preparation, polymer solutions (5~10 mg/ml) 

were drop-casted on top of a glass fiber mesh. At a fixed frequency of 1 Hz, temperature ramp 

experiments with a heating rate of 3 °C min−1 were measured between −50 and 250 °C to measure 

the 𝑇𝑔 of the materials. 

Differential Scanning Calorimetry. DSC measurements were performed using both 

Mettler-Toledo fast scanning calorimeter (Flash DSC 2+) and conventional DSC (DSC 3+). The 

flash DSC was equipped with an ultra-fast standard chip with heating/cooling rates up to 4000 K/s, 

where the indium standard was used to calibrate the heat flow and temperatures at 10 K/min 

heating rate for conventional DSC. All measurements were done under nitrogen gas.  

Dataset. The experimental values of 𝑇𝑔 are collected from the previously published 

literature, including 119 data points.17,31,38 To improve the diversity of the dataset, we further 

experimentally measured an additional 17 𝑇𝑔 data points of different CPs from either DMA and 

DSC measurements as well as 18 𝑇𝑔 obtained by MD simulations. These additional data cover 

newly designed high-performance CPs, allowing for the external validation and improvement of 

the model prediction. Overall, the dataset is composed of 154 data points of 94 polymers covering 

thiophene-, fluorene-, DDP-, bridged-, and fused-based CPs, newly designed non-fluorine 

acceptor units, and some non-conjugated polymers with aromatic rings in their backbone. The 

dataset is provided in the supporting information of our paper,1 see Table S1 and Table S2.  
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ML-based surrogate model.  Informed from the QSPR modeling and feature analyses, 

we use the aforementioned dataset of CPs to define the structural features based on the geometry 

(i.e., chemical building block) of the repeat unit. We first define all possible structural features, 

including the number of different atoms in the repeat units, bridged units, fused rings, free isolated 

rings, stiff bonds, heavy atoms, side-chain fraction, etc. Then, backward elimination,39 a feature 

selection technique, is utilized to screen those structural features while building the regression 

models. To perform backward elimination, we introduce a significance level of 5% to test the null 

hypothesis for each feature based on the p-value.68 The regression model is then fitted to the data 

set and the p-value of each feature is calculated, which determines whether the feature will 

generalize any population out of the current sample. Next, the feature with the highest p-value is 

removed from the predictive model, and the process iterates for the remaining features. This 

mechanism continues until all p-values of all remaining features in the dataset are less than the 

significance level. Then a regression model is trained to the selected feature to make a 𝑇𝑔 

prediction.  

MD simulations.  All-atomistic MD simulations of the 18 bulk CPs and acceptor units are 

carried out using the LAMMPS software package.69 The interactions of the MD models are defined 

via the General Amber Force Field (GAFF), which was originally developed for organic 

molecules.70 The CP models are initially generated using Materials Studio software, followed by 

geometry optimization. Then, the antechamber module of the AmberTools20 package70 is utilized 

for atom typing and calculating atomic charges. The details of AA-MD simulations are reported 

in Chapter 2. To determine 𝑇𝑔 of bulk CP, the simulation is run further under NPT ensemble to 

collect the density over a wide range of the temperature from 100 K to 800 K. The obtained density 

as a function of temperature can be fitted with linear lines at low temperature glassy and high 
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temperature melt regimes, where the intersection of fitted lines marks 𝑇𝑔. To measure the local 

mobility of moieties, MSD (i.e., a measurement of the deviation of position of atoms from the 

reference position over time) ⟨𝑟2(𝑡)⟩ values are obtained for the center of mass functional groups 

of the repeat unit, 〈𝑟2(𝑡)〉 = 〈|𝑟𝑖(𝑡) − 𝑟𝑖(0)|
2〉, where 𝑟𝑖(𝑡) is the position of the ith atoms at time 

t and ⟨𝑟2(𝑡)⟩ is obtained from the average of all related functional groups. Then, Debye-Waller 

factor 〈𝑢2〉, a fast-dynamic property at a picosecond time scale,50 is defined at 𝑡 = 4 ps for all 

models to quantify local mobility. 

4.4. Conclusion 

In this study, we establish a machine learning (ML) model to predict glass transition 

temperature (𝑇𝑔) of conjugated polymers (CPs) from the chemical structure of the repeat unit. With 

154 𝑇𝑔 values collected from diverse resources, a predictive model is developed where six 

functional groups in the repeat unit (i.e., side-chain fraction, isolated rings, fused rings, bridged 

rings, double/triple bonds, and halogen atoms) are identified as essential structural features. 

Among the selected feature, side chains and halogen atoms show a decreasing influence on 𝑇𝑔. 

The t-statistic parameter is employed to quantify the contribution of each structural feature in the 

prediction of 𝑇𝑔, where aromatic rings and side chains are found to have the most significant 

influence. In addition, our molecular dynamics (MD) simulations reveal that aromatic rings and 

side chains have the highest and lowest local mobility, respectively, unraveling their dominant role 

in the ML model. Our experimental measurements of 𝑇𝑔 as well as those calculated by MD 

simulations confirm the noticeably accurate predictivity performance of our ML model for high-

performance solar cell materials. We believe that the current ML framework provides an effective 

strategy to design the next generation of organic electronics with tailored chain dynamics. 



75 

 

4.5. References 

1. Alesadi, A. et al. Machine learning prediction of glass transition temperature of conjugated 

polymers from chemical structure. Cell Reports Phys. Sci. 100911 (2022). 

2. Gu, X., Shaw, L., Gu, K., Toney, M. F. & Bao, Z. The meniscus-guided deposition of 

semiconducting polymers. Nat. Commun. 9, 534 (2018). 

3. Root, S. E., Savagatrup, S., Printz, A. D., Rodriquez, D. & Lipomi, D. J. Mechanical 

Properties of Organic Semiconductors for Stretchable, Highly Flexible, and Mechanically 

Robust Electronics. Chem. Rev. 117, 6467–6499 (2017). 

4. Someya, T., Bao, Z. & Malliaras, G. G. The rise of plastic bioelectronics. Nature 540, 379–

385 (2016). 

5. Lipomi, D. J. & Bao, Z. Stretchable and ultraflexible organic electronics. MRS Bull. 42, 

93–97 (2017). 

6. Bao, Z. & Chen, X. Flexible and Stretchable Devices. Adv. Mater. 28, 4177–4179 (2016). 

7. Oh, J. Y. & Bao, Z. Second Skin Enabled by Advanced Electronics. Adv. Sci. 6, 1900186 

(2019). 

8. Lipomi, D. J., Tee, B. C. K., Vosgueritchian, M. & Bao, Z. Stretchable organic solar cells. 

Adv. Mater. 23, 1771–1775 (2011). 

9. Chortos, A., Liu, J. & Bao, Z. Pursuing prosthetic electronic skin. Nat. Mater. 15, 937–950 

(2016). 

10. Zhang, S. et al. Molecular Origin of Strain-Induced Chain Alignment in PDPP-Based 

Semiconducting Polymeric Thin Films. Adv. Funct. Mater. 31, 2100161 (2021). 

11. Oh, J. Y. et al. Intrinsically stretchable and healable semiconducting polymer for organic 

transistors. Nature 539, 411–415 (2016). 



76 

 

12. Wang, S. et al. Skin electronics from scalable fabrication of an intrinsically stretchable 

transistor array. Nature 555, 83–88 (2018). 

13. Xu, J. et al. Highly stretchable polymer semiconductor films through the nanoconfinement 

effect. Science (80-. ). 355, 59–64 (2017). 

14. Xu, J. et al. Tuning Conjugated Polymer Chain Packing for Stretchable Semiconductors. 

Adv. Mater. 2104747 (2021). doi:10.1002/adma.202104747 

15. Maller, O. et al. Tumour-associated macrophages drive stromal cell-dependent collagen 

crosslinking and stiffening to promote breast cancer aggression. Nat. Mater. 20, 548–559 

(2021). 

16. Qian, Z. et al. Challenge and solution of characterizing glass transition temperature for 

conjugated polymers by differential scanning calorimetry. J. Polym. Sci. Part B Polym. 

Phys. 57, 1635–1644 (2019). 

17. Qian, Z. et al. Glass Transition Phenomenon for Conjugated Polymers. Macromol. Chem. 

Phys. 220, 1900062 (2019). 

18. Karuth, A., Alesadi, A., Xia, W. & Rasulev, B. Predicting glass transition of amorphous 

polymers by application of cheminformatics and molecular dynamics simulations. 

Polymer. 218, 123495 (2021). 

19. Xie, S. J., Qian, H. J. & Lu, Z. Y. The glass transition of polymers with different side-chain 

stiffness confined in free-standing thin films. J. Chem. Phys. 142, (2015). 

20. Xu, W.-S. & Freed, K. F. Influence of cohesive energy and chain stiffness on polymer glass 

formation. Macromolecules 47, 6990–6997 (2014). 

21. Alesadi, A. & Xia, W. Understanding the Role of Cohesive Interaction in Mechanical 

Behavior of a Glassy Polymer. Macromolecules 53, 2754–2763 (2020). 



77 

 

22. Xu, W.-S., Douglas, J. F. & Freed, K. F. Influence of cohesive energy on the 

thermodynamic properties of a model glass-forming polymer melt. Macromolecules 49, 

8341–8354 (2016). 

23. Xiao, M. et al. Linking Glass-Transition Behavior to Photophysical and Charge Transport 

Properties of High-Mobility Conjugated Polymers. Adv. Funct. Mater. 31, 1–11 (2021). 

24. Zhao, H. et al. Manipulating Conjugated Polymer Backbone Dynamics through Controlled 

Thermal Cleavage of Alkyl Side Chains. Macromol. Rapid Commun. 2200533 (2022). 

25. Xu, W.-S., Douglas, J. F. & Xu, X. Molecular Dynamics Study of Glass Formation in 

Polymer Melts with Varying Chain Stiffness. Macromolecules 53, 4796–4809 (2020). 

26. Cao, Z., Leng, M., Cao, Y., Gu, X. & Fang, L. How rigid are conjugated non‐ladder and 

ladder polymers? J. Polym. Sci. 60, 298–310 (2021). 

27. Zhang, W., Gomez, E. D. & Milner, S. T. Predicting chain dimensions of semiflexible 

polymers from dihedral potentials. Macromolecules 47, 6453–6461 (2014). 

28. McCulloch, B. et al. Polymer chain shape of poly(3-alkylthiophenes) in solution using 

small-angle neutron scattering. Macromolecules 46, 1899–1907 (2013). 

29. Müller, C., Esmaeili, M., Riekel, C., Breiby, D. W. & Inganäs, O. Micro X-ray diffraction 

mapping of a fluorene copolymer fibre. Polymer. 54, 805–811 (2013). 

30. Pazmiño Betancourt, B. A., Hanakata, P. Z., Starr, F. W. & Douglas, J. F. Quantitative 

relations between cooperative motion, emergent elasticity, and free volume in model glass-

forming polymer materials. Proc. Natl. Acad. Sci. U. S. A. 112, 2966–2971 (2015). 

31. Zhang, S. et al. Toward the Prediction and Control of Glass Transition Temperature for 

Donor–Acceptor Polymers. Adv. Funct. Mater. 2002221, 2002221 (2020). 



78 

 

32. Katritzky, A. R. et al. Quantitative correlation of physical and chemical properties with 

chemical structure: Utility for prediction. Chem. Rev. 110, 5714–5789 (2010). 

33. Katritzky, A. R., Rachwal, P., Law, K. W., Karelson, M. & Lobanov, V. S. Prediction of 

polymer glass transition temperatures using a general quantitative structure-property 

relationship treatment. J. Chem. Inf. Comput. Sci. 36, 879–884 (1996). 

34. Katritzky, A. R., Sild, S., Lobanov, V. & Karelson, M. Quantitative Structure - Property 

Relationship (QSPR) correlation of glass transition temperatures of high molecular weight 

polymers. J. Chem. Inf. Comput. Sci. 38, 300–304 (1998). 

35. Doan Tran, H. et al. Machine-learning predictions of polymer properties with Polymer 

Genome. J. Appl. Phys. 128, (2020). 

36. Jackson, N. E., Webb, M. A. & de Pablo, J. J. Recent advances in machine learning towards 

multiscale soft materials design. Curr. Opin. Chem. Eng. 23, 106–114 (2019). 

37. Sivaraman, G. et al. A machine learning workflow for molecular analysis: application to 

melting points. Mach. Learn. Sci. Technol. 1, 25015 (2020). 

38. Xie, R. et al. Glass transition temperature from the chemical structure of conjugated 

polymers. Nat. Commun. 11, 4–11 (2020). 

39. Hocking, R. R. A Biometrics invited paper. The analysis and selection of variables in linear 

regression. Biometrics 32, 1–49 (1976). 

40. Chiang, Y. C. et al. Tailoring Carbosilane Side Chains toward Intrinsically Stretchable 

Semiconducting Polymers. Macromolecules 52, 4393–4404 (2019). 

41. Balar, N. et al. Resolving the Molecular Origin of Mechanical Relaxations in Donor–

Acceptor Polymer Semiconductors. Adv. Funct. Mater. 32, 2105597 (2021). 



79 

 

42. Olla, T. et al. Benzothiadiazole Halogenation Impact in Conjugated Polymers, a 

Comprehensive Study. Macromolecules 52, 8006–8016 (2019). 

43. Reichenbächer, K., Süss, H. I. & Hulliger, J. Fluorine in crystal engineering—“the little 

atom that could”. Chem. Soc. Rev. 34, 22–30 (2005). 

44. Desiraju, G. R. Crystal engineering: A holistic view. Angew. Chemie - Int. Ed. 46, 8342–

8356 (2007). 

45. Kroon, R. et al. New quinoxaline and pyridopyrazine-based polymers for solution-

processable photovoltaics. Sol. Energy Mater. Sol. Cells 105, 280–286 (2012). 

46. Zhang, S. et al. The Critical Role of Electron-Donating Thiophene Groups on the 

Mechanical and Thermal Properties of Donor–Acceptor Semiconducting Polymers. Adv. 

Electron. Mater. 5, 1–11 (2019). 

47. Roth, B. et al. Mechanical properties of a library of low-band-gap polymers. Chem. Mater. 

28, 2363–2373 (2016). 

48. Lipomi, D. J., Chong, H., Vosgueritchian, M., Mei, J. & Bao, Z. Toward mechanically 

robust and intrinsically stretchable organic solar cells: Evolution of photovoltaic properties 

with tensile strain. Sol. energy Mater. Sol. cells 107, 355–365 (2012). 

49. Li, Y., Tatum, W. K., Onorato, J. W., Zhang, Y. & Luscombe, C. K. Low elastic modulus 

and high charge mobility of low-crystallinity indacenodithiophene-based semiconducting 

polymers for potential applications in stretchable electronics. Macromolecules 51, 6352–

6358 (2018). 

50. Betancourt, B. A. P., Hanakata, P. Z., Starr, F. W. & Douglas, J. F. Quantitative relations 

between cooperative motion, emergent elasticity, and free volume in model glass-forming 

polymer materials. Proc. Natl. Acad. Sci. 112, 2966–2971 (2015). 



80 

 

51. Soles, C. L., Douglas, J. F., Wu, W., Peng, H. & Gidley, D. W. Comparative specular x-

ray reflectivity, positron annihilation lifetime spectroscopy, and incoherent neutron 

scattering measurements of the dynamics in thin polycarbonate films. Macromolecules 37, 

2890–2900 (2004). 

52. Sakai, V. G. & Arbe, A. Quasielastic neutron scattering in soft matter. Curr. Opin. Colloid 

Interface Sci. 14, 381–390 (2009). 

53. Gerstl, C. et al. Quasielastic Neutron Scattering Study on the Dynamics of Poly (alkylene 

oxide) s. Macromolecules 45, 4394–4405 (2012). 

54. Obrzut, J. & Page, K. A. Electrical conductivity and relaxation in poly (3-hexylthiophene). 

Phys. Rev. B 80, 195211 (2009). 

55. Guilbert, A. A. Y. et al. Temperature-dependent dynamics of polyalkylthiophene 

conjugated polymers: A combined neutron scattering and simulation study. Chem. Mater. 

27, 7652–7661 (2015). 

56. Zhan, P. et al. Side chain length affects backbone dynamics in poly (3‐alkylthiophene) s. 

J. Polym. Sci. Part B Polym. Phys. 56, 1193–1202 (2018). 

57. Wolf, C. M. et al. Assessment of molecular dynamics simulations for amorphous poly (3-

hexylthiophene) using neutron and X-ray scattering experiments. Soft Matter 15, 5067–

5083 (2019). 

58. Meng, L. et al. Organic and solution-processed tandem solar cells with 17.3% efficiency. 

Science (80-. ). 361, 1094–1098 (2018). 

59. Wang, Z. et al. The coupling and competition of crystallization and phase separation, 

correlating thermodynamics and kinetics in OPV morphology and performances. Nat. 

Commun. 12, 1–14 (2021). 



81 

 

60. Liu, Q. et al. 18% Efficiency organic solar cells. Sci. Bull. 65, 272–275 (2020). 

61. Hultmark, S. et al. Suppressing Co‐Crystallization of Halogenated Non‐Fullerene 

Acceptors for Thermally Stable Ternary Solar Cells. Adv. Funct. Mater. 30, 2005462 

(2020). 

62. Hu, H. et al. The Role of Demixing and Crystallization Kinetics on the Stability of Non‐

Fullerene Organic Solar Cells. Adv. Mater. 32, 2005348 (2020). 

63. Marina, S. et al. Polymorphism in Non‐Fullerene Acceptors Based on 

Indacenodithienothiophene. Adv. Funct. Mater. 31, 2103784 (2021). 

64. Yu, L. et al. Diffusion-Limited Crystallization: A Rationale for the Thermal Stability of 

Non-Fullerene Solar Cells. ACS Appl. Mater. Interfaces 11, 21766–21774 (2019). 

65. Mamontov, E. & Herwig, K. W. A time-of-flight backscattering spectrometer at the 

Spallation Neutron Source, BASIS. Rev. Sci. Instrum. 82, 85109 (2011). 

66. Azuah, R. T. et al. DAVE: a comprehensive software suite for the reduction, visualization, 

and analysis of low energy neutron spectroscopic data. J. Res. Natl. Inst. Stand. Technol. 

114, 341 (2009). 

67. Sharma, A., Pan, X., Campbell, J. A., Andersson, M. R. & Lewis, D. A. Unravelling the 

Thermomechanical Properties of Bulk Heterojunction Blends in Polymer Solar Cells. 

Macromolecules 50, 3347–3354 (2017). 

68. McClave, J. T. & Sincich, T. Statistics. (Pearson education, 2006). 

69. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 

117, 1–19 (1995). 

70. Wang, J., Wolf, R. M., Caldwell, J. W., Kollman, P. A. & Case, D. A. Development and 

testing of a general Amber force field. J. Comput. Chem. 25, 1157–1174 (2004). 



82 

 

5.  MECHANICAL PROPERTIES AND STRAIN-INDUCED DEFORMATION 

MECHANISM OF CONJUGATED POLYMERS 

Donor-acceptor (D-A) type semiconducting polymers have shown great potential for the 

application of deformable and stretchable electronics in recent decades. However, due to their 

heterogeneous structure with rigid backbones and long solubilizing side chains, the fundamental 

understanding of mechanical properties and their molecular picture upon tensile deformation are 

still less investigated. Utilizing both experimental and computational measurements, in this 

chapter, we first characterize the elastic modulus of diketopyrrolopyrrole (DPP)-based D-A 

polymer with varied side chains under tensile deformation. Then, the molecular orientation of 

polymer systems under tensile deformation is investigated, where the influence of side-chain 

length on their thermal and mechanical response is explored to facilitate an in-depth understanding 

of the deformation mechanism.1,2 

5.1. Introduction 

Flexible and wearable electronics that are conformable to soft surfaces like human skin 

have raised tremendous research attention.3–6 Semiconducting polymers are unique species due to 

their high electrical performance, solution processability, and intrinsic mechanical stretchability.7–

11 Previously, many efforts have been made to improve their charge transport by enhancing the 

polymer chain alignment.12–19 Both mechanical stretching and shear coating methods have shown 

promise in boosting the charge carrier mobility along the alignment direction for semiconducting 

polymers, especially on traditional conjugated polymers (CPs) like poly(3-hexylthiophene) 

(P3HT).18–24 Strain-induced chain alignment, however, is still less explored for the emerging high-

performance D-A type CPs with much rigid polymer backbones. The fundamental understanding 
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of the deformation-thermal/mechanical property-morphology-performance relationship is vital for 

the engineering of future wearable electronics. 

Typical CPs have a semicrystalline nature with the backbone consisting of alternating 

single-and double-bonds, which enables both intra- and intermolecular charge transport. When 

compared with traditional semicrystalline polymer, i.e., polyethylene (PE), with a persistence 

length (lp) of 7 ~ 9 Å that can easily fold, the backbone of P3HT with an lp of 3 nm requires 7~8 

consecutive thiophene rings in a sync conformation to turn 180.25–27 For D-A polymers with large 

fused rings on the backbone, they are even harder to bend (i.e., lp (PDPPDTT) ≈ 8 nm).28 Thus, the 

molecular picture of D-A polymer chains is more likely to be semi-rigid rods that are hard to 

entangle with each other.29–31 Under a thin film state, a complex 3D heterogeneous microstructure 

is commonly demonstrated with three main characteristic domains: crystalline region, local 

aggregate, and amorphous region. The crystalline domain consists of layers of lamellae with 

flexible side chains serving as “spacer” in between. Inside of each lamella is stacked polymer 

backbones through interchain π-π interaction. Previous studies also suggest these crystalline 

domains are connected through “tie-chains” that can bear load and transport charges.7,32–34 Local 

aggregates are also described, resulting from intrachain and interchain excitonic coupling, namely 

J- and H-aggregates, respectively.35  

For PE with well-defined crystalline regions, the polymer chain deformation mechanism 

has been mostly studied through transmission electron microscopy (TEM), small-angle neutron 

scattering (SANS), and hard X-ray scattering (energy > 8 keV) including both small- and wide-

angle X-ray scattering (SAXS/WAXS).36–41 Specifically, TEM provides local atomic/nanometer-

level resolution; WAXS is capable of analyzing averaged crystallite orientation, size, and packing 

distance at a similar size scale; SANS and SAXS can detect averaged long-range order ranging 
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from 1 nm to hundreds of nm. However, the scattering technique is limited to the detection of 

ordered crystalline regions. Spectroscopy, instead, can detect polymer chains in both amorphous 

and crystalline regions that are sensitive to atomic-level bond motion, twisting, or orientation based 

on the specific light characteristics. For example, polarized variable angle spectroscopic 

ellipsometry (VASE), polarized Infrared (IR) spectroscopy/Raman spectroscopy/Ultraviolet-

visible (UV-vis) optical absorption spectroscopy, and near-edge X-ray absorption fine structure 

(NEXAFS) techniques have been applied to investigate polymer chain orientation upon 

shear/strain alignment.13,17–22,42,43 

To better understand molecular mechanisms, computational techniques (i.e., molecular 

dynamics simulations) have been utilized to explore the complex behaviors of polymers. In 

particular, coarse-grained molecular dynamics (CG-MD) simulations allow for “bottom-up” 

investigations of polymer systems over a longer time and larger length scales,44,45 by reducing 

degrees of freedom and eliminating non-essential atomistic details. Over the last few decades, the 

CG-MD approach has been broadly applied to explore the influences of fundamental molecular 

parameters on the thermomechanical behaviors of polymers.46–52 The crystalline morphology of 

PE under uniaxial tension was explored via CG-MD, and it was shown that polymer chains tend 

to align in the deformation direction, where the large extension and orientation of the chains were 

found to affect the crystallization and facilitate the primary nucleation.53 In another study, a CG-

MD model was developed to predict the thermomechanical properties of poly(3-hexylthiophene) 

(P3HT) polymer,20 of which the simulation findings were pointed out to be in good agreement 

with the experimental results. Accordingly, it was shown that the degree of backbone chain 

alignment in bulk conjugated P3HT polymer is increased as the applied uniaxial strain becomes 

larger. 
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Herein, we perform a detailed study on the mechanical properties and chain deformation 

mechanism for a series of side-chain engineered PDPP-based semi-flexible D-A polymers. We 

implement experimental measurements and CG-MD simulations to explore the fundamental 

mechanism of the macroscopic deformation process. Next, polarized UV-vis spectroscopy, 

NEXAFS, and atomic force microscopy (AFM) are applied to investigate the microstructural chain 

alignment upon thin-film deformation, which is further confirmed by the CG-MD simulations.  

5.2. Methods 

In this section, we review the details of experimental and computational techniques utilized 

in this dissertation. It should be noted that all experimental measurements are performed by our 

experimental collaborators (Gu group) at The University of Sothern Mississippi (USM).  

5.2.1. Materials and Processing 

All four PDPPT-based polymers are synthesized following previously reported methods.54–

56 The number-averaged molecular weight is measured by high-temperature gel permeation 

chromatography (HT-GPC) using trichlorobenzene as the eluent at 160 °C, polystyrene for 

calibration, viscometer, and light scattering as the detectors. All four polymers are dissolved in 

chlorobenzene with a concentration of 15 mg/ml upon stirring on the hot plate at 80 ºC overnight. 

A commercially available water-soluble poly(sodium 4-styrenesulfonate) (PSS) is dissolved in 

deionized water and coated on the bare silicon wafer with a thickness of 30 nm. Then the solution 

is spin-coated on the PSS-coated silicon substrate at 1000 rpm/s to form a 100 nm thin film. The 

film thickness was measured by AFM. 

5.2.2. Pseudo-free-standing Tensile Test 

Dog-bone thin films with a gauge length of 8 cm and a width of 3 cm are fabricated by 

laser etching. Next, thin-film dog bones are floated on top of the water and stretched at a strain 
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rate of 5×10-4 s-1 using a previously described method.56–58 At least six independent samples are 

measured for each CPs to provide statistically averaged mechanical properties. The elastic 

modulus is extracted from the slope of the linear fit of the stress-strain curve using the first 0.5% 

strain (elastic region). Next, thin-film samples being strained to various degrees are picked up from 

the water with a washer to form free-standing thin films. 

5.2.3. Molecular Dynamics Simulations 

The force field parameters of the CG models are determined based on the contributions of 

the bonded and non-bonded interactions. For the details of CG-MD simulations, readers are 

directed to Chapter 2. The cohesive energy between particles is regulated via 휀 parameter, where 

for each pair of the CG beads in the backbones 휀 = 1.0, and the pairs of the side groups 휀 = 0.5. 

All CG-MD simulations are performed using the Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) software package.59 The bulk systems of the model are composed 

of 100 chains, where the backbone of each chain is composed of 30 CG beads and side-chain 

lengths. Periodic boundary conditions (PBC) are applied in all three directions, and an integration 

time step 𝛥𝑡 = 0.001𝜏 is performed in all simulations. For the equlibration of the system, the total 

potential energy is first minimized using iterative conjugate gradient algorithm.60 Then, the 

equilibration of the bulk polymer model is continued starting at a high-temperature 𝑇 = 2.0 under 

isothermal-isobaric (NPT) ensemble for the 106 time steps where the pressure linearly reduced 

from the initial 10 to the final 5 in reduced units. Next, the model is further cooled down to the 

target temperature via NPT under zero pressure for 1.5 × 106 time steps before running for any 

property calculations. The uniaxial tensile test is performed to obtain the deformation trajectory of 

the bulk polymer system at a temperature of 0.2 under a constant strain rate of 5×10-4, which is 

consistent with previously investigated LJ polymer models.61,62 
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5.3. Results and Discussion 

5.3.1. Mechanical Performance 

In this work, four PDPPT-based D-A polymers with increasing side-chain lengths from 

C2C6C8 (2-hexyl decyl) to C2C8C10 (2-octyl dodecyl), C2C10C12 (2-decyl tetradecyl) and 

C2C12C14 (2-dodecyl hexadecyl) are synthesized followed by previously reported procedures 

(Figure 5.1A).2 The experimentally-measured mechanical performance of these polymers is 

investigated using a pseudo-free standing tensile tester. The polymers are spin-coated into a thin 

film state with a similar thickness of 80 nm, then floated on top of the water to avoid the underlying 

substrate effect, followed by tensile testing at a fixed strain rate of 5×10-4 s-1. Figure. 5.1B exhibits 

the complete engineering stress-strain curves for all four side chains, which show a clear difference 

in their viscoelastic behavior. With increased strain, an elastic region first appears, followed by 

yielding and strain hardening. Despite slightly different yield strain, the strain-hardening 

phenomenon for short side-chain polymers is more noticeable with a higher slope, or strain 

hardening modulus, which can be correlated with their lower chain mobility. In addition, the elastic 

modulus shows an obvious reduction with increasing side-chain length. 
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Figure 5.1. Molecular picture and characterization methods for PDPP-based polymers (PDPPT-

C2C6C8, PDPPT-C2C8C10, PDPPT-C2C10C12, PDPPT-C2C12C14). (A) Schematics of PDPP 

polymers with different side-chain structures. (B) True stress-strain curves for four polymers and 

representative optical images for PDPPT-C2C8C10 under different strains. (C) Summary of 

experimental results of elastic modulus versus glass transition temperature (𝑇𝑔). (D) Snapshots of 

a single representative chain and the CG bulk polymer model under deformation. (E) The stress 

versus strain curve for CG-MD simulations of  𝑀 = 2 model. Red dashed line represents the linear 

regime. (F) Simulated elastic modulus versus side-chain length M. (G) Simulated 𝑇𝑔 versus side-

chain length M. CG-MD simulation results are expressed using the reduced or (LJ) unit. 
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This phenomenon implies the direct correlation of the mechanical response of D-A CPs to 

the thermal properties, which was explored in Chapter 4. As Figure 5.1C shows, the elastic 

modulus is linearly correlated to the glass transition temperature (𝑇𝑔). On the other hand, the crack 

onset strain shows no dependence on the elastic modulus or the side-chain length. We hypothesize 

that such independence results from their molecular weight difference. For viscoelastic polymers, 

high mechanical deformation mostly relies on chain sliding; thus, the molecular weight plays an 

important role in determining the extent of elongation.5 Here, the molecular weights of PDPPT-

C2C6C8 (Mn = 88.5 kg/mol) and PDPPT-C2C8C10 (Mn = 76.6 kg/mol) are higher than those of 

PDPPT-C2C10C12 (Mn = 60.6 kg/mol) and PDPPT-C2C12C14 (Mn = 61.8 kg/mol). Impressively, 

the PDPPT-C2C8C10 polymer exhibits a record-high crack onset-strain of 105%. To our best 

knowledge, it is the highest deformability reported for pristine D-A CPs in the literature. 

Then, CG-MD simulations are employed to systematically explore the mechanical 

properties of D-A CPs with varied side-chain lengths (M = 1 to 6) under tensile deformation 

(Figure 5.1D). An example of the stress-strain curve response of the CG-MD model is reported in 

Figure 5.1E where the dashed red line is fitted to the linear part of the smoothed curve. In the same 

manner as experimental results, as is indicated by Figure 5.1F, increasing the side-chain length M 

ended in a sharp drop in the elastic modulus of the bulk polymers. It should be mentioned that the 

results of the elastic modulus are obtained as the average of five different simulations with 

independent initial configurations and the error bars mark the standard deviation. Figure. 5.1G 

plots elastic modulus versus 𝑇𝑔  for polymers with varying side-chain lengths, where a near-linear 

relationship between elastic modulus and 𝑇𝑔  can be observed. The CG-MD results are in good 

agreement with our experimental findings, demonstrating that the larger side-chain length tends to 

reduce both elastic modulus and 𝑇𝑔. 
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5.3.2. Strain-induced Mechanical Alignment 

To study polymer chain alignment, all four polymers are spun cast on the silicon substrate 

to fabricate thin films with a thickness of around 100 nm, followed by tensile testing on the water 

surface using a previously reported pseudo-free-standing tensile tester.2,56–58,63 Figure 5.1B shows 

true stress (𝜎𝑇) vs. true strain (휀𝑇) curves of the four polymers, with optical images of PDPPT-

C2C8C10 thin films at various strains highlighted to show the deformation behavior. It is observed 

that polymers with shorter side-chain lengths are easier to deform along the width direction. All 

four polymers demonstrated similar viscoelastic stress-strain behaviors with three regions: an 

initial linear elastic response, mechanical yielding, and strain hardening. Further plastic 

deformation led to permanent mechanical failure. It is also obsereved that fracture strain is not 

directly affected by the side-chain length while molecular weight effect was more dominant, as 

demonstrated in our previous publication.56 The mechanical yielding point is not evident due to 

the smooth transition in the stress-strain curve and can only be extrapolated from the slope 

difference before and after yielding (Figure 5.1B). Interestingly, the strain softening behavior is 

not observed in any tensile tests, while it existed in most traditional polymers like polystyrene and 

PE.64,65 The strain-softening behavior in polymer glass was attributed to mechanically generated 

disorder, while for semicrystalline PE, crystallographic deformations like chain slip, martensitic 

transformation, and potential cavitation are the main cause.38–40 Thus, the lack of strain softening 

in PDPPs could result from their less mechanical disorder and a lower degree of crystallinity.7 

Importantly, strain hardening is observed with continuously increased slope at around 휀𝑇 

> 0.35, while increased side-chain length led to a lower slope. The degree of strain hardening can 

be represented by the strain hardening modulus 𝐺𝑅, which was reported to be affected by the 

distance between 𝑇𝑔 and testing temperature (T - 𝑇𝑔); the entanglement density of the amorphous 
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phase; the existence of highly stretched and oriented chains.64,66,67 On the other hand, the degree 

of crystallinity was found to play a negligible role in the 𝐺𝑅 of semicrystalline polymers.64,67,68 

Due to the semi-flexible nature of D-A polymer chains, the traditional Gaussian network theory of 

entropic elasticity cannot be applied here. Instead, we performed temperature-dependent tensile 

tests on PDPPT-C2C8C10 at 20 ºC, 30 ºC, and 40 ºC to investigate the temperature effect. To 

understand the effect of crystallinity, thermal annealed PDPPT-C2C8C10 under three 

temperatures (80 ºC, 140 ºC, and 200 ºC) are also tested. We observe that the strain hardening 

region was slightly affected at a higher testing temperature, while the degree of crystallinity shows 

a negligible influence. Thus, we hypothesize the various strain hardening behavior for these four 

side-chain engineered polymers is a result of the entanglement density effect: the entanglement 

density of amorphous chains decreases with increased volume taken by the solubilizing side-

chains. 

5.3.3. Morphological Experimental Measurements 

After strain alignment, multimodal characterization methods are applied to aligned thin 

films to understand the molecular-level chain alignment mechanism in a transmission geometry 

(Figure 5.2). The sample is scooped out of the water with a hollow washer, followed by air drying. 

In addition to experiments, CG-MD simulations of tensile deformation are carried out to explore 

the chain alignment of CPs in a bulk system. Figure 5.1D shows a representative CG model of 

polymer chain informed by PDPP and several snapshots of the deformed simulation box at 

different strains. In this section, we first investigate the experimental measurements performed by 

our collaborators, the Gu group at USM. Then, we will discuss the computational techniques 

utilized to study chain alignment at the molecular level. 
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Figure 5.2. Schematic of multimodal morphological characterization tools on tensile strained thin 

films supported by a hollow washer. 

 

Based on the abovementioned three tensile test regions, the molecular orientation is 

investigated by several morphological characterization tools at five strains: 휀𝑇 = 0, 0.18, 0.34, 

0.47, 0.59. Transmission wide/small-angle hard/tender X-ray scattering, polarized UV-vis 

absorption spectroscopy, transmission NEXAFS, and atomic force microscopy (AFM) are applied 

to detect different regions of interest in the polymer thin film. Namely, bulk averaged crystallite 

orientation; bulk averaged whole chain orientation; chain orientation on thin-film surface. To 

provide a fair comparison of chain alignment and anisotropy determined by different techniques, 

a two-dimensional (2D) Herman’s orientation parameter f is introduced by prescribing that chain 

orientation takes place in a 2D plane, owing to the semi-flexible nature of PDPPT polymer chains: 

𝑓 =  2 < cos2𝜃 > −1 (24) 

where θ is the angle between polymer chain orientation direction and direction of interest. For 

clarity purposes, the molecular orientation of the PDPPT-C2C8C10 polymer is first discussed, 

followed by comparisons with the other three polymers. 
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5.3.3.1. Polarized UV-vis Optical Absorption Spectroscopy 

As the orientation of polymer crystallites only represents a small fraction of the entire 

polymer film, it is vital to understand the chain deformation mechanism for amorphous polymer 

chains. A polarized optical spectroscopy technique was commonly performed to investigate 

polymer chain orientation based on the absorption anisotropy along/perpendicular to the strain 

direction.18 Such anisotropy can be quantified by dichroic ratio R, which is the ratio of peak 

absorbance along with polarized light to the peak absorbance perpendicular to polarized light. In 

the meantime, 2D Herman’s orientation parameter f can be calculated as: 

𝑓 =  
𝑅 − 1

𝑅 + 1
 (25) 

Polarized UV-vis absorption spectroscopy had been widely applied to study the orientation 

of CP chains due to their characteristic emission peaks. Previously developed HJ-aggregate model 

successfully described that the competition between intra-and intermolecular coupling, which is 

sensitive to the nature and magnitude of disorder, leads to different J- and K-aggregate 

behavior.35,69 Figure 5.3A indicates a schematic of the test setup, where the polarized light parallel 

and perpendicular to the strain direction can capture the motion of the entire chain. The absorption 

spectrum for PDPPT-C2C8C10 thin films under strain was plotted in Figure 5.3B, with the 0→0 

and 0→1 transition occurring at 820 nm and 760 nm, respectively. Surprisingly, the degree of 

orientation for the whole chain is limited, with an f of 0.14 at 휀𝑇 = 0.59, which suggested the 

averaged anisotropy for strain-aligned polymer chains is pretty low (Figure 5.3C). Considering the 

high level of strain applied to the thin film, such low orientation is not expected, while one 

explanation could be that the deformation process for free-standing thin films involved substantial 

chain slippage. This observation is in contrast with previous literature demonstrating an f value of 

0.5 obtained from polarized UV-vis at 휀𝑇 = 0.59 in stretch-aligned P3HT thin film supported by a 
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polydimethylsiloxane (PDMS) substrate.19 Such a difference in f could come from two origins: 1. 

P3HT exhibited more than 50% crystallites; thus, the tie chains connecting these regions 

experienced a significant alignment, while the degree of crystallinity was low for PDPPT-based 

polymers;70,71 2. When bonded to the PDMS substrate, polymer thin films tended to align more 

uniformly along one direction with Poisson’s ratio effect only along with the film thickness, while 

free-standing films experienced narrowing behavior along the width direction, leading to 

significant chain slippage without a high anisotropy. To prove the statement above, PDMS-

supported PDPPT-C2C8C10 thin-films are prepared, and an orientation parameter f of 0.36 is 

detected at the same strain (휀𝑇 = 0.59).  
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Figure 5.3. Characterization of chain orientation through UV-vis, polarized X-ray, and CG-MD 

simulation. (a-c) UV-vis absorption spectroscopy for PDPPT-C2C8C10 polymer under various 

strains. (a) Schematic of incident polarized UV light transmitted through polymer thin films. (b) 

1D UV-vis absorption plot at different wavelengths. (c) Herman’s orientation parameter f under 

strain. (d-f) NEXAFS experiment for PDPPT-C2C8C10 polymer under various strains. (d) 

Schematic of incident polarized soft X-rays transmitted through polymer thin films. E represents 

the electric field direction, and O represents the normal direction of the aromatic plane. (e) 

Normalized resonance energy under different incident energies for E // 휀𝑇 , and E ⊥ 휀𝑇 direction. 

The peak at around 285.2 eV represents the 1s to π* transition. (f) Herman’s orientation parameter 

f under strain. The inset shows two polymer chain orientation modes, Mode I and Mode II, under 

strain. (g-i) CG-MD simulation for the M = 4 model. (g) Schematic of a single polymer chain with 

a defined angle between the bond and deformation directions. (h) Herman’s orientation parameter 

f and end-to-end distance under strain. (i) Relationship between Herman’s orientation parameter 

and end-to-end distance. 
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5.3.3.2. Transmission NEXAFS 

The transmission NEXAFS technique is applied to supplement UV-vis spectroscopy by 

detecting the polymer backbone rotation for the entire chain. Different from tender X-rays using 

energy near the sulfur K-edge, soft X-rays with energy near the carbon K-edge can detect 

absorption signals from carbon atoms. Specifically, for CPs with multiple ring structures in the 

backbone, the C=C 1s→π* transition is a signature fingerprint that indicates the orientation of 

aromatic planes. Figure 5.3D demonstrates the electric field vector �⃗�  for linearly polarized soft X-

ray beam, as well as the 1s→π* transition dipole moment �⃗�  perpendicular to the plane of the 

aromatic ring. The resonance intensity detected on the photodetector is proportional to the overlap 

between these two vectors: 

𝐼 ∝ |�⃗�  ∙ �⃗� |2  ∝  cos2𝜃 (26) 

where 𝜃 is the angle between �⃗�  and �⃗� . Thus, the dichroism of such transition can be used to 

determine the molecular orientation.72,73 It should be noted that the orientation determined here 

only considers polymer chains with an aromatic plane that is parallel to the film thickness direction  

Figure 5.3E implies the 1s→π* transition peak for strained PDPPT-C2C8C10 thin films, 

while the complete NEXAFS spectrum with an energy range from 0.27 keV to 0.4 keV, followed 

by previously reported procedures.72 The parallel/perpendicular direction is referring to the angle 

between �⃗�  and strain 휀𝑇 (Figure 5.3D). From the anisotropic peak resonance energy at 285.2 eV, 

an orientation parameter f can be calculated by 𝑅 =
𝐼⊥− 𝐼∥

𝐼⊥+ 𝐼∥
 (Figure 5.3F). Again, the unstrained film 

showed a non-zero f value of 0.09, which could be resulted from processing. Upon strain 

alignment, f continuously increases with 휀𝑇 until a moderate value of 0.53 at 휀𝑇 = 0.59, indicating 

an efficient backbone rotation mechanism where the majority of polymer chains have an aromatic 
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plane rotated with its normal �⃗�  perpendicular to strain. Two primary rotation modes are also drawn 

in Figure 5.3F (�⃗� ∥ 휀𝑇 and �⃗� ⊥ 휀𝑇). For polymer chains in the crystalline region, mode Ⅰ 

corresponds well with an increased population of Type Ⅲ crystallites, while mode Ⅱ is less 

preferred as judged by the (100) lamellar packing direction. On the contrary, mode Ⅱ is more 

dominant than mode Ⅰ for amorphous polymer chains due to the low degree of anisotropy found in 

UV-vis measurement. 

5.3.3.3. Atomic Force Microscopy 

The film surface morphology was investigated through AFM height images. Similar to 

previous publications, fiber-like structures can be observed all over the surface, while small, 

randomly shaped aggregates are also present.74 Upon strain alignment, the fiber orientation is less 

visible due to the high mobility of polymer chains. The local aggregates, on the other hand, showed 

evident deformation with their shapes being elongated along the stretching direction. This 

observation provides direct evidence for thin-film alignment behavior. 

5.3.4. CG-MD Simulation  

By employing the CG-MD modeling, the orientation of the polymer chains is characterized 

by a 3D Herman’s function: 

𝑓 =
3 < cos2𝜃 > −1

2
 (27) 

where 𝜃 is the formed angle between the bond vector in the polymer chain (backbone) and the 

deformation axial (Figure 5.3G). Then, the orientation factor f can be defined as an average of all 

CG backbone “bond” vectors' orientation values in the bulk simulation. Besides the orientation 

parameter, the end-to-end distance of the polymer backbone during deformation is examined, 

which is found correlated to the orientation factor. In this study, the molecular orientation of the 

CG model is presented for the CG bulk polymer model with a side-chain length (M) of 4 at different 



98 

 

strains. Figure 5.3H indicates that, as the tensile strain increases, the backbone chains tend to align 

in the deformation axial and exhibit a higher orientation parameter. Expectedly, the rise in the 

orientation parameter is accompanied by the increase in the end-to-end distance, shown in the right 

axis of Figure 5.3H. The orientation parameter and end-to-end distance are found to have a near-

linear correlation, as shown in Figure 5.3I. The current results are consistent with the previous CG-

MD studies20 on the P3HT polymer and nanocellulose film,75 where the backbone chains were 

found to align in the deformation axis by increasing the tensile strain. 

5.3.5. Side-chain Length Effect 

The side-chain effect is also investigated by performing the same measurements above on 

the other three PDPPT-based polymers with side chains of C2C6C8, C2C10C12, and C2C12C14, 

as well as computational calculations via CG-MD. Previous works have shown that side-chain 

length can significantly affect the thin film microstructure (crystallographic packing, aggregation 

behavior, degree of crystallinity) and the device's performance.3,76–81 From hard X-ray scattering, 

we observe a similar influence on unstrained samples, i.e., longer side-chains led to higher lamellar 

packing distance, less visible (010) peak, distorted π-π stacking distance, and a lower degree of 

crystallinity (supplementary figures in our paper1). However, the side-chain length effect on 

crystalline domain orientation upon strain was not reported for D-A polymers. The f value for 

(100), (010), and amorphous peak at each strain is very close for all three polymers with longer 

side-chain lengths, while the orientation parameter of (010) and amorphous peak for the shortest 

side-chain polymer, PDPPT-C2C6C8 is higher than the others (Figure 5.4A-C). This 

“inconsistency” is attributed to the preferred edge-on morphology for PDPPT-C2C6C8 upon 

casting on the silicon substrate. At the same time, all three other polymers showed a preferred face-

on morphology, as reported by our previous publication.2 Once the thin film was floated from the 
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substrate, the predominant edge-on polymer chains with aromatic planes perpendicular to the 

substrate were susceptible to in-plane strain due to lamellar rotation.  

 

Figure 5.4. Side-chain length effect on Herman’s orientation parameter f detected by different 

experimental techniques for PDPPT-based polymers. (A) (100) peak, (B) (010) peak, and (C) 

amorphous halo from wide-angle hard X-ray scattering. (D) (100) peak from wide-angle tender X-

ray scattering at 2478 eV. (E) UV-vis absorption spectroscopy. (F) NEXAFS. 

 

Similarly, the backbone orientation in polymer crystallites measured by tender X-ray 

scattering shows negligible dependence on the side-chain length (Figure 5.4D). On the other hand, 

the whole chain orientation detected by UV-vis spectroscopy presented slight dependence on side-

chain length, whereas polymers with longer side chains exhibit a slightly higher degree of 

orientation (Figure 5.4E). At first glance, such observation is unexpected since one would imagine 

PDPPT-C2C6C8 polymer with a higher chain rigidity and 𝑇𝑔 to be easier to align than the other 

three polymers. Considering the overall low degree of orientation for all DPPT-based polymer 

chains, we believe this is due to the “lubrication effect” from longer side chains that lowers the 
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energetic penalty barrier required for chain slippage in the amorphous phase. Both NEXAFS and 

AFM show the negligible influence of side-chain length on the backbone rotation behavior and 

fiber-like structure alignment, respectively (Figure 5.4F). 

To further explore the side chain influence on the strain-induced CPs chain alignments at 

the molecular level, CG-MD simulations are employed. The simulated models can easily provide 

physical insight into the orientation mechanism of backbones and side chains separately (see 

Figure 5.5. Similar to experimental measurements, the side chain influence on the chain 

deformation mechanism is not dominant (Figure 5.5A-C). Simulation results indicate slight 

dependence on side-chain length at larger strains where longer side chains exhibit a slightly higher 

degree of orientation. 

 

Figure 5.5. Side-chain length effect on Herman’s orientation parameter f for (A) backbones, (B) 

side chains, and (C) entire chains of conjugated polymers detected by coarse-grained molecular 

dynamics simulations. 

 

Furthermore, as it is indicated in Figure 5.5A and B, a more significant shift in the 

orientation parameter values is observed for the side chain at higher strains, compared to 

backbones orientation. This can occur due to differences in the rigidity of the backbones and side 

chains of CPs. Figure 5.6A and B show almost the same Gaussian-like distribution of the 

orientation parameters for the backbones of CG-MD models with different side-chain lengths, 

where increasing the tensile deformation increases the mean value of the distribution curve. Here, 
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the slight difference in the mean values of the distribution for 𝑀 = 6 model can be occurred due 

to “lubrication effect” which is discussed in the previous discussion.  However, a clear shift in the 

mean value and distribution of orientation parameters is observed for the side chains compared to 

those results for the backbones. As Figure 5.6C and D exhibit, upon deformation, a noticeable 

right-shifted trend in the distribution results is observed, which is rooted in the differences in chain 

rigidity. 

 

Figure 5.6. Normal distribution of Herman’s orientation parameter for (A) backbones of 𝑀 = 3 

model, (B) backbones of 𝑀 = 6 model, (C) side chains of 𝑀 = 3 model, (D) side chains of 𝑀 =
6 model of conjugated polymers calculated by coarse-grained molecular dynamics simulations. 

  



102 

 

5.3.6. Further Discussion on Deformation Mechanism of D-A Polymers 

For the past decades, the chain deformation mechanism of PE had been thoroughly 

investigated due to its simple molecular structure and semicrystalline nature.36–41 Detailed studies 

based on both tensile and compression tests showed that the deformation came from a synergic 

contribution of both rubbery amorphous and hard crystalline domains. The initial deformation 

mostly relied on amorphous components, such as interlamellar shear, interlamellar separation, and 

lamellar stack rotation, which were reversible to a large extent. Followed by the elastic response, 

mechanical yielding and strain softening occurred due to crystallographic deformations.38–40 The 

further alignment would cause cavitation, lamellae fragmentation, and fibrillation coupled with the 

strain hardening behavior.64,67,68 The degree of crystallinity significantly affected the contribution 

from crystalline and amorphous domains to deformation. The molecular picture upon deformation 

was different for P3HT polymer with relatively rigid backbones and a high degree of crystallinity; 

no strain softening, cavitation or fibrillation were observed.57,82 Chen et al. proposed the 

deformation of P3HT associated with crystallographic slip along (010)[001] direction, while side-

chain length could change the slip direction to (100)[001] for poly(3-dodecylthiophene) 

(P3DDT).22 

In this work, PDPPT-based polymers, with a much more rigid backbone, exhibit a limited 

degree of crystallinity and sub-room-temperature 𝑇𝑔. Figure 5.7 shows the proposed chain 

alignment mechanism based on the abovementioned stress-strain behavior and molecular 

orientation. In region I, the initial elastic deformation is much shorter than that of PE; our previous 

publication had shown significant hysteresis behavior for both P3HT and PDPP-based polymers 

before 휀𝑇 = 0.03.57 NEXAFS demonstrates a backbone rotation mechanism, suggesting the 

aromatic plane preferred to lie parallel to the strain direction (Figure 5.3F). Despite the highly 
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oriented crystallites, the whole chain orientation is limited, as shown by UV-vis, which is attributed 

to considerable chain slippage in the amorphous region. Thus, the deformation in region Ⅱ mainly 

involved crystallite rotation with amorphous chain slippage (Figure 5.7B). In region Ⅲ, the extent 

of lamellar rotation tends to reach a plateau with an f = 0.65, while both backbone rotation and 

whole chain orientation did not show obvious saturation. This observation can be explained by the 

relatively low degree of crystallinity in PDPPT-based polymers. The side-chain length effect on 

different crystallographic slip mechanisms observed between P3HT and P3DDT was not presented 

in PDPPTs. The pole figure analysis for (100), (010), and amorphous peak showed a similar 

crystallographic rotation mechanism for polymers with different side-chain lengths, while longer 

side chains provided a stronger lubrication effect and allowed for a higher f for the whole chain. 
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Figure 5.7. Chain alignment mechanism for PDPP-based polymers. (A) Stress-strain response and 

summarized Herman’s orientation parameter for PDPPT-C2C8C10 polymer under strain. I: Initial 

elastic region; Ⅱ: Yielding; Ⅲ: Strain hardening. (B) Schematics of deformation mechanism, 

including crystallite orientation, chain alignment, and chain sliding. (C) Snapshots of polymer 

conformations showing the chain alignment and sliding during deformation in the bulk CG-MD 

simulations. 

 

To further explore our experimental results via MD simulations, a CG model is utilized 

which mimics the essential structural features of the PDPPT-based polymer chain. Figure 5.7C 

shows different snapshots of a group of adjacent chains through the tensile simulation. Snapshots 

are presented for different applied strains of 0, 0.2, and 0.4 that are consistent with the probed three 

regions of stress-strain behavior obtained from the experimental results (Figure 5.7A). Before 
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deformation, the random orientation of the polymer chains is observed at zero strain. As the strain 

increases to 0.2 (region Ⅱ), the applied deformation causes polymer chain-sliding, and chain-

torsional motions ended in a higher alignment of the backbones in the deformation axial. As the 

tensile simulation proceeds and reaches the strain of 0.4, chains are largely extended and oriented 

to the deformation direction (region Ⅲ), where backbone-sliding is found less restricted, and 

sliding motion becomes smoother due to the plastic behavior of the bulk system. This trend was 

presented quantitatively in Figure 5.3H, where extended chains at higher strains are found to have 

larger orientation parameters and end-to-end distances. The simulation result of the backbone 

orientation is in line with our experimental results, where the alignment slowly plateaus with 

increased deformation. 

5.4. Conclusion 

Developed upon experimental techniques and CG-MD simulations, we systematically 

explore the mechanical properties and chain deformation mechanism of PDPPT-based polymers 

and the thermomechanical-structure-property-morphology performance relationships. Both 

experiments and CG-MD simulations confirm the reducing influence of the side-chain length on 

the elastic modulus, in which the reducing trend is linearly correlated to 𝑇𝑔. Next, The macroscopic 

thin-film deformation is closely correlated with their microscopic origin through detailed 

molecular orientation analysis. Two primary strain-induced deformation mechanisms are 

addressed: highly oriented crystalline domains and substantial chain slippage in the amorphous 

domain. Specifically, the lamellar rotation is determined to be the main alignment pathway for 

crystallites, in which the backbone orientation is much lower due to the nonlinearity of PDPPT 

chains. Meanwhile, the backbone rotation is identified to be part of the whole chain deformation, 

with their aromatic planes rotated towards the parallel-to-strain direction. We believe such a 
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fundamental understanding of the chain deformation mechanism for PDPPT-based polymers can 

serve as a platform and provide more insights into the semi-rigid D-A polymer design for the 

application of stretchable electronics. 
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6. FIRST-PRINCIPLES STUDY ON THE ELECTRONIC PROPERTIES OF PDPP-

BASED CONJUGATED POLYMER  

This chapter focus on computational predictions of the bandgap and absorption spectrum 

of a one-dimensional periodic model of the diketopyrrolopyrrole (DPP)-based conjugated polymer 

(CP) (or PDPP3T) as a function of electronic configuration changes due to charge injection. We 

employ density functional theory (DFT) to explore the ground state and excited state electronic 

properties and optical properties influenced by charge injection. We utilize the Heyd-Scuseria-

Ernzerhof (HSE06) and Perdew-Burke-Ernzerhof (PBE) functionals to predict the bandgap and 

compute the absorption spectrum.1 

6.1. Introduction  

Over the last decades, the development of donor-acceptor (D-A) type semiconducting CPs 

2–6 has prompted considerable progress in organic electronic devices such as organic photovoltaics 

(OPVs) and field-effect transistors (OFETs).7–11 It has been shown that CPs exhibit excellent 

solution processability, structural tenability, good optical and electrical properties, and tunable 

mechanical compliance compared to their inorganic counterpart silicon.12–20 Among the CPs, DPP-

based polymer (or PDPP3T) has been increasingly utilized in the semiconductor industry due to 

its high charge mobility,21 which makes it a promising material candidate in a wide range of 

applications such as flexible-wearable and biomedical devices. In particular, PDPP3T shows 

relatively high and balanced charge carrier mobilities for both electrons and holes accompanied 

by an extended optical absorption near the infrared (IR) region.22 Despite considerable 

experimental and computational efforts, the ground state and influence of the injection of charge 

carriers on the electronic structures of this particular semiconducting polymer is less investigated 

at the atomistic level.  
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The charge carrier density and conductivity of semiconducting CPs can be modified via p- 

or n-type doping (charge injection).23 Through the doping process (or injection of charge carriers), 

appropriate impurities with desired electronic properties can be added to donate an electron to the 

lowest unoccupied molecular orbital (LUMO) for n-type doping or to get rid of an electron from 

the highest occupied molecular orbital (HOMO) for p-type doping.24,25 Besides, in the case of 

injection of the charge carriers, the polymer is not doped via chemicals; instead, the polymer is 

oxidized or reduced by adding or withdrawing electrons, respectively.26,27 The applications of 

semiconductors in various devices can be expanded by tuning the energy of the bandgap to achieve 

tailored performance.28 For instance, in photovoltaic cells, a low bandgap increases visible light 

absorption, carrier mobility, and raises the photogenerated electron-hole pair separation.29 

Therefore, it is crucial to understand the effect of charge injection on the electronic performance 

of CPs at a fundamental level.  For this purpose, DFT approach, one of the most popular 

computational methods used in modern quantum-chemical modeling materials, can be used to 

probe their fundamental electronic structures.30,31 Besides the appropriate accuracy, computational 

costs of DFT calculations are relatively low compared to traditional methods, such as the exchange 

only Hartree-Fock (HF) theory. 

The Hohenberg-Kohn theorems32 indicate that the ground state and properties of a many-

electron system could be a unique functional of the electron density. In the standard DFT 

calculations, the nonlocal form of the many-electron Fock exchange energy is computed by 

integrating a local energy density per electron, described by the local electron density and its 

derivatives.33,34 One of the most common usages of these semi-local functionals is the Perdew-

Burke-Ernzerhof (PBE) model,35 which was later improved by incorporating its exchange energy 

with a fraction of the exact nonlocal Fock exchange energy,36 producing hybrid functionals such 
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as PBE037 upon the generalized gradient approximation (GGA).38 Among these hybrid functionals, 

Heyd-Scuseria-Ernzerhof (HSE) screened-Coulomb hybrid density functionals39–43 take advantage 

of the short-range HF exchange and avoid computationally expensive long-range exchange. These 

short-range exchange HSE functionals have shown an appropriate performance to precisely 

capture the bandgap of semiconducting materials.33,44,45 For this reason, in the current study, we 

employed both PBE and HSE hybrid functionals to take advantage of computationally efficient 

and precise DFT techniques to explore the electronic structure of the current CP model. 

Recently, the DFT approaches have been broadly utilized to explore the electronic 

properties of diverse semiconducting polymers.46–56 Yang and coworkers57 showed that the DFT 

approach can properly estimate the bandgap of the CPs having different molecular structures, 

where the hybrid functional indicated higher accuracy to predict the energy gap. Another DFT 

study was done on exploring the bandgap of several CPs,54 where the calculated theoretical 

bandgaps show a good agreement with experimental data. In a time-dependent DFT (TD-DFT) 

study, the simulation successfully predicted the excitation energies and the maximal absorption 

wavelength of fluorene-based CPs,58 which were validated by the experimental measurements. 

DFT and TD-DFT approaches with hybrid functionals were performed to probe the doping process 

of the polypyrrole,59 in which the computational results successfully predicted the experimental 

results on the doping phenomenon. These recent studies have demonstrated that the DFT approach 

can be utilized as a reliable computational assessment of optoelectronic properties of CPs before 

experimentally performing a multistep synthesis of these semiconductors. In addition, in the case 

of polymer materials, the periodicity of the DFT computational model is considerably 

advantageous for the numerical treatment of polymer structures. Although sampling of the 

Brillouin zone via an infinite number of k-points is challenging for these periodic DFT systems, it 
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can provide suitable convergence to experimental data. An explicit account of momentum 

dispersion is a typical technique for 1D periodic models, such as semiconductor nanowires.60–63 

In the present study, we first explore the ground state properties of the PDPP3T CP using 

the DFT approach and a one-dimensional single-chain periodic model. Specifically, the PBE and 

HSE06 hybrid functionals are employed to predict the bandgap and absorption spectrum of the 

system. A basic definition of conductivity and a classification of the materials such as conductors, 

insulators, and semiconductors is based on the value of the bandgap. A small bandgap will allow 

charge carriers to be promoted from occupied to unoccupied orbitals by thermal excitation or 

acceleration gained via external voltage AC or DC.64 We developed our conclusion based on 

bandgap calculations followed by computing absorption spectrum and charge density distribution. 

To improve the reliability of our periodic polymer system, the results of bandgaps and absorption 

spectra are numerically treated via k-point sampling over the wide range points of the Brillouin 

zone. Additionally, the influences of the charge-carrier injection phenomenon, i.e., mimicking n-

type and p-type doping, on the conductivity and absorbance of the polymer model are investigated, 

which shows that doping plays a critical role in the electrical properties of the semiconductors.65 

We further explore the model system's excitation by evaluating the triplet states' electronic 

properties. Then, the influence of nuclear re-organization (i.e., promotion of the electrons from 

HOMO to LUMO) on the energy of the bandgap is studied to understand how the bandgap of the 

new excited state is changed after geometry optimization. The predictive modeling framework 

established through our study lends valuable insights into the optoelectronic properties of the 

PDPP3T CPs at both ground and excited states, providing design guidelines for the synthesis and 

processing of novel organic semiconducting materials to achieve tailored performance. 



120 

 

6.2. Methods 

Theoretical methods are logically organized into three sections: ground state DFT, 

computational details, and ground state observables. Some common statements are included in the 

description for consistency of notations. 

6.2.1. Ground State DFT 

In the current study, the atomic model is defined by the initial positions of each ion, �⃗� 𝐼. 

The electronic structure is calculated through the solution of self-consistent equation of density 

functional theory (DFT)66 via Vienna Ab initio Simulation Package (VASP).67 This approach is 

developed based on a fictitious one-electron Kohn-Sham (KS) equation. The basic details of the 

DFT approach and exchange-correlation functionals used in this section are explained in Chapter 

2. 

6.2.2. Charge Injection 

To study the influence of charge-carrier injection on the optoelectronic properties of the 

current CP model, we consider two additional configurations with different numbers of electrons. 

The solution of the electronic structure and total energy depends on the number of electrons 𝑁 =

∫𝜌(𝑟) 𝑑𝑟. For the negatively charged system, we perform a DFT model with two more electrons 

(𝑁Anion = 𝑁Neutral + 2) by setting the control parameter of “NELECT” to 626 in the VASP 

software to determine the total number of electrons in the system. By default, the total number of 

valence electrons in the neutral system was 𝑁Neutral = 624. In the same manner for the positively 

charged system (𝑁Cation = 𝑁Neutral − 2), “NELECT” is set to 622 having a hole-injected DFT 

model with two fewer electrons. For each model, the geometry of the system is fully optimized 

after the charge injection before any characterization. It should be noted that, In the case of the 
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manually modified value of the “NELECT” parameter of the charge-injected polymer systems, an 

additional neutralizing homogeneous background charge is applied by VASP.68–70 

6.2.3. Triplet State 

In the case triplet state, the total number of electrons can be different for spin 𝛼 and 𝛽, 

where 𝑁𝛼 = ∫𝜌𝛼(𝑟) 𝑑𝑟 and 𝑁𝛽 = ∫𝜌𝛽(𝑟) 𝑑𝑟 are the number of 𝛼-electrons and 𝛽-electrons, 

respectively. The sum of  𝑁𝛼 + 𝑁𝛽 should be equal to the total number of electrons, and the 

difference ∆𝑁 = 𝑁𝛼 − 𝑁𝛽 is often referred as spin polarization parameter in the DFT calculations. 

If we set the ∆𝑁 = 2, the total spin quantum number is 𝑆 = ∆𝑁/2 = 2/2 = 1. Then, the 

multiplicity of the energy level is defined as 𝑚 = 2𝑆 + 1 = 2 × 1 + 1 = 3 which is required for 

a triplet quantum state. In our DFT model, we perform triplet spin state calculations by setting the 

parameters of “ISPIN = 2”, and “𝑁𝑈𝑃𝐷𝑂𝑊𝑁 = ∆𝑁 = 2” in the VASP program, based on the 

spin state of the lowest energy of optimized geometry. 

6.2.4. Manual Occupancy 

Promoting two electrons from HOMO to LUMO, is related to change the population 

pattern for KS orbitals, maintaining close shell and singlet spin configuration. To mimic the 

vertical excitation, two electrons are promoted from HOMO to LUMO, where the contribution of 

each KS orbital to the total density of the system is defined via occupation numbers 𝜌(𝑟 ) =

∑ 𝑓𝑖𝑖 𝜑𝑖
𝐾𝑆∗

(𝑟 )𝜑𝑗
𝐾𝑆(𝑟 ). This initial excitation occurs between orbitals a and b described by the 

density matrix 𝜌𝑖𝑗
(𝑎,𝑏)

= 𝛿𝑖𝑗(𝑓𝑖 − 𝛿𝑖𝑎 − 𝛿𝑖𝑏) where 𝛿 is the Kronecker delta symbol and 𝑓𝑖 =

{
1   𝑖 ≤ 𝐻𝑂𝑀𝑂
0   𝑖 ≥ 𝐿𝑈𝑀𝑂

. To perform this, we define the manual occupancy by setting the “FERWE” 

parameter in the VASP program to artificially set up the non-Aufbau occupancies for examining 
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excited states beyond the lowest-energy state of symmetry occupancy.  After the promotion of the 

electrons, the geometry of the polymer system is optimized before any property calculation. 

6.2.5. Periodic Model 

The atomistic model of the CP is shown in Figure 6.1. The periodic model consists of the 

monomers which are connected upon approximately 180° rotation relative to each other to make 

adjacent thiophene groups more stable and preserve the linear structure of the backbone, while the 

same-oriented successive monomers exhibit curvature of the backbone within the conjugated 

plane.71 The chemical structure is generated by the Materials Studio package pre-optimized via 

force field calculations. The backbone of the periodic model is stretched in the z-direction where 

the cell size in that direction is calculated to keep the system at the minimum total energy state. 

The side groups of C6H13 and C8H17 are grafted to both sides of the monomer. Figure 6.1B shows 

the geometrically optimized structure of the polymer model. 

 

Figure 6.1. (A) Schematic chemical structure of the PDPP conjugated polymer model employed 

in the simulations. (B) Geometry of optimized structure (ground state) of the polymer model 

aligned in the y-z plane. Cyan, blue, gray, yellow, and red spheres represent C, N, H, S, and O 

atoms respectively. 

6.3. Results 

An illustrative schema of the current study is presented in Figure 6.2. First, as it is shown 

in Figure 6.2A, the energy gap of the current semiconducting polymer model is explored, and the 

results are compared to the experimental data. Next, the influence of charge-carrier injection, 
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mimicking the doping phenomenon, on the polymer model's fundamental electronic and optical 

properties is investigated. Doping is the process of adding impurities to the semiconductors to 

modify their electronic structure. The smaller energy gap between the conduction band (CB) and 

valence band (VB) facilitates moving electrons from HOMO to LUMO under excitation, 

increasing the electrical conductivity in semiconductors. Such a phenomenon is directly relevant 

to photovoltaic performance of these semiconducting materials. Through the injection of charge-

carrier, a new energy level appears between VB and CB, which reduces the bandgap and increases 

the conductivity as shown in Figure 6.2B and C. Here, we explore the influence of charge-carrier-

injection on the electronic properties of PDPP3T CP to provide useful insights into the optical 

properties at the excited state, allowing for tunable conductivity of these polymers. Additionally, 

the triplet state of the polymer model is probed to gain insights into the excitation of these 

semiconductors (Figure 6.2D). Next, we explore the response of geometry to electronic excitation, 

i.e., nuclear reorganization, induced by promoting electrons from HOMO to LUMO, and its 

influence on the bandgap of polymer model (Figure 6.2E). Finally, for further investigation of the 

ground state and absorption spectrum bandgap, k-points sampling (Figure 6.2F) is carried out over 

the Brillouin zone to sample the reciprocal space adequately. 
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Figure 6.2. (A) A schematic of the ground state energy band and absorption spectra. (B) The energy 

band and absorption spectra schema due to n-type doping (electron donors). (C) The energy band 

and absorption spectra schema due to p-type doping (electron acceptors). (D) Schema of spin 

polarization process and corresponding absorption spectra. (E) A portrayal of geometry changes 

due to excitation and optimized geometry after the excitation. (F) A schematic representation of 

band structure with k-points sampling and corresponding absorption spectrum. Here, 𝐸𝑔, 𝐸𝐹, 𝐸𝜎, 

and 𝐸∆𝜎 represents bandgap energy, Fermi energy, and band energy gap of the excited state, 

respectively. 

 

The density of states (DOS) and the band structures of the ground and excited states are 

reported in Figure 6.3. First, to study the ground state band structure and predict the bandgap, PBE 

functional is utilized to minimize the system's total energy. The DOS of near-gap orbitals are 

exhibited in Figure 6.3A, where a bandgap of 0.89 eV is predicted, smaller than the observed 

experimental bandgap of 1.3 eV obtained via optical absorption.22 This implies that PBE functional 

underestimates the bandgap of the current polymer model. Next, for a more accurate prediction of 

the bandgap, hybrid HSE06 functional is tested for our calculations, which provides a better 

approximation of the bandgap compared to the experimental value. Using HSE06 functional, the 

calculated bandgap of 1.2 eV is predicted, as shown in Figure 6.3B, which agrees reasonably well 

with the experimental value, highlighting the capabilities of DFT calculations to predict the energy 
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gap of semiconductors. In the case of low-bandgap systems, electrons can be quickly promoted 

from the valence band to the conduction band, and the current can flow. Therefore, the bandgap is 

a major factor in determining semiconductors' electrical conductivity. The results of the injection 

of the negative and positive charge carriers on the energy gap are reported in Figure 6.3C and D. 

The electronic structure of injected polymer model is expected to imitate the behavior of doped 

semiconductors. As Figure 6.3C indicates, after the injection of two electrons into the system, the 

original LUMO orbital is populated via these two injected electrons and ended in a much smaller 

energy gap of 0.34 eV. This decrease of the bandgap indicates that injecting the electrons (n-type 

doping) can considerably improve the conductivity of the current model, which is consistent with 

the recent experimental study of the similar CP system.72 Negative and positive injections here 

could correspond to chemical reduction and chemical oxidation in experiments, respectively. 
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Figure 6.3. (A) DOS of the polymer model calculated by DFT via PBE exchange-correlation 

functional. Red shaded regions represent the occupied orbitals, and unshaded regions indicate 

unoccupied orbitals. Four frontier orbitals near the bandgap are labeled. (B) DOS of polymer 

model calculated by DFT via HSE06 hybrid functional in which bandgap is larger. (C) DOS of 

polymer model calculated by DFT for the injected electron doping of the conjugated polymer 

model (n-doping, negative polaron). Red shaded regions represent the occupied orbitals and 

unshaded regions indicate unoccupied orbitals. Four frontier orbitals near the bandgap are labeled. 

(D) DOS of polymer model calculated by DFT for the injected hole doping (p-doping, positive 

polaron) of the conjugated polymer model. (E) Triplet state DOS of the CP model. The red-shaded 

regions indicate the occupied orbitals with spin +1/2, and blue-shaded regions correspond to spin 

component -1/2. (F) DOS near the band edges of the CP model when an electron was promoted 

from HOMO to LUMO, mimicking the excited state. 

 

Similarly, for the injection of positive charge carriers, mimicking p-type doping, we 

explore the influence of forming p-type regions on the energy gap of the current semiconducting 

CP. Figure 6.3D shows that injecting holes into the system considerably decreases the bandgap to 

0.29 eV. Indeed, withdrawing two electrons from the system forms a p-type region and evacuates 

two electrons of HOMO that converts it into a new LUMO*, which leads to new energy levels and 

a smaller bandgap appearing. In similar experimental studies on PDPP3T polymer, it was found 

that p-type doping can significantly improve the conductivity of the system.73,74 
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Then, the triplet state results are presented in Figure 6.3E, where the effects for both spin 

up and down directions point out the bandgap of 0.35 eV and 0.29 eV, respectively, implying that 

the bandgap is decreased in the triplet state. To further explore the excited state, the influence of 

nuclear reorganization on the electronic properties is investigated as shown in Figure 6.3F, where 

two electrons are promoted from HOMO to LUMO. The optimized geometry under the new 

condition shows smaller bandgaps of 0.49 eV, which represents higher conductivity for this excited 

system.  

The DOS of the positively charged, uncharged, and negatively charged polymer model is 

shown in Figure 6.4, calculated via PBE functional. In this figure, all DOS plots are shown for the 

same energy range to indicate how orbitals are occupied and how the energy level is changed over 

the charge injection. As we go across the progression of the systems with different charges, a larger 

number of orbitals get occupied. For the positively charged system, Figure 6.4A, 2 electrons are 

removed from the system, and HOMO appears on orbital 311. For the uncharged system shown in 

Figure 6.4B, HOMO resides on orbital 312. Eventually, for the negatively charged system, Figure 

6.4C, 2 electrons are injected into the system and occupy the orbital 313 as HOMO. Interestingly, 

the energy of the orbitals changes as the system gets charged, which is attributed to electron-

electron interaction. As more orbitals get occupied, Fermi energy shifts from lower to higher 

values. Since Principles of the Hohenberg-Kohn theorems of the DFT approach signify and prove 

the importance of the total energy of the electrons, it would be beneficial to review the total energy 

of these three systems. For the uncharged system, the total energy of -1519.71 eV is predicted. 

However, the positively charged system exhibit total energy of -1510.99 eV, as the model misses 

electron-electron interactions compared to the uncharged system. The negatively charged system 

reaches the total energy of -1524.054 eV since the model benefits from two more electrons. 
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Figure 6.4. DOS of the (A) positively charged (B) uncharged and (C) negatively charged polymer 

models calculated via PBE functional. All three DOS are plotted for the same energy level to show 

how near-gap orbitals are populated and how the energy level is shifted upon the charge injection. 

Red shaded regions represent the occupied orbitals. The orbital number of four frontier orbitals 

near the bandgap is shown. 

 

Figure 6.5 shows the k-points resolved band structure with 16 k-points for both PBE and 

HSE06 functionals in the DFT calculations. It appears that our PDPP-based CP model is a direct 

bandgap semiconductor. In the case of PBE functionals (Figure 6.5A), a direct bandgap of 0.79 
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eV is predicted, which underestimates the observed experimental values (as mentioned above). 

However, for HSE06 functional (Figure 6.5B), a direct gap of 1.2 eV is found to yield a good 

approximation compared to the experimental values. 

 

Figure 6.5. (A) The band structure of reference CP model calculated using PBE functional. A direct 

bandgap is predicted. (B) The band structure of the same model was calculated through HSE06 

functional. In both cases, the x-axis represents k-point sampling. 

 

The calculated absolute value squared of the four frontier KS orbitals are shown in Figure 

6.6, calculated via HSE06 functional. A qualitative assessment of conductivity of a material is 

affected by two contributions: (I) charge mobility/localization/delocalization and (II) availability 

of charge carriers in a given band, related to the HOMO/LUMO energy gap. In current study, both 

contributions are discussed with more focus on the contribution (B). For the orbital HOMO-1 in 
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Figure 6.6A, maximal absolute value squared/charge density appears on the oxidized pyridine 

group and this localized orbital is not conducive. Figure 6.6B shows calculations for the HOMO, 

where the maximum absolute value squared/charge density resides on the oxidized pyridine group. 

However, there is substantial charge density on each thiophene group, and this delocalized nature 

of that orbital contributes to the polymer's conductive behavior. For the LUMO and LUMO+1 

orbitals in Figure 6.6C and D, the maximal value shows up on the oxygen in the pyridine group, 

accompanied by a substantial absolute value squared/charge density on each thiophene and 

pyridine group. This delocalized nature of these orbitals is expected to contribute to the conductive 

behavior of the polymer. 

 

Figure 6.6. The charge density of the frontier molecular orbitals at the ground state via HSE06 

hybrid functionals: (A) The orbital of 311, HOMO-1, (B) The orbital of 312, HOMO, (C) The 

orbital of 313, LUMO, and (D) The orbital of 314, LUMO+1. Shaded areas indicate the electron 

density. To plot the isosurfaces, an isovalue of 0.002 is used. 

 

The absorption spectra of the current polymer model are reported in Figure 6.7. The 

fundamental absorption presented here shows the transition of an electron from the ground state 

to an excited electronic state. The absorption spectrum describes the probability of excitation at 

certain transition energy, which the re-population of orbitals is used for approximate excited state 

optimization. Here, we calculate the polymer model's oscillator strength and transition energies 
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for both ground and excited states. For PBE functional, as shown in Figure 6.7A, the first peak 

appears on 0.8 eV corresponding to the transition energy from HOMO to LUMO. Other absorption 

spectrum peaks for electron promotions from the other frontier orbitals are also labeled. In the 

same manner for the HSE06 hybrid functional, Figure 6.7B, the first peak equivalent to the smallest 

transition energy shows up on 1.2 eV, which is equal to the calculated bandgap between HOMO 

and LUMO for this functional. As discussed in Figure 6.7, the k-point sampling has been done 

with 16 k-points, and the averaged absorption spectra of both PBE and HSE06 functionals are 

reported in Figure 6.7C and D, respectively. In the case of k-point sampling using PBE functional, 

as shown in Figure 6.7C, the first peak of the absorption spectrum appears on transition energy 

0.82 eV, which is close to the predicted direct bandgap value 0.79 eV (reported in Figure 6.7A). 

On the other hand, for k-point sampling using HSE06 functional, the minimum transition energy 

is around 1.32 eV. The absorption spectra of the excited state show the minimum transition energy 

0.34 eV and 0.29 eV for n-type and p-type doping, respectively, which is found to be very close 

to their predicted bandgaps in Figure 6.3. 
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Figure 6.7. (A) Absorption spectra of CP model using PBE exchange-correlation functional. 

Dashed lines show the transition energy between selected orbitals where the lowest energy is 

predicted for the transition from HOMO to LUMO (B to C). Four frontier orbitals near the bandgap 

are labeled. (B) Absorption spectra vs. transition energy of the CP model calculated using the 

HSE06 functional. (D) Absorption spectra vs. transition energy graph for the reference model 

using PBE functional with k-point sampling of 16 k-points. (D) Absorption spectra vs. transition 

energy graph for the same model using HSE06 functional with k-point sampling of 16 k-points. 

(E) Absorption spectra vs. transition energy graph of the CP model in case of injected electron 

doping (n-type doping, negative polaron). Dashed lines show the transition energy between 

selected orbitals where the lowest energy is predicted for the transition from HOMO to LUMO (B 

to C). (F) Absorption spectra vs. transition energy graph for the CP model in case of injected hole 

doping (p-type doping, positive polaron). 
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The corresponding wavelength of fundamental absorption of semiconductors usually 

occurs in the visible and near IR spectral range. We evaluate the absorption spectra in terms of 

wavelength, Figure 6.8, to explore the ground state and the influence of excitation on its optical 

absorption and to compare our results to the available experimental findings. Figure 6.8A shows 

the absorption spectrum for PBE functional, in which maximum absorbance (𝜆𝑝) appears around 

1400 nm, not surprising, far away from the reported experimental value of 𝜆𝑝 ≈ 800 nm.75 

Furthermore, the absorption spectra using HSE06 functional as shown in Figure 6.8B, provide an 

improved approximation at 𝜆𝑝 = 1036 nm compared to the value from PBE functional; however, 

a considerable divergence to the experimental data is still remained. To improve the results, the 

averaged absorption spectrum over k-point sampling is calculated, resulting in a better 

approximation of 𝜆𝑝, which alleviates the challenge of discrepancy between the computational 

results and experimental data. In the case of PBE functional (Figure 6.8C), we do not observe any 

improvement in the sampling results, comparing to the results at the gamma point. However, the 

sampling of HSE06 functional as shown in Figure 6.8D provides a much better approximation 

of 𝜆𝑝 ≈ 737 nm, which is found to be in good agreement with the experimental data (marked by 

the black dashed line).  

Moreover, Figure 6.8E and F show the wavelength of the absorption spectrum largely red-

shifted for the injected charges, analogous to n-type and p-type doping, of the polymer model. The 

results imply that the wavelengths of doped PDPP3T absorption spectra will no longer remain in 

the visible/near IR spectral range and shift into the IR region. A similar trend for this polymer 

system was observed in experimental studies,73,74 where the doped PDPP3T polymer exhibited a 

strong absorption near the IR area.  
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Figure 6.8. (A) Absorption spectra vs. wavelength graph of the CP model via PBE exchange-

correlation functional.  (B) Absorption spectra vs. wavelength plot for the CP model using HSE06 

functional. (C) Absorption spectra vs. wavelength graph of the reference model using PBE 

functional with 16 k-points. (D) Absorption spectra vs. wavelength graph of the same model using 

the HSE06 functional with 16 k-points. The experimental results of the current polymer are 

indicated in black dashed line.75 (E) Absorption spectra vs. wavelength of the CP model in case of 

injected electron doping (n-type, negative polaron). (F) Absorption spectra vs. wavelength graph 

of the CP model in case of injected hole doping (p-type, positive polaron). 
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6.4. Discussion 

At a certain system size, the bandgap experiences saturation and becomes independent of 

further increase of the size of the model. In the case of the periodic model, the motion of electrons 

is restricted in the direction normal/orthogonal to the growth directions and the carriers (electrons) 

are free to move only in the growth directions (in direction of polymer backbone).  

Trends in bandgap as function of method. Typically, GGA based on PBE exchange-

correlation functional underestimates the bandgap. The underestimated bandgap can be improved 

by calculating electronic structure using a hybrid functional. In our study, band structure 

calculation with PBE functional underestimates the bandgap of PDPP3T polymer by around 0.41 

eV. However, HSE06 functionals provide a precise prediction of 1.2 eV, reasonably close to the 

experimentally measured value of 1.3 eV.  

Trends in bandgap as function of physical conditions.  In the case of bandgap 

calculations, k-points sampling does not improve the results predicted from both functionals, 

where the results of the bandgap values for certain k-points are found slightly smaller than those 

for gamma point only calculations. Injection of additional electrons and holes (mimicking n-type 

and p-type doping) largely reduces the bandgap. This further implies that the increase of the 

concentration of injected charge carriers or dopants improves charge carrier mobility in the 

injected PDPP3T resulting in higher conductivities, which have been experimentally explored 

before. Generally, due to the charge injection, the polymer is considered to be oxidized or reduced, 

which means electrons are added to the 𝜋∗ band or removed from the 𝜋 band, in an analogous way 

as doping phenomenon; nevertheless, the polymer is not directly doped in the sense of chemical 

or electrochemical doping.26,27 Besides, the injected PDPP3T polymer with a lower bandgap 

exhibits a shift of absorption spectrum into the IR area, resulting in a colorless semiconductor after 
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doping. This potentially makes them appropriate material candidates for the development of 

transparent electronic devices. For the absorption spectrum calculated with HSE06 hybrid 

functionals, k-points sampling substantially improve the results, where computed 𝜆𝑝 was found 

close to reported experimental values. Additionally, nuclear reorganization by promoting the 

electrons from HOMO to LUMO and also triplet state considerably reduces the bandgap of the 

polymer model.  

Our results provide computational design guidance for the development of high-

performance D-A semiconducting polymers. The bandgap results for HSE06 functional and k-

point sampling of the Brillouin zone demonstrate that the current DFT approach can predict the 

bandgap of CPs and compute the absorption spectrum to a good approximation. Furthermore, the 

charge injection modeling mimicking the doping process is a crucial driving factor for obtaining 

low bandgap and high-mobility PDPP3T polymers. 

6.5. Conclusions 

In the present study, the fundamental electronic and optical properties of the PDPP3T CP 

are studied via the DFT-based computational approach. The energy gap and absorption spectrum 

of the ground and excited states are carried out by PBE and HSE06 hybrid functionals. HSE06 

functional yields a greatly improved prediction of a bandgap of 1.2 eV, which is largely consistent 

with the experimentally reported value of 1.3 eV for the PDPP3T polymer model. For HSE06 DFT 

results, an explicit treatment of momentum dispersion provides appropriate agreement of the 

computed absorption spectrum with the experimental data.  Additionally, we study the analogy 

between charge injection and n-type and p-type doping on the optoelectronic properties of the 

semiconducting polymer model. We observe that the injection of holes and electrons into the 

polymer can both effectively reduce the bandgap and shift the absorption spectrum into the IR 
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region, leading to a more conductive behavior, in good agreement with experimental observations. 

This observation is further confirmed by evaluations of nuclear reorganization and triplet state. 

Our results demonstrate the efficacy of introducing charge carriers into the PDPP3T as a 

computational design strategy to tune the optical and electronic properties and achieve a lower 

bandgap, which are useful in developing high-performance organic photovoltaic and 

optoelectronic devices.   
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7. PHOTO-INDUCED CHARGE TRANSFER OF ORGANIC BULK 

HETEROJUNCTIONS VIA AB INITIO DYNAMICS 

Organic conjugated polymers (CPs) are promising candidates for organic photovoltaic 

(OPV) devices due to their unique tunable mechanical and optoelectronic performance. Over the 

last decade, optoelectronic properties of narrow bandgap CPs as a blend with acceptor units are 

optimized mainly, leading to noticeable progress in OPV technology. However, their power 

conversion efficiency is still lower than their organic counterparts (i.e., silicon), limiting their 

practical usage. This chapter aims to employ ab initio molecular dynamics to explore photo-

induced charge transfer (CT) of diketopyrrolopyrrole (DPP) based polymer as a blend with non-

fullerene (i.e., ITIC) and fullerene (i.e., PCBM) acceptor units. Furthermore, we want to 

investigate whether or not the current computational approach can explore bulk heterojunctions 

(BHJ) electronic performance for OPV devices and narrow down the list of potential donor-

acceptor candidates.1 

7.1. Introduction  

Over the past decades, the developing semiconducting CPs2–7 has provoked noticeable 

progress in OPVs.8–11 Generally, CPs are utilized as a blend with acceptor units to form the active 

layer's BHJ.12 Currently, molecular engineering of CPs (i.e., donor) and acceptor units is one of 

the most important research directions to tune optoelectronic properties of OPVs, such as energy 

levels, absorption, and charge transfer (CT).13–16 The rate of photo-induced CT at the interface of 

CPs and acceptors is a critical parameter that characterizes the generation/recombination of charge 

carriers through a non-radiative process, determining the open-circuit voltage and attained power 

conversion efficiency (PCE). Despite tremendous efforts, organic OPVs are still under 

development since they are limited to lower PCE than their inorganic counterparts. Furthermore, 
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due to the endless possibilities of molecular modifications and complexities of the CT mechanism, 

it is challenging to experimentally explore a library of donor-acceptor (D-A) blends, to reach the 

optimum interface.  

To date, fullerene derivatives (i.e., [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)) as 

electron acceptors are frequently implemented in high-performing OPVs devices.17 However, the 

intrinsic deficiencies of fullerene-based acceptors, such as difficulty to tune energy levels, weak 

visible light absorption, and inherent tendency of easy aggregation, humper their improvement for  

OPVs devices.18–20 Thus, non-fullerene acceptors, with synthetic flexibility and great potential to 

mitigate the aforementioned drawbacks of the fullerene acceptors are proposed as an alternative 

used in BHJ.14 Non-fullerene acceptors have attracted a lot of attention from researchers in 

developing BHJ organic solar cells. It has been hypothesized that a BHJ involving non-fullerene 

acceptor under identical conditions will provide higher CT efficiency. Therefore, a critical 

prerequisite and comparative exploration must be implemented at the fundamental electronic level 

for both fullerene and non-fullerene CP blends to unravel the reason behind differences in the 

relaxation pathways CT rate at the interface. Hence, developing a computational framework to 

characterize/rank CT rate at the interface of different D-A blends would be noticeably 

advantageous for the community. 

To address this, the underlying electronic ground state and formation of photo-induced CT 

at the interface need to be formulated.21 Computationally efficient and precise density functional 

theory (DFT) techniques can be implemented to first explore the electronic structure of D-A 

blends.22–24 Having DFT to provide optimized electronic states at the interface,25 ab initio excited-

state dynamics simulations can be implemented next to probe the mechanisms behind 

experimentally measured CT rates.26 The dynamics of charge carriers are often taken into account 
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based on the reduced density matrix presented by the Redfield theory.27 Then, the nonadiabatic 

couplings are performed to parametrize Redfield equations, from an on-the-fly coupling of the 

electron to lattice by the molecular dynamics trajectory developed upon DFT.28 Recently, this 

methodology is successfully applied to investigate non-radiative relaxation dynamics of perovskite 

PVs29–31 and silicon surfaces.32 Hence, in this work, we employ this paradigm to investigate the 

CT at the interface of CPs with fullerene and non-fullerene acceptor units, seeking a materials-by-

design framework to computationally narrow down the list of candidate interfaces for BHJ of 

OPVs.  

In this work, we employ nonadiabatic molecular dynamics to investigate photo-induced 

CT of diketopyrrolopyrrole (DPP) based polymer33 as a blend with non-fullerene (ITIC) and 

fullerene (PCBM) acceptor units. We study the non-radiative relaxation of photoexcited electrons 

and holes. Nonadiabatic couplings between electronic orbitals are computed based on nuclear 

trajectories obtained from ab initio calculations. We calculate the CT rates of charge carriers over 

time, where the difference between the CT of electron and hole can qualitatively represent the 

current density at zero voltage. The current density measurement at the interface of different blends 

is utilized to characterize the PCE qualitatively. Our study illustrates the potential of the present 

computational methodology to explore the performance of D-A candidates for the next generation 

of OPV devices. 

7.2. Methods 

This chapter's theoretical methods are logically organized into three sections: ground state 

DFT, nonadiabatic calculations, and computational details.  
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7.2.1. Ground State DFT 

In this study, the atomic model is represented by the initial position of each ion, �⃗� 𝐼. The 

electronic structure is then determined through the solution of the self-consistent equation of 

density functional theory (DFT)34 via Vienna Ab initio Simulation Package (VASP).35 This 

approach is established based on a fictitious one-electron Kohn-Sham (KS) equation. The 

fundamental details of the DFT approach and exchange-correlation functionals used in this section 

are explained in Chapter 2. 

7.2.2. Nonadiabatic Calculations 

To explore CT dynamics at the interface of the conjugated polymer and acceptor unit, we 

utilize ab initio molecular dynamics (MD) with nonadiabatic couplings between nuclear and 

electronic degrees of freedom where the couplings provide dissipative transitions.26,36–38 The 

nonadiabatic couplings are used to parameterize the Redfield theory27 for the dynamics of the 

excited state. Then, dissipative electronic transitions are implemented to propagate the time 

evolution of the density matrix 
𝑑𝜌𝑖𝑗

𝑑𝑡
: 

𝑑𝜌𝑖𝑗

𝑑𝑡
=  

−𝑖

ℏ
 ∑(𝐹𝑖𝑘𝜌𝑘𝑗 − 𝜌𝑖𝑘𝐹𝑘𝑗)

𝑘

+ (
𝑑𝜌𝑖𝑗

𝑑𝑡
) 𝑑𝑖𝑠𝑠 (28) 

where 𝐹𝑖𝑘 stands for matrix element of the KS Hamiltonian and term (
𝑑𝜌𝑖𝑗

𝑑𝑡
) diss provides electronic 

energy dissipation due to a heat bath generated by electron-phonon interactions. The iterative 

solution of equation (28) along the MD trajectory calculates dynamic charge density distribution, 

rate of transitions between electronic states with corresponding orbital energy 휀𝑖, and rate of CT 

at the interface. The non-equilibrium charge distribution as a function of time and energy is 

calculated as follows: 
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𝑛(𝑎,𝑏)(휀, 𝑡) =  ∑𝜌𝑖𝑖
(𝑎,𝑏)(𝑡)𝛿(휀 − 휀𝑖)

𝑖

 (29) 

where 𝑛(a,b)(휀, 𝑡) stands for the non-equilibrium charge distribution and (𝑎, 𝑏) corresponds to the 

initial photoexcitation from state 𝑎 to 𝑏, chosen based on the value of oscillator strength. The 

change in occupancy of electronic state populations from the equilibrium distribution is 

characterized by: 

∆𝑛(𝑎,𝑏)(휀, 𝑡) = 𝑛(𝑎,𝑏)(휀, 𝑡) − 𝑛𝑒𝑞𝑢𝑖𝑙(휀) (30) 

where 𝑛𝑒𝑞𝑢𝑖𝑙(휀) stands for the equilibrium charge distribution. The ∆𝑛 > 0 describes the 

population gain, and ∆𝑛 < 0 indicates the population loss. Employing equation (30) to track the 

occupation of KS orbitals over time, the changes in charge distribution, as a function of z-

coordinates, can be tracked as: 

∆𝑛𝐶𝐵
(𝑎,𝑏)(𝑧, 𝑡) = ∑ 𝜌𝑖𝑗(𝑡)∫𝑑𝑥 ∫𝑑𝑦(𝜑𝑖

∗(𝑟 )𝜑𝑗(𝑟 ))

𝑖,𝑗∈𝐶𝐵

 (31) 

∆𝑛𝑉𝐵
(𝑎,𝑏)(𝑧, 𝑡) = ∑ 𝜌𝑖𝑗(𝑡)∫𝑑𝑥 ∫𝑑𝑦(𝜑𝑖

∗(𝑟 )𝜑𝑗(𝑟 ))

𝑖,𝑗∈𝑉𝐵

 (32) 

where the KS orbitals are projected onto the z-axis by integrating over x- and y-components. The 

energy expectation values of hot electrons (the same way for the holes) are given by: 

〈∆휀𝑒〉(𝑡) = ∑ 𝜌𝑖𝑖(𝑡)휀𝑖(𝑡)

𝑖≥𝐿𝑈

 (33) 

The equation (33) equation can be rewritten in the dimensionless form of energy: 

〈𝐸𝑒〉(𝑡) =
〈∆휀𝑒〉(𝑡) − 〈∆휀𝑒〉(∞)

〈∆휀𝑒〉(0) − 〈∆휀𝑒〉(∞)
 (34) 

To calculate the rates of charge carrier relaxation to band edges, the energy expectation value is 

converted into dimensionless energy, and energy relaxation is fitted to a single-exponential decay 

to solve for the rate constant:31 
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𝑘𝑒 = {∫ 〈𝐸𝑒〉(𝑡)
∞

0

𝑑𝑡}

−1

 (35) 

Next, the expectation value of hot electron and hole position in the space can be calculated 

as follows: 

〈𝑧𝑒〉(𝑡) = ∫𝑑𝑧∆𝑛𝐶𝐵
(𝑎,𝑏)(𝑧, 𝑡)𝑧 (36) 

〈𝑧ℎ〉(𝑡) = ∫𝑑𝑧∆𝑛𝑉𝐵
(𝑎,𝑏)(𝑧, 𝑡)𝑧 

(37) 

where in the dimensionless form we have: 

〈𝑍𝑒〉(𝑡) =
〈𝑧𝑒〉(𝑡) − 〈𝑧𝑒〉(∞)

〈𝑧𝑒〉(0) − 〈𝑧𝑒〉(∞)
 (38) 

〈𝑍ℎ〉(𝑡) =
〈𝑧ℎ〉(𝑡) − 〈𝑧ℎ〉(∞)

〈𝑧ℎ〉(0) − 〈𝑧ℎ〉(∞)
 

(39) 

Finally, the total charge of the dipole over time is: 

〈∆𝑍〉(𝑡) = 〈𝑍𝑒〉(𝑡) − 〈𝑍ℎ〉(𝑡) (40) 

The derivative of the total charge of the dipole over time indicates the current density that flows 

through the interface: 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦(𝑡) = 𝑗(𝑡) =
𝑑

𝑑𝑡
 〈∆𝑍〉(𝑡) (41) 

where the maximum results of the current density j(t) over time are considered here to characterize 

the CT at the interface.  

7.2.3. Computational Details 

The periodic model of CP consists of two monomers, which are connected upon 

approximately 180° rotation relative to each other. This orientation is chosen to make adjacent 

thiophene groups more stable and preserve the linear structure of the backbone, while the same-

oriented successive monomers indicated curvature of the backbone within the conjugated plane.39 

The chemical structures of CP and acceptors are generated by the Materials Studio package and 
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pre-optimized via force field calculations. The backbone of the CP is stretched in the y-direction. 

The side groups of C6H13 and C8H17 are grafted to both sides of the monomer. The pre-optimized 

structures of the acceptor units are located next to the CP in the z-direction. Before running 

dynamic calculations, all models are optimized by VASP to reach the ground state. For dynamics, 

all models are heated to a thermostat followed by MD simulations at 300K. All simulations are 

performed via gamma point calculations. It should be noted that our nonadiabatic calculations are 

computed as an average over micro canonical ensemble where MD trajectories are sampled at 

several hundreds of time steps to ensure representation of as many possible states that the real 

system might experience. Indeed, we couple electronic and nuclear degrees of freedom with 

adiabatic MD simulations and calculate nonadiabatic couplings between adiabatic states using an 

"on-the-fly" procedure. All ab initio MD simulations of our atomic models are performed based 

on PBE functionals using plane-wave basis sets. 

7.3. Results 

The DOS and the band structures of the ground states of the acceptor units and the CP 

blends are reported in Figure 7.1. To predict the bandgap which has significant importance in PV-

related applications, HSE06 functional is utilized to evaluate the electronic configuration of the 

system. The DOS in the vicinity of the gap of DPP is exhibited in Figure 7.1A, where a bandgap 

of 1.29 eV is predicted, in good agreement with the reported experimental bandgap of 1.3 eV,40, 

implying that HSE06 functional appropriately predicts the ground state electronic structure of the 

DPP. For the PCBM and ITIC acceptor units, a bandgap of 2.03 eV and 1.13 eV is predicted, 

respectively, see Figure 7.1B and C. Furthermore, as shown in Figure 7.1D, DPP:PCBM blend 

shows a bandgap of 1.08 eV, indicating that adding PCBM acceptor units to the DPP polymer 

improves charge mobility, ending in a lower bandgap compared to the pure DPP system. In the 



153 

 

same manner for DPP:ITIC blend, Figure 7.1E, a bandgap of 0.45 eV is predicted, much smaller 

than the calculated value for DPP:PCBM blend. This implies that ITIC has better potential to 

tune/lower the bandgap of the DPP polymer.  

 

Figure 7.1. (A) Density of states (DOS) of DPP polymer model. Red shaded regions indicate the 

occupied orbitals and unshaded regions represent unoccupied orbitals. (B) DOS's of the PCBM 

standalone unit, (C) ITIC standalone unit (D) DPP:PCBM blend, and (E) DPP:ITIC blend. (F) 

Absorption spectrum of DPP polymer, acceptor units, and blends. Ground state calculations are 

performed via HSE06 functionals. Green arrows indicate bandgap. 

 

The corresponding wavelength of fundamental absorption of semiconductors usually 

occurs in the visible and near IR spectral range. We evaluate the absorption spectra, Figure 7.1F, 

to explore the acceptor unit's influence on the DPP polymer's absorbance. For the pure DPP, the 

maximum absorbance (𝜆𝑝) appears around 979 nm, larger than the observed experimental value 

of 𝜆𝑝 ≈ 800 nm.41 Despite utilizing HSE06 functional, a considerable divergence in the 

experimental data is still observed. In our previous paper,25 we showed that for such a 1D model, 

one needs to employ some numerical treatments such as k-point sampling to mitigate the 

discrepancy between the computational results and experimental data. As shown in Figure 7.1F, 
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ITIC shows more substantial absorbance than the PCBM unit, in agreement with experimental 

observations.14 Accordingly, for both DPP:PCBM and DPP:ITIC, a red-shifted trend in absorption 

spectrum is observed, where DPP:ITIC blend exhibits much larger absorption, which no longer 

remains in the visible/near IR spectral range and shifts into the IR region. Jiang and coworkers42 

experimentally measured a broad photo-response from 300 nm to 900 nm for a DPP:ITIC solar 

cell. Our DFT calculations highlight the higher potential of the ITIC to extend the absorption 

spectrum of the DPP polymer into the red and near-IR range, close to solar radiation emitted by 

the sun at sea level. 

The calculated ground state partial charge densities of the HOMO and LUMO Kohn-Sham 

(KS) orbitals are shown in Figure 7.2, where the HSE06 functional is employed for the DFT 

calculations. For the DPP:ITIC blend, Figure 7.2A, the partial charge density of the HOMO orbital 

resides in the DPP backbone, and this delocalized conjugated state is found to be conductive. 

Interestingly, the LUMO orbital of DPP:ITIC, Figure 7.2B, shows up on the ITIC acceptor unit, 

again delocalized through the backbone. The appearance of the HOMO on the donor and LUMO 

on the acceptor unit unravels the CT potential in the blend at the lower excitations. Indeed, HOMO 

and LUMO are considered to characterize interface energetics since these levels essentially govern 

charge transport and optical excitations. In the same manner for DPP:PCBM, HOMO orbital 

appears on the DPP backbone with a delocalized-conductive behavior, see Figure 7.2C. 

Accordingly, as it is exhibited in Figure 7.2D, LUMO orbital resides on the PCBM acceptor unit, 

which depicts the CT potential of the DPP:PCBM blend.  
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Figure 7.2. The partial charge density distribution of the HOMO and LUMO orbitals at the ground 

state: (A) The orbital of HOMO, for DPP:ITIC. (B) The orbital of LUMO, for DPP:ITIC. (C) The 

orbital of HOMO, for DPP:PCBM. (D) The orbital of LUMO, for DPP:PCBM. Shaded areas 

indicate the electron density. Calculations are performed via HSE06 functionals. 

 

Figure 7.3 indicates three representative charge carrier dynamics upon photoexcitation for 

specific initial electronic transition for the DPP:PCBM interface with zero external electric fields. 

The initial transition is an instantaneous photoexcitation, which promotes a system to a non-

equilibrium state by creating a hole in an initially occupied orbital and promoting an electron to 

an unoccupied orbital of the model. In the present study, selected transitions are characterized by 

high values of oscillator strengths, which are more probable to occur. All three considered 

transitions, Figure 7.3A-C, indicate that hole relaxation is faster than electron relaxation, and at 

the end of relaxation, hot electron relaxes on the PCBM acceptor unit and hot hole resides on the 

backbone of the DPP model. For this blend, all initial excitations start literally at PCBM, for both 
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electron and hole. Furthermore, for the initial excitation of 𝐻𝑂 − 8 → 𝐿𝑈 + 7, Figure 7.3B, during 

the initial stage of dynamics, the electron temporarily transfers to the DPP. At the later time of 

relaxation, the electron returns back to the PCBM; however, such "swinging" of electrons back 

and forth could be potentially undesirable for practical PV applications.  

 

Figure 7.3. The charge carrier dynamics of DPP:PCBM blend upon photoexcitation for three 

representative initial transitions which possess higher oscillator strength; (A) 𝐻𝑂 − 3 → 𝐿𝑈 + 2, 

(B) 𝐻𝑂 − 8 → 𝐿𝑈 + 7, (C) 𝐻𝑂 − 5 → 𝐿𝑈 + 5. For all initial transitions, both excited electron and 

hole are located on PCBM. The left panels indicate the distribution of charge as a function of 

energy and time. Dashed and solid lines indicate expectation values for energy, calculated in an 

energy space distribution for conduction and valence bands, respectively. Middle panels represent 

charge density distribution as a function of time and position in the space. Electrons, equilibrium 

distribution, and holes are represented in yellow, green, and blue, respectively. The offset between 

solid and dashed lines corresponds to the electric dipole. The periodic cell is shown in the right 

panels where the PCBM acceptor is located at the top and the DPP polymer at the bottom. 
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Figure 7.4 shows three representative charge carrier dynamics upon photoexcitation for 

DPP:ITIC blend. The distribution of charge as a function of time and energy following the initial 

photoexcitation from 𝐻𝑂 − 4 → 𝐿𝑈 + 2, Figure 7.4A, shows the hole relaxation is much faster 

than electron relaxation. As it is demonstrated, the hole relaxes after around 0.7 ps, while the 

electron relaxation process starts after around 1.35 ps. The described charge carrier dynamics in 

space and time for the blend show that the electron relaxes on the ITIC, and holes are concentrated 

on the DPP backbone. The hot charge carrier dynamics for the 𝐻𝑂 − 14 → 𝐿𝑈 + 19, Figure 7.4B, 

transition is plotted where charge distribution declares the electron relaxation takes place between 

31 ps to 63 ps, while the corresponding value for hole relaxation lies around 1 ps. After complete 

relaxation, the charge carrier dynamics description plot in the space shows the electrons 

concentration on ITIC and holes concentration on DPP. For the 𝐻𝑂 − 2 → 𝐿𝑈 + 1 transition, 

Figure 7.4C, the similar behavior is observed where the hole relaxes after 2 ps faster than electron 

relaxation. At this transition state, electrons reside on the ITIC while holes are concentrated on the 

DPP backbone. For all transitions of DPP:ITIC, initial excitations appear on both DPP and ITIC 

unit, implying the potential of both of them to serve as a light absorber. All excitations show the 

initial electron-hole pair at ITIC, where the electron stays while holes transfer to DPP. In this case, 

the swinging of electrons (back and forth) is less pronounced at the interface than DPP:PCBM.  
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Figure 7.4. The charge carrier dynamics of DPP:ITIC blend upon photoexcitation for three 

representative initial transitions which possess higher oscillator strength; (A) 𝐻𝑂 − 4 → 𝐿𝑈 + 2, 

(B) 𝐻𝑂 − 14 → 𝐿𝑈 + 19, (C) 𝐻𝑂 − 2 → 𝐿𝑈 + 1. For panel A, initial excitation appears on DPP 

and for panels B and C initial excitation is observed on ITIC unit. The left panels indicate the 

distribution of charge as a function of energy and time. Dashed and solid lines indicate expectation 

values for energy, calculated in an energy space distribution for conduction and valence bands, 

respectively. Middle panels represent charge density distribution as a function of time and position 

in the space. Electrons, equilibrium distribution, and holes are represented in yellow, green, and 

blue, respectively. The offset between solid and dashed lines corresponds to the electric dipole. 

The periodic cell is shown in the right panels where the ITIC acceptor is located at the top and 

DPP polymer at the bottom. 

 

Furthermore, to facilitate a better understanding of the CT between donor-acceptor units, 

we monitor the difference between expectation values of the spatial position of the charge carriers 

over time (i.e., electric dipole). These calculations unravel how quickly charge carriers are being 



159 

 

separated. Generally, if the dipole values do not vary over time, no CT will happen at the interface 

and the blend would not be appropriate to be utilized in a PV device. In addition, by definition, the 

derivative of the dipole over time represents the current density. For DPP:PCBM system, for the 

transition 𝐻𝑂 − 3 → 𝐿𝑈 + 2, Figure 7.5A, the inversed rate of the CT is observed at around 0.12 

ps, which is an average time of transfer. It can be approximately assessed as the red line in Figure 

7.5, the point where the dipole is making a halfway from the initial to the final value. For all 

transitions, the instant of time where half of the charge has been transferred through its way often 

coincides with the maximal derivative of the dipole (reported as current density). For this 

transition, a maximum current density of 8.47 is computed. For the transition, 𝐻𝑂 − 8 → 𝐿𝑈 + 7, 

Figure7.5B, the inversed rate of the CT is calculated around 0.57 ps where the maximum current 

density of 19.08 is calculated. Eventually, 𝐻𝑂 − 5 → 𝐿𝑈 + 5, Figure7.5C, transition indicate the 

maximum current density of 9.56. A summary of dipole and maximum current density values is 

reported in Table 7.1. For the DPP:PCBM interface, those three selected initial transitions exhibit 

an average current density of 12.37. 
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Figure 7.5. The dipole electric and current density of DPP:PCBM for three representative initial 

transitions; (A) 𝐻𝑂 − 3 → 𝐿𝑈 + 2, (B) 𝐻𝑂 − 8 → 𝐿𝑈 + 7, (C) 𝐻𝑂 − 5 → 𝐿𝑈 + 5. The offset 

between the hot electron and hole expected position in the space corresponds to the electric dipole. 

Derivative of the total charge of the dipole over time indicates the current density. 

 

Table 7.1. The values of transition energy, wavelength, electron and hole cooling rate (𝑘𝑒 and 𝑘ℎ), 

maximum current density, and averaged values of current density at different initial transitions of 

DPP:PCBM and DPP:ITIC interfaces. The maximum instantaneous value of the current density is 

achieved for DPP:ITIC interface, ~1.4 times larger than the one for DPP:PCBM. 

Interface Initial transition 

Transition 

energy 

(eV) 

Wavelength 

𝝀 (nm) 

𝒌𝒆 

(1/ps) 

𝒌𝒉 

(1/ps) 

Maximum 

current 

density j(t) 

DPP:PCBM 

𝐻𝑂 − 3 → 𝐿𝑈 + 2 1.720 720.9 2.98 2.88 8.47 

𝐻𝑂 − 8 → 𝐿𝑈 + 7 2.937 422.2 0.12 1.89 19.08 

𝐻𝑂 − 5 → 𝐿𝑈 + 5 2.686 461.5 0.09 2.41 9.56 

Average values (std) --- --- 1.06 (1.66) 2.39 (0.49) 12.37 (5.83) 

DPP:ITIC 

𝐻𝑂 − 4 → 𝐿𝑈 + 2 1.831 677.2 0.17 3.31 12.93 

𝐻𝑂 − 14 → 𝐿𝑈 + 19 4.655 266.35 0.09 1.77 26.75 

𝐻𝑂 − 2 → 𝐿𝑈 + 1 1.410 879.2 0.14 1.49 5.96 

Average values (std) --- --- 0.13 (0.04) 2.19 (0.98) 15.21 (10.58) 
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The dipole and current density of DPP:ITIC blend over time are reported in Figure 7.6. As 

it is shown in Figure 7.6A, the transition 𝐻𝑂 − 4 → 𝐿𝑈 + 2 exhibits an inversed rate of the CT 

around 0.2 ps and a maximum current density of 12.93. For this transition, both DPP and ITIC can 

serve as efficient light absorbers. The transition 𝐻𝑂 − 14 → 𝐿𝑈 + 19, Figure 7.6B, implies an 

inversed rate of the CT around 0.87 ps and maximum current density of 26.75. Finally, for the 

transition 𝐻𝑂 − 2 → 𝐿𝑈 + 1, Figure 7.6C, inversed rate of the CT is calculated around 0.29 ps 

where maximum current density exhibits a value of 5.65. As it is summarized in Table 7.1, an 

average value of 15.21 is calculated for the three aforementioned transitions of DPP:ITIC blend. 

This averaged current density value of DPP:ITIC interface is higher than the 12.37 value of 

DPP:PCBM, implying the potential of the ITIC acceptor unit to provide more efficient CT than 

the PCBM unit.  

 

Figure 7.6. The dipole electric and current density of DPP:ITIC for three representative initial 

transitions; (A) 𝐻𝑂 − 4 → 𝐿𝑈 + 2, (B) 𝐻𝑂 − 14 → 𝐿𝑈 + 19, (C) 𝐻𝑂 − 2 → 𝐿𝑈 + 1. The offset 

between the hot electron and hole expected position in the space corresponds to the electric dipole. 

Derivative of the total charge of the dipole over time indicates the current density. 
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7.4. Discussion 

Engineered interfaces between organic conjugated materials are of great importance for 

PV devices' function and efficiency, where understanding the interface properties will facilitate 

the development of the next generation of OPVs. According to previous studies, CPs as a blend 

with non-fullerene acceptor units indicate an improved power conversion efficiency in BHJ solar 

cells compared to fullerene-based interfaces. Here, our first principle calculations allow 

interpreting both ground state static observables and dynamics CT at the interface of both non-

fullerene and fullerene blends at a fundamental electronic level. Under the same condition, the 

ITIC acceptor indicates stronger absorbance than PCBM; consequently, the combined absorbance 

of the DPP:ITIC captures preferable regions of the solar spectrum to achieve enhanced light-

harvesting ability. The bandgap of DPP:ITIC is found to be noticeably smaller than DPP:PCBM, 

which is more favorable for OPVs since a smaller bandgap maximizes PCE. 

For the CPs as long-chain molecules, our results indicate the formation of delocalization 

HOMO orbital along with the conjugated backbone, which can form one-dimensional bands and 

facilitate the mobility of charge carriers. On the other hand, for the electron acceptors, a delocalized 

LUMO orbital on the ITIC unit similarly offers a preferable circumstance for the proper charge 

carriers' mobility. Interestingly, mobility is expected to contribute to mobility. This delocalized 

state on the ITIC fused-ring structure can easily form π-π stacking with aromatic rings of the DPP's 

backbone (i.e. where the delocalized HOMO resides) which advantageously facilitates CT.14 On 

the contrary, for DPP:PCBM interface, despite the localization of the LUMO orbital on the 

buckyball of the PCBM unit, the cage-like fused-ring structure of the acceptor unit cannot provide 

an optimized interface (i.e., to facilitate CT) with DPP for the CT compared to ITIC. The organic 

BHJ devices need to possess an increased interface between donor and acceptor for charge 
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separation to address the limitations due to low exciton diffusion lengths in organic materials.12,43–

46 This increased area of interface between the donor and acceptor directly improves solar cell 

efficiencies suggesting a preferable charge separation throughout the BHJ. 

For both DPP:PCBM and DPP:ITIC interfaces, nonadiabatic couplings indicate that 

electrons and holes have fast sub-picosecond carrier cooling. For all initial transitions, expectedly, 

the photoexcited electrons exhibit a long decay of hot carriers near the LUMO state. This is due to 

a large nonresonant sub gap above the conduction band edge and the transitions between electronic 

levels, experiencing a phonon bottleneck mechanism.47,48 On the contrary, hole levels in the 

valence band, are often spaced more densely, and the transition between electronic levels is quicker 

since there are a lot of nuclear phonon modes in resonance with them. A similar trend is observed 

by Hamada and coworkers,49 in which time-resolved microwave conductivity (TRMC) 

measurements show a slower relaxation for the electrons compared to the holes in non-Fullerene 

acceptor solar cells. 

In addition, our calculations on the dynamics of charge carriers indicate that, under the 

same condition, changing the acceptor unit from PCBM to ITIC induces drastic qualitative changes 

in the pattern of CT at the interface of studied organic blends. There are three critical observations 

from these dynamics calculations: (I) The amount of the charge transferred at the DPP:ITIC 

interface is higher than DPP:PCBM at several probable excitations scenarios due to a more 

optimized interface to form π-π stacking. (II) CT at the DPP:ITIC interface is more stable and the 

swinging of the charge carriers is less pronounced. (III) For DPP:ITIC blend the initial excitation 

observed on both donor and acceptor units; alternatively, both DPP and ITIC can serve as light 

absorbers. For this blend, multiple channels of CT lead to a generation of charge separation as a 

prerequisite for efficient PV cells.  
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7.5. Conclusion 

In this study, we utilize density functional theory (DFT) and density matrix theory to 

provide an insightful understanding of the optoelectronic properties of fullerene vs non-fullerene 

acceptors which are currently a major focus of the semiconductor's community. The key structure-

property relationships and donor-acceptor matching properties are investigated. We explore the 

patterns of photo-induced charge transfer (CT) of diketopyrrolopyrrole (DPP) based polymer as a 

blend with non-fullerene (ITIC) and fullerene (PCBM) acceptor units. DPP:ITIC blend exhibits 

stronger near-IR absorption compared to DPP:PCBM system. For both models, the partial charge 

density of the HOMO orbitals appears on the CP backbone, while for LUMO it resides on the 

acceptor units, implying the potential for the donor-acceptor CT. The delocalized partial charges 

on both DPP (i.e., donor) and ITIC (i.e., acceptor unit) is preferable to form π-π stacking and 

indicate a more favorable circumstance for the CT. The non-radiative dynamics of photoexcited 

charge carriers indicate that hole relaxation in energy and space is faster than electron relaxation. 

Furthermore, we establish a predictive computational framework to qualitatively characterize the 

power conversion efficiency (PCE) of different blends based on transfer rates of charge carriers 

over time, i.e., difference between the transfer rate of electron and hole that represent the current 

density at zero voltage. CT rate calculations indicate that CPs blend with ITIC offers a better PV 

effect compared to PCBM-based blend. Our first principle calculations indicate that for DPP:ITIC 

system, CT is faster, swinging of charge carriers is less dominant, and both DPP and ITIC can 

serve as light absorbers. Our results demonstrate the efficacy of the current approach as a 

computational design strategy to assess fundamental optoelectronic properties and CT capability 

of the newly designed donor-acceptor organic blends before any synthesis process, which would 

be advantageous for the development of the next generation of organic photovoltaics (OPVs).  
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8. CONCLUSION AND FUTURE OUTLOOKS 

In the previous chapters, we reported the results of our studies on thermomechanical 

properties and optoelectronics of conjugated polymers (CPs) and organic bulk heterojunctions 

(BHJ). In this chapter, we summarize our findings and their impacts on the development of CPs 

and then review the possible lines for future research. Then, a list of the publications derived from 

this work is reported at the end of this chapter. 

8.1. Summary 

The computational works presented in this dissertation, aimed to provide a deep 

understanding of glass transition behavior, mechanical performance, and optoelectronic properties 

of CPs. At first, we want to emphasize the extensive experiments, multiscale modeling, and data-

driven approaches that have been utilized in this study. In Chapter 2, we introduced multiscale 

modeling frameworks that are used in this dissertation. We first reviewed the classical molecular 

dynamics (MD) simulation method and relevant computational details. For all atomistic (AA)-MD 

simulations, we employ the general Amber force field (GAFF), which is mainly developed for 

organic molecules and can be an ideal choice for the simulation of organic CPs. To conduct a 

parametric study on the influence of different molecular parameters, such as chain rigidity and 

grafting density on the thermomechanical properties of CPs, we utilize generic coarse-grained 

(CG)-MD simulations, where the force field components are introduced in Chapter 2. Finally, 

density functional theory (DFT) approaches are employed to explore the optoelectronic properties 

of CPs. 

Having CG-MD models, we studied the glass-transition behavior of 

polydiketopyrrolopyrrole (PDPP)-based CPs in Chapter 3, where new models for predicting glass 

transition temperature (𝑇𝑔) of side-chain-engineered CPs were reported. Our CG-MD simulation 
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examined and validated the experimental observations on the side-chain length dependence of 

polymer 𝑇𝑔, and provided insights into the influence of side-chain group and grafting density on 

chain mobility. Both experimental and simulation results reported highlighted the role of side 

chains on the 𝑇𝑔 in which increasing side-chain length showed a decreasing influence on 𝑇𝑔. We 

expect these methods to guide the application-driven materials-by-design for CPs via molecular 

engineering, i.e., high 𝑇𝑔 and stiff polymers, low 𝑇𝑔 and soft polymers. We believe our study shed 

light on the future development of newly engineered CPs with tailored thermal performance. 

In Chapter 4, we developed an integrated data-driven study to predict 𝑇𝑔 of CPs directly 

from the geometry of the repeat unit. Despite the critical role of 𝑇𝑔 in the applicability of the CPs, 

it is very challenging to predict 𝑇𝑔 of CPs due to the heterogeneous nature of CPs’ chain 

architectures and diverse chemical building blocks. In this chapter, we presented a predictive 

modeling framework to predict 𝑇𝑔 for a wide range of CPs through the integration of machine 

learning (ML), AA-MD simulations, and experiments. With nearly 154 𝑇𝑔 data collected from 

experiments and simulations, a predictive model based on ML was developed by taking simplified 

“geometry” of six chemical structures (i.e., side-chain fraction, isolated rings, fused rings, bridged 

rings, double/triple bonds, and halogen atoms) as input molecular features. Among those features, 

we identified side-chain fraction, isolated rings, fused rings, and bridged rings features as the 

dominant factors for 𝑇𝑔. MD simulations were then performed to unravel the fundamental roles of 

those chemical building blocks in dynamical heterogeneity and local mobility of CP chains at a 

molecular level, supported by the quasielastic neutron scattering (QENS) experiment. The 

simulations revealed that aromatic rings and side chains have the highest and lowest local mobility, 

unraveling their dominant role in the ML model. Remarkably, the developed ML model was 

demonstrated for its capability to predict 𝑇𝑔’s of several new high-performance solar cell materials 
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to a good approximation. The established predictive framework would be an essential milestone 

for the design and prediction of 𝑇𝑔 of complex CPs, paving the way for addressing device stability 

issues that have hampered the field from developing stable organic electronics. 

Chapter 5 focused on the mechanical properties of CPs and their deformation mechanism 

under tensile strain. We systematically investigated the mechanical properties and chain 

deformation mechanism of PDPP-based CPs and the thermomechanical-structure-property-

morphology performance relationships based on experimental measurements and CG-MD 

simulations. Our CG-MD simulations and experimental techniques indicated the reducing 

influence of the side-chain length on the elastic modulus, in which elastic modulus and 𝑇𝑔 were 

found linearly correlated. CG-MD simulations showed more significant alignment parameter 

values for the side chain at higher strains, compared to backbones orientation, due to the 

differences in the rigidity of the backbones compared to the side chains of CPs. Next, detailed 

molecular orientation analysis found macroscopic thin-film deformation closely correlated with 

their microscopic origin. Two primary strain-induced deformation mechanisms were addressed: 

highly oriented crystalline domains and substantial chain slippage in the amorphous domain. The 

lamellar rotation was identified to be the main alignment pathway for crystallites, in which the 

backbone orientation was much lower due to the nonlinearity of PDPP chains. The backbone 

rotation was identified to be part of the whole chain deformation, with their aromatic planes rotated 

towards the parallel-to-strain direction. We believe the fundamental understanding of the chain 

deformation mechanism reported in Chapter 5 for PDPP-based polymers can facilitate the 

application of semi-rigid CPs stretchable electronic devices. 

In Chapter 6, we employed quantum mechanics simulations to probe the optoelectronic 

properties of PDPP-based CPs under excitation. Optoelectronic properties influenced by charge 
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injection or doping are crucial to control the charge carrier mobility in organic semiconductors. 

This chapter focused on first-principle methods to predict the bandgap and absorption spectrum of 

CPs. These properties were explored as a function of electronic configurations, including modeling 

of injection and withdrawing electrons. We utilized Heyd-Scuseria-Ernzerhof (HSE06) and 

Perdew-Burke-Ernzerhof (PBE) functionals to predict the band gap and compute the absorption 

spectrum of DPP-based CPs (or PDPP3T). Our DFT results pointed out that utilizing the HSE06 

functional in conjunction with k-point sampling of the Brillouin zone can appropriately predict the 

bandgap and absorption spectrum of the PDPP3T in good agreement with experimental data. 

Moreover, we explored the influence of doping, i.e., mimicking n-type and p-type doping by 

injecting and withdrawing electrons, on the electronic properties of these polymer models. Our 

results indicated that the injection of charge carriers into the PDPP3T polymer model greatly 

affects the electrical properties ended in a low bandgap and high-mobility PDPP3T polymers, 

offering the potential to tailor the material electronic performance for organic photovoltaic and 

optoelectronic device applications. 

Finally, in Chapter 7, we studied photovoltaic (PV) performance and charge carrier 

dynamics of CPs as a blend with organic acceptor molecules. Although the optoelectronic 

properties of narrow bandgap CPs as a blend with acceptor units have been significantly optimized, 

their power conversion efficiency (PCE) is still lower than their organic counterparts (i.e., silicon), 

limiting their practical usage. In this chapter, we employed ab initio excited state dynamics to 

explore photo-induced charge transfer (CT) of PDPP-based CPs as a blend with non-fullerene (i.e., 

ITIC) and fullerene (i.e., PCBM) acceptor units. The results of charge carrier dynamics induced 

by selected photoexcitation showed that hole density redistribution in space is much faster than 

electron relaxation. We then tracked the relaxation rates of charge carriers over time, where the 
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derivative of the difference between the rate of electron and hole can qualitatively represent the 

current density at zero voltage. This can be utilized to characterize the CT performance of CPs 

blended with different acceptor units. Relaxation rate results indicated that CPs blend with ITIC 

offers a better PV performance, illustrating the potential of our approach to explore bulk 

heterojunctions (BHJ) electronic performance for OPV devices and narrowing down the list of 

potential donor-acceptor candidates. 

8.2. Outlook into Future 

After reviewing our significant findings in this section, we want to discuss the limitations 

and future directions of multiscale molding and data-driven approaches used in this dissertation 

and suggest potential opportunities to improve the current guidelines for developing the next 

generation of CPs. 

First, generic CG-MD simulations utilized in this dissertation do not have a specific 

understanding of polymer chain chemistry. Although this generic CG modeling has been 

successful in the parametric study of CPs, it also revealed clear limitations in providing 

quantitative prediction of the physical properties. This limitation provokes the idea of developing 

chemically specific transferable CG-MD models for CPs that can benefit the polymer community. 

Chemically specific CG models can provide quantitative property calculation at much larger 

lengths and time scales while preserving computational efficiency. This modeling strategy enables 

probing the dynamics of the polymer systems up to several hundred nanoseconds which is not 

accessible by AA-MD simulations.  

Next, AA-MD simulations developed upon GAFF showed a reliable performance and 

appropriate accuracy to predict 𝑇𝑔 of CPs, in good agreement with experimental measurements. 

GAFF utilized in this study showed the capability of capturing essential structural features of CPs 
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chains such as alkyl side chains and backbone moieties (e.g., addition of thiophene rings to the 

backbone of the repeat unit). However, there is more potential for the application of GAFF and 

AA-MD to characterize 𝑇𝑔 of CPs. In this dissertation, Chapter 4, we calculate 𝑇𝑔 of nearly 20 CPs 

and organic acceptor molecules via AA-MD, and results showed good agreement with 

experimental data. However, due to the endless possibility of molecular modifications still, there 

are many newly designed CPs whose their 𝑇𝑔 is still unknown, and AA-MD models can play a 

vital role in characterizing these materials' glass transition behavior.  

Moreover, in Chapter 4, we employed AA-MD simulations to calculate segmental 

dynamics of building blocks to unravel the role of mobility of different chemical elements on the 

𝑇𝑔. The results of segmental dynamics were impressive when compared to neutron scattering 

technique and ML outputs. This reliable computational measurement provokes the idea of 

investigating further the morphology and chain conformation of CPs via AA-MD via GAFF force 

field. In particular, the role of segmental dynamics on the morphology of the CPs as a blend with 

acceptor units is still less investigated. AA-MD simulations can play an important role in 

calculating critical structural-molecular properties such as segmental mobility, 𝜋−𝜋 stacking, and 

dihedral distribution to address this critical issue.  

Next, we used previously published literature, our experimental measurements, and AA-

MD simulations to collect a diverse dataset for the data-driven approach utilized in this 

dissertation. We want to highlight again that a sufficient volume of high-quality data is vital to 

train an ML model effectively. The data available in the field of CPs is much less compared to 

non-conjugated polymers, and this shortage of data can potentially make any data-based prediction 

less accurate. To the best of our knowledge, the dataset that we collected to train our ML model 

for 𝑇𝑔 prediction is the most complete and diverse one reported yet. However, we admit that our 



176 

 

dataset has room for improvement to have a more unbiased and accurate prediction. For example, 

as discussed in Chapter 4, minimal reliable data points have been reported for some molecular 

features in our CPs dataset, e.g., halogen atoms. Thus, the ML model trained to those limited data 

points may be biased and not generalize new or out-of-sample CPs composed of halogen atoms. 

However, we believe the ML framework that we established in this study has the potential to be 

improved upon the availability of larger 𝑇𝑔 dataset of CPs in the future. Moreover, the ML model 

proposed in this dissertation just focused on the structure-property relationship of CPs and can 

make property calculations while the chemical structure of the repeat unit is available. However, 

reversed design-based structure-property computational tools will be greatly advantageous for the 

development of CPs. Indeed, using more complex ML approaches such as neural networks, 

predictive models can be developed to take the property of interest (e.g., 𝑇𝑔 and band gap) as the 

input and propose the chemical structure of the monomer. As of now, CPs are being designed 

mainly based on the empirical rules from classical polymer physics. Therefore, developing a 

rational design platform based on physically-informed ML techniques to suggest potential 

chemical structures suitable for specific physical properties will ease the design of new CPs.  

Finally, for the quantum simulations that we performed to characterize the PV performance 

and CT in Chapter 7, despite the insightful observation of the charge carrier dynamics, we want to 

admit that the geometries of our computational models are idealized to overcome the 

computational cost. One challenging follow-up project can be developing condensed 3-

dimensional periodic models of organic BHJ to sample multiple CT interfaces between donor and 

acceptor units and enhance the reliability of the simulations. We believe packing multiple donor 

and acceptor units in a condensed simulation cell based on the experimentally recommended D-A 

weight ratio will provide more insightful computational models to explore CT. 
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